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Adverse weather obviously has an impact on vehicle crash rates on
roads and highways. However, it would be valuable to quantify the
extent to which weather conditions affect the crash rate. To do that, a
meta-analysishasbeen conducted to gener alizer esear ch findingson this
subject and attempt to quantify theimpact of weather on traffic crashes.
Studiesbetween 1967 and 2005 that examined theinter action of weather
and traffic safety werereviewed. Thirty-four papersand 78recordsthat
meet the predetermined criteria were included in the analysis. Crash
rates from each study were normalized with respect to effect size for
meta-analysis generalization. Results indicate that the crash rate usu-
ally increases during precipitation. Snow hasa greater effect than rain
doeson crash occurrence: snow can increasethe crash rateby 84% and
theinjury rate by 75%. Further results also suggest that variationsin
study results can be explained by study design, date of the study, and
region or countriesincluded in the study.

Adverse weather conditions are known to be a major factor affecting
traffic safety and mobility. A number of studies have attempted
to quantify this impact, although study results are not consistent. The
increased crash rate ranges from less than 100% to more than 1,000%
during snowfall. There has also been debate on whether injury rate
decreases during snowfall. Andrey et al. noted that injury rate
increased more than 20% in Ottawa, Canada (1). Brown and Baass
found fewer crashes involving injuries during winter in the province of
Quebec, Canada (2). The impact of severe weather on fatal crashes is
even harder to quantify, owing to the lower number of events involved
and other confounding factors. Eisenberg and Warner (3) estimated the
effects of snowfall on U.S. traffic crash rates between 1975 and 2000,
and they concluded that fatal crash rate decreased during snow days
compared to dry days, but nonfatal-injury crash rate and property dam-
age only (PDO) crash rate increased, which seems to be in agreement
with the study by Knapp et al. in the state of lowa (4).

USE OF META-ANALYSIS

To present a clear idea of how weather affects traffic safety, the
method of meta-analysis has been applied to examine the impact of
adverse weather on crash rates. The basic idea of meta-analysis is to
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identify relevant studies by a systematic search and then use effect
size standardizing on each study result. In addition, this approach
corrects sampling error and other artifacts, and it can present an esti-
mate of the total effect with minimized subjectivity (5). Further,
since different studies might be influenced by methodologies, time
span, and regions, hierarchy meta-analysis has been applied using
these factors as grouping variables. Separate analyses are conducted
for each group.

The process used in the meta-analysis is outlined in Figure 1. After
careful review of the included articles, two separate meta-analyses
were conducted separately for comparison studies and regression
studies.

For regression studies, measures of weather conditions were taken
as the continuous variable. Effect size and percent change in crash rate
were both applied to standardize the research results. However, due
to space limitations of this paper, those results are not presented; they
may be found in Qiu (6).

For the comparison studies, measures of weather conditions were
considered as a binary variable (such as snow versus nonsnow). In
addition to the overall meta-analysis carried out for each weather
category (snow, rain, etc.), hierarchy meta-analyses were conducted
separately for the comparison studies stratified by decades (time
span) and by countries.

METHOD
Literature Search

A literature search for relevant studies published from 1970 to 2005
was conducted for both peer-reviewed literature and unpublished
technical reports and theses. Search strategies used ensured this
study contained enough primary studies for meta-analysis, because
meta-analysis based on a large number of studies with a small sam-
ple size has been shown to be more accurate than that based on a
small number of studies with large sample sizes (5).

Following the search, 376 papers and reports were selected for
further examination, of which 108 were determined to be pertinent.
From those reports, 34 that provided 78 result records were selected
for meta-analysis.

Study Inclusion Criteria and Coding

Previous studies that explored the association between weather con-
ditions and traffic safety have investigated diverse variables. These
studies have also applied a variety of methods and were based on
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FIGURE 1 Process used in meta-analysis.

different types of data. To ensure that the included studies were
comparable, the following study inclusion criteria were used:

Subject

Only studies that explored the associations between traffic safety
and weather factors were included.

Study Design and Method

This paper reports on studies that used some form of comparison
between adverse weather and normal weather conditions. Matched-
pair study design was commonly used to control for extraneous fac-
tors in these studies considered. The studies identified the pairs
similar in all respects (study area, time of a day, week or weekend),
except for the weather factors being studied, so the other confound-
ing factors were controlled. The studies then compared the crash rate
during the precipitation days (events) to comparable nonprecipita-
tion days (events) to obtain an averaged relative risk ratio (7-9).
(Typically, in such studies, the many accident rate ratios are averaged
to produce a single value.) Similar approaches include the wet pave-
ment index method, and the difference-in-means method, which are
variations to the matched-pair method.

Studies that investigated only the effect of weather conditions on
crash frequency were excluded. Studies that investigated only the
proportion of crashes with different levels of severity were also
excluded, because the results are only informative about the relative
frequencies of different types of crashes (7, 9, 10).

Outcome Measures

To be included, a study must have used an appropriate outcome
measure such as counts or rates of traffic crashes, injuries, or

Standardization by

Regression
studies

Standardization by

percent change effect size d

Validity

fatalities; or measures of crashes likely to be affected by adverse
weather, such as winter crashes or summer crashes. Examples of
appropriate measures include crash counts defined by number of
crashes during a certain time unit (11); and crash rate defined by
the ratio of crash counts to traffic exposure or crash risk (also called
relative accident risk ratio) as estimated by crash rate during pre-
cipitation events divided by crash rate during nonprecipitation
events (12).

Measures of \Weather Conditions

Snow and rain were the primary weather conditions among the iden-
tified studies. The commonly used measure in the comparison stud-
ies for the precipitation is whether it is a snow (rain) day (event) or
not, which is mainly based on the precipitation type and total pre-
cipitation amount. For example, Andrey et al. (13) defined a snow
event as a snow or ice precipitation event of 6 h, in which the total
precipitation amount was greater than 0.4 mm (water equivalent).

Data

Only studies that provided sufficient quantitative data to permit
the calculation of the effect of adverse weather on crashes were
included.

Data Extraction

For each study that met the inclusion criteria, variables were coded
into two tables (6). General information included document type,
authors, publication year, country, study design, data source, and
data on traffic volume. Study results information included sample
size, weather category, weather specification, crash category, and
percent change in crash rate.
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Each of the selected studies was assessed for validity. A complete
description of this process is in Qiu (6). For each study, scores were
assigned to each study on the basis that the validity of each study
could be estimated by assigning a validity score in each of three cat-
egories: study design, traffic volume data, and level of aggregation
(14). The total validity score of a study is then the sum of these three
scores. Qiu investigated the relationship between validity score and
confidence interval (CI), and found that as validity score increased,
the CI decreased (6).

Statistical Analysis to Generalize
Research Findings

The major objective of this study was to quantify the effect of weather
conditions on crash rate. As mentioned, separate meta-analyses were
conducted for two types of studies.

Comparison Studies with Percent Change
as Standard Measure

It had been planned to calculate an effect size d as the standard
measure for each study (5):

Cohen’s d = M

o pooled

To compute an effect size, there was need for a parameter esti-
mate and its standard error or variance estimation. However, not
all comparison studies consistently report those parameters. Thus,
an alternative, percent change of crash rate (number of crashes per
million vehicle miles traveled), was used to standardize outcome
variables.

For comparison studies using relative crash risk ratio (risk;) as
outcome variables, or for studies providing crash rate (rate;) dur-
ing precipitation versus nonprecipitation conditions (rate.ongol)»
percent change (P;) was computed directly as shown in Equations 1
and 2:

P =risk, — 1 M
p- rate, —rate 2)
rate

control

where i represents different adverse weather conditions.

For some of the regression studies, information was extracted to
compute the percent change in crash rate during adverse weather.
These computations were based on the expert knowledge of weather
conditions; a certain range of weather factor was selected on the x-axis,
and from this the corresponding crash rate change was computed.
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Correction of Traffic Volume Reduction

To ensure all the percent changes are comparable, it is necessary to
correct those studies that did not control for the reduced traffic vol-
ume associated with adverse weather. For studies that used relative
accident risk ratio (crash count ratio) as outcome variables or studies
that did not take traffic volume reduction into consideration owing to
insufficient traffic volume data, the effect of reduced traffic volume
on the crash rate was incorporated.

Two assumptions were made to do this correction as used in the
study by Fridstrom et al. (15). First, exposure is proportional to traffic
volume. This assumption is made because for a specified segment of
road, the exposure measure, vehicle miles traveled (VMT), is normally
estimated by multiplying traffic volume on each road segment with
the length of road segment and then summing them together to get an
entire area VMT. Second, percent traffic volume reduction compared
to the nonadverse weather condition can be defined as P,;. Though
traffic volume reduction data are not available for each study,
comparable literatures indicate that the estimations are similar.

Doherty et al. suggested that during rain, traffic volume in Canada
reduced 2% in comparison with non-precipitation days (16); this esti-
mation is the same as a study conducted in London (17). Keay and
Simmonds showed that the traffic volume decreased 1.35% t0 2.11%
on wet days in winter and spring, and it can decrease up to 3.43% for
heavier precipitation (2 to 10 mm) (18). In regard to snow, traffic vol-
ume has a substantial reduction range from 7% to 56% (19) and 10%
to 50% (20). Khattak and Knapp also estimated the average traffic vol-
ume reduction is 29% during heavy snow for Interstate highways (20).
From these studies, traffic volume reductions, as shown in Table 1,
for a variety of precipitations were used.

Accordingly, the percent change (P,) of each study that needs traf-
fic volume correction has been modified by Equation 3 to provide
the corrected percent change in crash rate (Picomected)-

1
Peoectea = T_p

#*(P+1)-1 A3

Weight Each Study by Sample Size and
Correct Sampling Error Variance

The occurrence of crashes is subject to random variation (15). Thus,
studies with small sample size tend to have great variability and may
lead to biased results. Computing the mean percent change across
studies can reduce the impact of sampling error because of the large
sample size obtained in this manner.

Because studies based on a large sample size normally provide a
better estimation, each study was weighed by its sample size. Also,
in many areas of scientific research, sampling error has been found
to account for most of the observed variance; thus, the sampling
error variance was corrected by the Hunter-Schmidt method (5).

The sample size (N;) and the percent change in crash rate (P;) dur-
ing adverse weather events are available for each study. For each

TABLE 1 Traffic Volume Reduction P,; Due to Different Weather Conditions

Light Light Heavy
Precipitation Type Precipitation Precipitation Rain Snow Snow Snow
Percent deduction in 1.35% 1.65% 2% 10% 15% 29%

traffic volume, P,
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weather factor category, the mean percent change was computed as
shown in Equation 4:

P= 2R )
>n

The observed variance is given in Equation 5:

2n(R-P) n‘(zpin_ Py ®)

Thus, the sample-size-weighted mean was obtained and the sample-
size-weighted variance of observed crash rate change for each weather
factor was calculated. The formula for the sampling-error variance
of proportions is shown in Equation 6:

R*Q ©)
n
where Qi =1 — Pi.
A sample-weighted mean of the sampling-error variance of
proportions to be cumulated was then obtained as shown in
Equation 7:

2R*Q
S Xn "

Then sampling error variance was corrected by subtracting the
sampling-error variance from the observed variance, providing an
estimate of the true variance plus variance due to other artifacts.
Because of the lack of necessary information to allow for correction
due to other artifacts, this estimation is used as an approximation for
the true variance and also used to compute the confident interval.

RESULTS FOR COMPARISON STUDIES
General Results

In total, this study considered 29 comparison studies that provided
41 records, of which 23 record crashes, 5 record fatalities, 13 record
injuries, and 4 record PDO crashes. Table 2 presents the estimated
crash rate change during various weather conditions using 95% CI.

Transportation Research Record 2055

Most of the percent changes were positive, indicating that during
adverse weather conditions, all types of crashes (fatality, injury, and
PDO) exhibit some kind of increase in crash rate. Results also indi-
cate that most precipitation events are associated with considerable
increased crash risk, a somewhat lesser increase in injury crash risk
and minor increase in fatal crash risk. Generally, as the precipitation
intensity increases, all levels of crash risk increase. High winds are
also associated with an increase in the traffic crash rate.

The wet pavement index method was used in most of the studies
that explored wet pavement related crashes. This method tends to
overestimate the real crash risk (21). Also, wet pavement included
in this analysis indicates all wet pavement events during winter
month or cold temperature conditions, so the wet pavement in fact
represents various undesirable road surface conditions during win-
ter. As indicated in Table 2, on average, the wet pavement condi-
tions would increase both crash rate and fatal crash rate by more
than 300%. The significant impact of road surface condition on
crash rates has also been found by Norrman et al. (22) and various
papers by Andrey and coworkers (publication series from the
University of Waterloo and the University of Western Ontario).
Andrey and Knapper showed the relative injury risk was 1.70 on the
slippery road surface without precipitation present (Department of
Geography publication series, University of Waterloo). Norrman et al.
suggested the highest crash risk was associated with road slipperi-
ness due to rain or sleet on a frozen road surface, and the estimated
increase of crash rate can be over 1,000% (22).

As shown in Figure 2, the average percent change in crash rates
for rain and snow is 71% and 84%, respectively. Compared with
rain, snow has a more significant impact on crashes and injuries.

Contrary to some research findings that the fatal crash rate would
decrease in the adverse weather condition, the result shows that
those who travel on the road during snow experience an 9% increase
in fatality rate in comparison with that on dry days. Eisenberg
suggested precipitation is negatively associated with fatal crashes
(3.73% reduction per 10 cm of precipitation) (23). However, he
acknowledged that the reduced traffic volume was not controlled in
that study. Indeed, in this meta-analysis study, before controlling for
the reduced exposure, the estimated fatality rate has a decrease of
7% during snow similar to the result found by Eisenberg (23). How-
ever, once the results have been corrected for traffic volume reduc-
tion, the fatality rate does still increase with precipitation. This
estimation suggests that decline in the traffic volume may result in
less car crashes, but for those who traveled in adverse weather, the
risk of a fatal crash is still increased. However, this result needs to
be further investigated.

TABLE 2 Crash Rate Change Compared with Rate in Nonadverse Weather Conditions

Fatalities Injuries Crashes

N Estimate (%) 95% CI (%) N Estimate (%) 95% CI (%) N Estimate (%) 95% CI (%)
Snow 1 9 9 4 75 54-96 8 84 68-99
Rain 1 8 8 7 49 28-70 10 71 31-111
Wet pavement 3 384 308-459 \ \ \ 3 380 249-511
Heavy snow \ \ \ 2 420 350-490 \ \ \
Heavy rain \ \ \ \ \ \ 1 93 93
High wind \ \ \ \ \ \ 1 100 100

NortE: Heavy snow = hourly precipitation intensity above 5 mm; snow = total 6-h precipitation amount above 4 mm; rain = total 6-h precipitation amount
above 0.4 mm; high wind = wind speed above 15 mph. There were no data available for the particular conditions denoted by the backward slash.
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FIGURE 2 Effect of snow and rain on crash rates.

Results of Evaluating Studies by Decades

Since the previous studies have spanned several decades, hierarchy
meta-analysis were conducted to assess to what extent patterns have
changed over time. Three subgroups were formed, with study decades
used as the grouping variable. Separate analyses were conducted for
each subgroup.

As shown in Table 3, the percent change of crash rates during
snow has a decreasing tendency over decades. It dropped from 113%
during the decades 1950-1979 to 47% during 1990-2005. This
conclusion can be further confirmed from the 95% CI of the percent
change as shown in Figure 3. From 1950 to 1979, the estimated per-
cent change of crash rate has a CI from 76.6% to 146%, while after
1990, the CI is from 33% to 62%.

One possible explanation for the result is that winter maintenance
methods and technologies have improved over time. For example,
the proactive technology of anti-icing has been introduced into
the United States since the early 1990s (24). While this strategy is
not yet used throughout the United States, clear evidence exists that
anti-icing reduces crashes in winter weather (25). It would be use-
ful to know which snow and ice control strategies are the most effec-
tive at reducing crashes. This, however, lies beyond the scope of the
current study.

In contrast, there is no statistically significant variation in the
crash rate under rain conditions over this same time period (1950s

TABLE 3 Percent Change of Crash Rate, by Decade
(fatal, injury, and PDO)

Percent Change of Crash Percent Change of Crash
Rate Related to Snow Rate Related to Rain
Mean 95% CI Mean 95% CI
Study Decade N (%) (%) N (%) (%)
All decades 8 84 68—99 10 71 31-111
1950-1979 3 113 77-146 4 80 43-118
1980—-1989 2 71 71-72 2 29 10—49
1990-2005 3 47 33-62 4 70 30-111

to 2005). This tentatively suggests that any technological improve-
ments related to safety in rain (e.g., improved tire design) have been
overwhelmed by other factors.

Results of Evaluation Studies by Country

Since the previous studies have spanned a number of countries, hier-
archy meta-analysis was conducted to assess how much results vary
with country. United States, Canada, and Great Britain tree subgroups
were selected. Table 4 indicates how the change in crash rates varies
across countries.

In Figure 4, the impact of rain and snow on injury and crashes
are shown for the United States, Canada, and United Kingdom.
When studies were evaluated by countries, there was considerable
difference in the crash rate change, but there is no a clear pattern.
Explanations for the differences might be different transportation
policies, climate, and whether drivers accustomed to a specific
weather driving condition.

The average crash rate under snowfall conditions in the British
studies has a higher increase than in the other two counties. One
explanation for the difference might be that snowfall is less fre-
quent in the United Kingdom than in the United States and
Canada, so drivers in the United Kingdom are not as experienced
at driving under snow condition as drivers in regions with frequent
snow precipitations. Thus, the crash rate might be expected to have
a higher increase. However, further work would be needed to clarify
the finding.

RESULTS
Extremes

Before starting the data analysis, the researchers checked whether
there were extreme values in percent change for each study. Signifi-
cant differences exist between study results. Most of the inconsistency
in percent changes is due to variation in the study design.
Eisenberg’s study produced a very low estimation of the effect of
snow on safety (23). The crash records he used in his estimation are
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FIGURE 3 % change in crash rate, by decade.

from 1975 to 2000. The large sample size provides a fairly reliable
estimation; however, the study is compromised by the high level of
aggregation of the exposure measure, which is the FHWA annual
estimation of state-year VMT. Even though traffic volume fluctua-
tion of state, year, and month is controlled by introducing fixed
effects into the model, the traffic volume reduction due to adverse
weather is not able to be considered. The author also acknowledged
that deficiency in his paper. His estimation is an 8% increase in rain
related crashes, which is the lowest estimation in comparison to the
other studies.

Contrary to Eisenberg’s study, the study by Knapp et al. produced
a significantly high result. Knapp evaluated the snow impact on traf-
fic volume and safety (26). In the Knapp et al. study, matched-pair
analysis is applied, and the authors specified the snow event as a very
severe condition, with the average for each snow event duration of
about 9 h, a snowfall rate above 1 cm/h, and wind speed range from
10 km/h to 66 km/h. Compared to the matched-pair studies conducted
before, Knapp et al. focused the study only on selected segments
of Interstate highways with roadway weather information systems
located nearby (26). Thus, the weather data are more accurate than are
weighted weather station data throughout the state, and the study area
is on a specified highway, so the produced results should be represen-
tative for the state of lowa Interstate highway system. However, due
to the limited sample size, during the study period, no fatal crash and
few injury crashes happened.

Another study evaluated highway and freeway crashes in Connecti-
cut (27). The relative risk ratio approach was used to estimate real
time crash risk under a combination of weather conditions and hourly

traffic flow rate. The estimated crash risk of snow varies depending
on the traffic volume rate, and it reached its peak when traffic flow
rate (vehicle per hour per lane) was around 1,500.

If those extreme values are excluded, the estimated injury crash
rate would increase by 52% and 78% for rain and snow condition,
respectively (in comparison with 71% and 84%, respectively, if the
extremes are included).

Future Research

The many factors that influence driving safety under adverse weather
conditions demand further research and analysis. Traffic speed and
volume are significantly correlated with crash rates. Weather also
has a significant influence on traffic speed and volume. However,
the effect of reduced traffic volume is not normally considered
in most of the studies considered, and neither is reduced speed.
Thus, further studies need to explore how drivers interact with
adverse weather to make their trip decision or reduce their driving
speed, and as a result determine how these behaviors influence the
crash rates.

Weather interaction with other factors might be another area to
explore. Some of the studies have explored the interactions of weather
variables with other factors, for example, interaction with lighting
[(17) and Andrey and Knapper, University of Waterloo], grade and
curve (28), and urban versus rural roads (7).

Most studies focused exclusively on the effect of precipitation on
crashes, while few estimated crash risk during other adverse driving

TABLE 4 Percent Crash and Injury Rate Change for Snow and Rain, by Country

Injury Crashes

Weather Estimate 95% CI Estimate 95% CI
Country Category N (%) (%) N (%) (%)
United States Snow 1 45 45 2 73 72-73

Rain 1 21 21 3 58 28-88
Canada Snow 2 79 61-96 4 85 69-100

Rain 2 50 39-61 5 73 32-113
Britain Snow 1 50 50 1 1.00 100

Rain 2 42 28-56 1 0.24 24
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conditions, such as high winds, fog, low temperature, and interactions
of these other weather conditions with precipitation.

Precipitation and undesirable pavement condition together consti-
tute a greater hazard to traveling public than each alone (29), and the
effects are a joint result of winter highway maintenance, weather, and
traffic. Thus, further research is needed to explore to what extent
winter highway maintenance can reduce crashes, and which types of
winter highway maintenance produce the greatest reduction in crash
rates (i.e., the greatest increase in safety).

CONCLUSION

The generalized results from studies that compared daily crash rates
during adverse weather and those during nonadverse weather indi-
cate a number of points. Most precipitation events are associated
with a considerable increase in crash rate and injury rate. Snow has a
greater effect than rain. It can increase the crash rate by 84% (95%
CI =68%, 99%), and the injury rate by 75% (95% CI = 54%, 96%),
while rain can increase the crash rate by 71% and the injury rate by
49%. As precipitation intensity increases, the crash risk also increases.
Undesirable road surface conditions (icy, slushy, etc.) have an even
more significant impact on crash risk.

However, the association between precipitation and the fatal crash
rate is not that definitive. From limited evidence, when the effect of
reduced traffic volume on the crash rate was considered, the fatal
crash rate increased 9% during snow and 8% during rain compared
with rates in nonadverse weather conditions.

Further results from hierarchy meta-analysis indicate that the effect
of snow on crash rates has a decreasing tendency over decades. The
percent change of crash rate dropped from 113% during 1950 to 1979
to 47% during 1990 to 2005. Also, the percent change of crash rate
during rain does not have the same decreasing tendency. Overall
improvements in safety may be the reason, but improvement in
winter maintenance methods might be also an explanation.
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