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Abstract

As Arctic and boreal regions rapidly warm, the frequency and seasonal timing of hazardous driving
conditions on all-season Arctic-boreal roads are likely to change. Because these roads link remote
Arctic areas to the rest of the North American road system, climate change may substantially affect
safety and quality of life for northern residents and commercial enterprises. To gain insight into
future hazardous driving conditions, we built Random Forest models that predict the occurrence
of hazardous driving conditions by linking snow, ice, and weather simulated by a spatially explicit
modeling system (SnowModel) to archived road condition reports from two highly trafficked
all-season northern roads: the Dalton Highway (Alaska, USA) and Dempster Highway (Yukon,
Canada). We applied these models to downscaled future climate trajectories for the study period of
2006—2100. We estimated future trends in the frequency and timing of icy, wet-icy, and snowy road
surfaces, blowing and drifting snow, and high winds. We found that as the climate warms, and the
portion of the year when snow and ice occur becomes shorter, overall frequency of snow storms
and ice- and snow-related driving hazards decreased. For example, the mean number of days per

year when roads are covered in snow or ice decreased by 51 d (—21%) on the Dalton Highway
between the 2006—-2020 and 2081-2100 time periods. However, the intensity of storms was

predicted to increase, resulting in higher mean annual storm wind speeds (Dalton +0.56 m s~
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[+17%]) and snowfall totals (Dalton +0.3 cm [+36%]). Our models also predicted increasing
frequency of wet-icy driving conditions during November, December, January, and February, when
daylength is short and hazardous conditions may be more difficult to perceive. Our findings may
help road managers and drivers adapt their expectations and behaviors to minimize accident risk

on Arctic-boreal roads in the future.

1. Introduction

Snow and ice are defining features of Arctic-boreal
regions (ABRs) and play an important role in local
socio-ecological systems, including transportation
networks (Datla et al 2013, Bokhorst et al 2016). As
the climate warms rapidly in northern latitudes, sea-
sonal patterns of snow and ice are shifting and affect-
ing travel and transportation in several ways. For
example, the winter ice road season is contracting
(Hinzman et al 2005, Prowse et al 2011), dangerous

© 2023 The Author(s). Published by IOP Publishing Ltd

river ice and open waterways are arising unexpectedly
and obstructing winter trail networks, and unseason-
able weather and precipitation events are making all
modes of travel less predictable, particularly during
fall, winter, and spring (Herman-Mercer et al 2011,
Wilson et al 2015, Brown et al 2018, Cold et al 2020).
Partly in response to these changes, the network of
all-season high-latitude roads continues to expand,
often to support reliable access for resource extrac-
tion. Examples of this expansion include the Inuvik-
Tuktoyaktuk Highway, which was built in 2017 in the
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Northwest Territories (Bird 2017) and the planned
road to Ambler in Alaska (Partlow 2022). However,
because the ABR cold season is long and extreme rel-
ative to lower latitudes, and because road mainten-
ance stations are sparsely distributed, safety and ease
of travel on all-season roads remain strongly influ-
enced by snow, ice, and weather conditions. Con-
sequently, understanding how future climate changes
may impact driving conditions on these all-season
roads would provide important insight into their
future safety, trafficability, and maintenance needs.

Although not a direct proxy for accident risk,
driving conditions reported by governmental agen-
cies can indicate the occurrence of hazardous condi-
tions that increase accident risk. We are unaware of
studies that relate reported driving conditions to acci-
dent risk on remote, mainly gravel-surfaced roads like
all-season roads common in ABRs; however, research
on mainly paved roads throughout Finland (~60-
70° N latitude) found that snowy and icy conditions
increased accident risk by four to five times, depend-
ing on specific conditions and road type (Malin
etal 2019 and Finnish-language research summarized
therein). Malin et al (2019) also found that accident
risk was generally highest when the road surface tem-
perature was at or just below —1 °C, likely because
wet-icy road surfaces, which can occur due to freezing
rain or freeze-thaw events, produce the most danger-
ous driving conditions (Norrman et al 2000, Andrey
et al 2003, Malin et al 2019). In addition, in a study of
Canadian cities (~43-50° N latitude), precipitation
was associated with a 75% increase in vehicle acci-
dents between 1995 and 1998, with snowfall having
a greater impact on accident rates than rain (Andrey
et al 2003). Given the link between hazardous snow-
and ice-related driving conditions and increased acci-
dent risk, estimating future changes in these condi-
tions will provide insight into future accident risk on
ABR all-season roads.

With climate warming, the seasonal timing, fre-
quency, and severity of adverse cold-weather driv-
ing conditions is shifting. Hanesiak and Wang (2005)
found that the frequency of freezing precipitation has
increased in fall, winter, and spring in most parts of
the Canadian Arctic since the mid-1900s, and a mod-
eling study by Bieniek et al (2018) found that the
frequency of freezing rain and rain-on-snow events
increased in some areas of northern Alaska between
1979 and 2013, and was projected to increase more
dramatically between 2006 and 2100. However, cli-
mate warming is likely to reduce the overall fre-
quency of hazardous snow- and ice-related driving
conditions as the snow season becomes significantly
shorter in the future (Liston and Hiemstra 2011,
Lader et al 2020). For example, Hanesiak and Wang
(2005) also found that blowing snow events decreased
in frequency in most areas studied, especially in
spring. And in Sweden, Andersson and Chapman
(2011) anticipate fewer snow- and ice-related adverse

2

H E Greaves et al

weather events overall in a warmer future, as cold
conditions that produce snowy and icy road surfaces
become less frequent. The impact of these potential
future changes on the frequency, magnitude, and sea-
sonality of hazardous driving conditions along all-
season roads remain largely unknown.

All-season roads are the backbone of transport-
ation infrastructure in ABRs, providing social and
economic connectivity across large, sparsely popu-
lated areas and linking networks of winter roads
and trails. Acquiring insight into potential future
trends in snow- and ice-mediated driving conditions
on these roads would support planning for future
travel, road maintenance, and budgeting within gov-
ernmental transportation departments. The goal of
our study was to establish quantitative associations
between hazardous driving conditions and snow, ice,
and weather dynamics in ABRs, and use them to
improve understanding of possible future trends in
hazardous driving conditions on all-season roads. To
this end, using archived driving conditions and sim-
ulated snow and weather products, we built mod-
els linking past snow and weather conditions to the
occurrence of hazardous driving conditions. We then
applied the models to two future global climate sim-
ulations to predict possible future trends in the tim-
ing, severity, and frequency of hazardous driving
conditions.

2. Methods

2.1. 511 reports

We used records of driving conditions (‘511 reports’)
archived by regional 511 traveler information systems
for two all-season roads: the Dalton Highway (Alaska
Route 11) and the portion of the Dempster High-
way within the Yukon Territory (YT) (Yukon High-
way 5; figure 1). The Dalton Highway begins north-
west of Fairbanks, Alaska, USA, and runs north for
666 km to Deadhorse, on Alaska’s northern coast. The
Dempster Highway begins east of Dawson City, YT,
Canada, and runs 736 km north to Inuvik, Northw-
est Territories (NWT), Canada (see supplemental §S1
for additional information about these roads). Driv-
ing conditions were not archived for the portion of
the Dempster within the NWT, so our analysis only
includes the southern 465 km of the Dempster within
the YT. For the Dalton Highway, the 511 reports
included roughly 49 000 records from March 2010
through December 2019. Each record described driv-
ing conditions (for example, ‘Dlowing snow’, ‘high
winds’) that were occurring at a specific location
(i.e. in a road section, delineated by mileposts), over
a specified time duration (minutes to days). For the
Dempster, the 511 reports included roughly 41500
records in a similar format covering March 2008
through October 2020. To prepare the 511 reports
for analysis, we tabulated hazardous driving condi-
tions that occurred in each road section on each day.
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Figure 1. In (A), the Dalton Highway (left) and the Yukon portion of the Dempster Highway (right) are shown within the
rectangular modeling extents for each study area. In (B) and (C), the modeling extents for (B) the Dalton Highway and (C) the
Yukon portion of the Dempster Highway are shown in more detail within their topographic distributions. Alternating red and
black road segments illustrate the road sections that were used as spatial sample units in this modeling study.

*Whitehorse

For more information on the background and pre-
paration of the 511 reports, see §2.3.1 and supple-
mental §S2. Hazardous driving conditions (or ‘haz-
ardous conditions’) selected for modeling are shown
in table 1.

2.2. Weather and snow modeling

2.2.1. SnowModel and recent climate data

We used SnowModel to estimate spatially and tem-
porally explicit weather, snow, and ice variables along
our two study highways (table 2). SnowModel (Liston
and Elder 2006a, see appendices in Liston et al 2020)
is a spatially explicit, physics-based modeling system
composed of submodules that simulate meteorology
(Micromet; Liston and Elder 2006b), surface energy
balance (EnBal; Liston et al 1999), snowpack evolu-
tion (SnowPack; Liston and Mernild 2012), and snow
redistribution by wind (SnowTran-3D; Liston et al
2007). SnowModel’s landcover and topography dis-
tributions were defined using 30 m resolution land-
cover maps from the 2015 North American Land
Change Monitoring System (NALCMS; Commission
for Environmental Cooperation et al 2020) and topo-
graphy from the United States Geological Survey 3D
Elevation Program, 1 arcsecond (~30 m) spatial res-
olution dataset (U.S. Geological Survey 2017).

Daily climate inputs (air temperature, relative
humidity, precipitation, wind speed, and wind dir-
ection) required to drive SnowModel for the time
periods of the 511 reports were derived from NASA’s
Modern Era Retrospective analysis for Research and
Applications, Version 2 (MERRA-2; Gelaro et al 2017)
dataset. Hereafter, SnowModel will be abbreviated
as ‘SM-M2’ when driven by MERRA-2 forcing data.
We used SnowModel to simulate a suite of weather
and snow variables at a daily timestep and 500 m

spatial resolution over the modeling extents presented
in figure 1. Several additional variables were derived
after simulation by combining SnowModel outputs to
produce synthesis variables relevant to our applica-
tion (table 2). The derived variables in table 2 can be
thought of as societally-relevant environmental vari-
ables. These synthesis variables are consistent with
the ‘human-relevant environmental variables’ intro-
duced by Fox et al (2020).

2.2.2. Future climate projections

To drive SnowModel under potential future climate
trajectories, we used climate data derived from down-
scaled runs of two global climate models (GCMs):
NOAA’s Geophysical Fluid Dynamics Laboratory
Coupled Climate Model 3 (GFDL-CM3), and the
National Center for Atmospheric Research’s Com-
munity Climate System Model 4 (NCAR-CCSM4).
Walsh et al (2018) found that these two models were
among the top performing out of 21 GCMs tested for
the Alaska region. Both GCM runs were part of the
Coupled Model Inter-comparison Project 5 and were
produced using representative concentration path-
way 8.5. Dynamically downscaled 20 km versions
of these datasets (Lader et al 2017, Bieniek et al
2018) were available for our study areas at an hourly
timestep for the years 2006-2100 from the Scenarios
Network for Alaska and Arctic Planning (SNAP; uaf-
snap.org).

We used the 15 years of temporal overlap (2006—
2020) between MERRA-2 reanalysis data and the
GCM future climate datasets to perform a simple
bias correction of the GCM data (see supplemental
§S3). The bias-corrected GFDL-CM3 and NCAR-
CCSM4 future climate datasets were then prepared
for use within SnowModel to estimate future snow

3
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Table 1. Hazardous driving conditions modeled for each highway. Values indicate the number of days each hazardous condition was
reported somewhere on that highway over the time period of the available records (see text). Dashes indicate that a model was not
trained for that condition on that highway. Hazardous condition labels may represent consolidated versions of originally reported
conditions; for example, ‘poor visibility’ also includes conditions described as ‘reduced visibility’ or ‘zero visibility’ .

Hazardous condition Dalton highway =~ Dempster highway
Blowing & drifting snow 1172 1213

Fog 787 —

High winds 311 —

Icy road surface 1654 —

Poor visibility 559 510

Snowy road surface — 2248

Wet-icy road surface 781 —

Wet road surface 1280 271

and weather variables (table 2) at a daily timestep.
Hereafter, SnowModel runs driven by the downscaled
GFDL-CM3 and NCAR-CCSM4 datasets are abbrevi-
ated ‘SM-GFDL and ‘SM-NCAR, respectively.

2.3. Building predictive models

2.3.1. Merging 511 report data with Snowmodel
MERRA-2 output

Building predictive models required linking records
of hazardous driving conditions from the 511 reports
to the SM-M2 weather data corresponding to the time
and location of each report. To accomplish this, we
imposed a temporal resolution of one day on the 511
reports, and we imposed a standardized spatial res-
olution by dividing the highways into arbitrary road
sections (figure 1; see supplemental §S4 for details); a
hazardous condition was considered to have occurred
on a given day in a given road section if it was reported
anywhere within that section on that day.

2.3.2. Modeling pipeline

Samples from four complete snow years (approxim-
ately 30% of observations) were separated from each
of the Dalton and Dempster datasets to be withheld
from model training and used for model accuracy
assessments. Here, a ‘snow year’ begins 1 Septem-
ber and ends 31 August of the following year, and
is named for the calendar year in which it ends (e.g.
snow year 2021 begins 1 September 2020 and ends
31 August 2021). The remaining 70% of observations
in each road’s dataset comprised the model training
datasets.

Although initially we tested several classifiers in
our modeling pipeline, Random Forest provided the
most consistent performance and stability for mul-
tiple hazardous conditions and both highway study
areas, so we proceeded with Random Forest alone.
The Random Forest algorithm uses an ensemble of
classification trees built from randomized subsets of
the training data to produce predictions with lim-
ited overfitting (Breiman 2001). It naturally mod-
els complex interactions, is robust against outliers
and non-linear data, requires minimal data pre-
processing, and is appropriate when accurate predic-
tion is valued over model interpretability, as in our

4

study. For each highway and each hazardous condi-
tion, a Random Forest classifier was trained to pre-
dict whether the hazardous condition occurred or
did not occur in a given road section on a given
day. See supplemental §S5 for modeling pipeline
details.

2.3.3. Model accuracy evaluation
Following model training and fitting, final Ran-
dom Forest models were applied to withheld samples
and evaluated for accuracy using precision, recall,
Fl-score, and the Matthews correlation coefficient
(MCC; Chicco and Jurman 2020). Precision reflects
the fraction of predicted positive cases that were truly
positive; recall represents the fraction of true cases
that the model correctly identified. The F1-score is the
harmonic mean of precision and recall, and the MCC
ranges from —1 to 1 and only approaches 1 when both
true positives and true negatives are well predicted.
In the withheld sample data, discrepancies in
storm timing between hazardous conditions in the
511 reports and in the SM-M2 datasets were prevalent
(see supplemental §54), which led to noisy labels and
reduced accuracy estimates, even when the model was
making reasonable predictions. Therefore, we calcu-
lated accuracy metrics twice: first on the raw res-
ults, and again after applying a simple time-buffering
adjustment algorithm that considered observed haz-
ardous conditions within each road section in the
two days before and after each hazardous condition
prediction. For example, blowing snow wrongly pre-
dicted on a day that was reported as calm in the
511 report could be counted as correct if blowing
snow did appear on the previous day’s 511 report (see
supplemental §S6). The time-buffered results better
reflected the practical accuracy of the models.

2.4. Estimating future trends in hazardous driving
conditions

Based on model accuracy assessments, we selected
a final suite of hazardous condition models to be
applied to the SM-GFDL and SM-NCAR future cli-
mate simulations for each road corridor. As with
the SM-M2 data, output from SM-GFDL and SM-
NCAR were summarized over pixels within each road
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Table 2. Descriptions and units of SnowModel outputs and derived variables used in modeling.

Variable

Description

SnowModel output variables
Air temperature

Precipitation

Rainfall

Relative humidity

Snowfall SWE

Snowpack SWE

Snowmelt

Wind speed

Derived SnowModel variables

3 day cumulative air temperature >0 °C
3 day cumulative precipitation
3 day cumulative rainfall

3 day cumulative snowfall SWE

3 day cumulative snowmelt

Storm index

3 day cumulative storm index

Surface-air temperature difference

Daily mean air temperature at 10 m
height (°C)

Daily total precipitation (m)

Daily total liquid precipitation (m)
Daily mean relative humidity (%)
Daily total snow precipitation (m)
Snow water equivalent depth (m)
Daily total snowmelt (m)

Daily mean wind speed (m s7h

Rolling prior three-day sum of daily
mean air temperatures

greater than 0 °C (°C)

Rolling prior three-day sum of daily total
precipitation (m)

Rolling prior three-day sum of daily total
rainfall (m)

Rolling prior three-day sum of daily total
snowfall SWE (m)

Rolling prior three-day sum of snowmelt
(m)

Unbounded indicator of storm severity:
100 * precipitation (m) + wind speed
(ms™')’

Rolling prior three-day sum of storm
index

Difference between surface (skin)
temperature and air temperature (°C)

section in each road corridor at a daily timestep, then
were used as new weather and climate input datasets
for prediction using the Random Forest hazardous
condition models. We summarized daily predictions
of hazardous conditions for each road corridor under
each future climate dataset at monthly, annual (snow
year), and 20 year intervals for comparison over space
and time. Annual summaries include values from all
months, although only September—May are shown in
monthly results. We also applied the predictive mod-
els pixelwise over each complete study area to produce
a spatial visualization of future changes in conditions
that likely would be hazardous for travel in the study
area around each highway.

3. Results

3.1. Future trends in SnowModel climate variables

Annual trends in future climate simulated by SM-
GFDL and SM-NCAR were similar overall (figure
S1) and led to broadly similar future estimates of
hazardous driving conditions for both highway cor-
ridors (compare figures 2 and S2). Therefore, in the
main text we report only results derived from SM-
GFDL; see supplemental §S8 for SM-NCAR results.
In the SM-GFDL simulation, the mean annual air
temperature during the 2080-2100 period was 7.5 °C
higher than during the 20062021 period along the

5

Dalton Highway, and 6.1° higher along the Dempster
(figure S1). Comparing the same two time periods,
total annual precipitation increased along both high-
ways, by 1.5 cm (45%) along the Dalton and 1.6 cm
(+6%) along the Dempster. Along the Dalton, this
increase reflected an increase in mean annual snow-
fall (+2.5 cm or +11%) and a decrease in mean
annual rainfall (—1.0 cm or —24%), while along the
Dempster there was both a slight increase in snowfall
(+0.4 cm or +1%) and a more dramatic increase in
rainfall (+1.2 cm or +37%). (Note that all snowfall
values shown are snow water equivalent; see table 2).
Along both highways, annual mean wind speed also
increased between these two periods, by 0.16 m s~}
(+7%) along the Dalton and 0.11 m s™! (5%) along
the Dempster.

3.2. Predictive model performance

Random Forest model performance was mixed, and a
few models were deemed too weak to use for estim-
ating future hazardous driving conditions (table 3).
Hazardous conditions that tend to be common and
persistent were best predicted; for example, ‘icy road
surface’ was well predicted on the Dalton (F1 = 0.88),
as was the roughly equivalent ‘snowy road surface’ on
the Dempster (F1 = 0.96). Relative to persistent con-
ditions, ephemeral conditions like ‘high winds” were
less well predicted (Dalton F1 = 0.70) and tended to
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Figure 2. Projected trends in total number of days per snow year with hazardous driving conditions predicted to occur within the
Dalton and Dempster Highway corridors from the time periods 2006—2021 through 2081-2100. Boxes span the 25th to 75th
quartiles; whisker length is 1.5 times the interquartile range; line marks the median; circles mark outliers. Note that the Y-axis

range is not shared across subplots.

show larger differences between accuracy metrics cal-
culated with and without the two-day temporal buf-
fer, suggesting that they were more prone to timing
mismatches. The Dalton model for ‘wet-icy road sur-
face’ had relatively weak precision (0.54), but because
the model recall was acceptable (0.71) and the condi-
tion is particularly hazardous and relevant in a warm-
ing climate (Hanesiak and Wang 2005), the model was
retained. The ‘wet road surface’ model for the Demp-
ster Highway had similarly weak precision, poten-
tially because the condition was rarely reported before
2017 and consequently there were limited samples
with which to build and validate the model (table 1).
Two important hazardous conditions—"wet-icy
road surface” and ‘high winds'—were well represen-
ted in 511 reports from the Dalton Highway but not
the Dempster Highway, meaning we could not build
Dempster-specific predictive models for these con-
ditions. However, given the similarity between the
ecological settings, latitude range, road surfaces, and
traffic characteristics of the two highways, we pro-
ceeded to apply the Dalton models to the Demp-
ster Highway corridor to estimate future trends in
those same two conditions on the Dempster Highway.
However, we note that we cannot evaluate the accur-
acy of these models when applied to the Dempster.

3.3. Future trends in hazardous driving conditions

3.3.1. Ice- and snow-covered roads

For both highways, the mean number of days per year
when the road is ice- and snow-covered was projected
to shrink considerably between the 2006-2021 and
2081-2100 time periods, decreasing by 51 d (—21%)
on the Dalton and 31 d (-15%) on the Dempster
(figures 2(A) and (B)). The biggest changes were pre-
dicted to occur in September, October, April, and
May (figures 3(A) and (B)). For example, the number
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of October days with snow- and ice-covered roads was
projected to decrease by 19 d (—63%) on the Dalton
and 16 d (—56%) on the Dempster. In May, the
Dalton was projected to have 13 fewer ice- and snow-
covered days (—66%) by 2081-2100. In addition to
these Dalton- and Dempster-wide trends, we found
trends related to latitude and topography along each
highway (figures 4 and 5). For example, figure 4 (top
row) suggests that decreases in the frequency of icy
roads along the Dalton during fall and spring months
will be most prevalent in northern road sections,
while decreases in icy road frequency during winter
(December through March) will be more prevalent in
southern sections. Spatial trends in additional future
hazardous driving conditions along each highway are
shown in supplemental §S8.

3.3.2. Wet road surface

The decreasing number of days per year with icy- and
snow-covered road surfaces is partly matched by an
increasing number of days with wet road surfaces.
Between the 2006-2021 and 2081-2100 time peri-
ods, the mean number of days per year when the sur-
face is wet was expected to increase by 11 d (4+6%)
on the Dalton and 31 d (4+32%) on the Dempster
(figures 2(G) and (H)). On the Dalton, this mani-
fested as a much wetter October (+11 d or +120%),
November (+5 d or +580%), and March (+11 d or
+145%); meanwhile May had fewer days with a wet
road surface (—9 d or —28%) (figure 3(G)). Simil-
arly, by the 2081-2100 time period the Dempster was
expected to have a wetter October (414 d or +722%)
and drier May (—3 d or —16%) (figure 3(H)).

3.3.3. Blowing and drifting snow

The diminishing cold season was also projected to
reduce the number of days per year impacted by blow-
ing and drifting snow. By the 2081-2100 time period,
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Table 3. Accuracy metrics for Random Forest models evaluated on withheld data. MCC = Matthews correlation coefficient. Parentheses
enclose values calculated without a two-day buffer. Models for hazardous conditions marked by an asterisk were not considered strong

enough to apply to future projections, based on F1 score.

Hazardous condition Precision Recall F1-score MCC
Dalton Highway

Blowing & drifting snow 0.72 (0.48) 0.79 (0.59) 0.75 (0.53) 0.70 (0.43)
*Fog 0.43 (0.28) 0.39 (0.27) 0.41 (0.28) 0.37 (0.22)
High winds 0.70 (0.46) 0.71 (0.48) 0.70 (0.47) 0.55 (0.20)
Icy road surface 0.83 (0.71) 0.94 (0.90) 0.88 (0.79) 0.79 (0.61)
“Poor visibility 0.47 (0.26) 0.39 (0.23) 0.42 (0.25) 0.39 (0.20)
Wet-icy road surface 0.54 (0.36) 0.71 (0.53) 0.61 (0.43) 0.57 (0.36)
Wet road surface 0.68 (0.48) 0.81 (0.65) 0.74 (0.55) 0.66 (0.40)
Dempster Highway

Blowing & drifting snow 0.61 (0.38) 0.75 (0.46) 0.67 (0.42) 0.58 (0.25)
" Poor visibility 0.26 (0.12) 0.57 (0.24) 0.36 (0.16) 0.35 (0.11)
Snowy road surface 0.97 (0.91) 0.94 (0.90) 0.96 (0.91) 0.87 (0.69)
Wet road surface 0.52 (0.40) 0.81 (0.65) 0.63 (0.49) 0.60 (0.44)

the mean number of days per year with blowing and
drifting snow declined by 51 d (—31%) on the Dalton
and 21 d (—24%) on the Dempster (figures 2(C)
and (D)). This decrease was evident during most
months between September and May (figures 3(C)
and (D)), with the most consistent decreases in the
fall and spring. For example, along the Dalton, the
mean number of days per year with blowing snow
decreased by approximately 12 d (—97%) in October
and 14 d (—51%) in November between the 2006—
2021 and 2081-2100 time periods. However, Decem-
ber and January showed slight increases in frequency,
particularly in mountainous areas (Dalton High-
way, figure 4) and northern road sections (Dempster
Highway, figure 5).

3.3.4. High winds

The number of days per year with reports of high
winds was also projected to decline along both high-
ways between the 2006-2021 and 2081-2100 time
periods, by 11 d (—4%) along the Dalton and 22 d
(—9%) along the Dempster (figures 2(I) and (J)). This
decrease occurred during all months from Septem-
ber through April; however, the frequency of high
winds in May was projected to increase by 4 d along
both the Dalton (+19%) and the Dempster (+25%)
(figures 3(I) and (J)).

3.3.5. Storm conditions

The predicted decline in the frequency of days with
blowing and drifting snow and with high winds
(§3.3.3 and $§3.3.4; figure 2) initially appeared incon-
sistent with the overall projected increase in snow-
fall and wind speed (§3.3.1; figure S1). However,
when we isolated ‘stormy’ days (i.e. days with blow-
ing and drifting snow predicted), we found that the
mean daily snowfall and wind speed on those days
were expected to increase over time (figure 6) so,
although there were fewer stormy days in the future,
they became more intense. By the 2081-2100 time
period, mean annual storm snowfall totals increased
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by 0.3 cm (36%) relative to the 2006-2020 time
period along the Dalton and by 0.2 cm (24%) along
the Dempster. The biggest changes were seasonal,
especially along the Dalton, where mean Decem-
ber storm snowfall totals increased by more than
1.1 cm (217%) relative to the 2006-2021 period
(figure 6(A)). Wind speed on stormy days tended to
increase more in the fall and early spring: October
mean storm wind speed on the Dalton increased by
more than 1.4 m s~! (44%) between the 2006—2021
and 2081-2100 time periods (figure 6(C)).

3.3.6. Wet-icy road surfaces
On both highways, the number of days per year with
wet-icy road surfaces declined between the 2006—
2021 and 2081-2100 time periods, by 12 d (—11%)
on the Dalton and 14 d (—13%) on the Dempster
(figures 2(E) and (F)). However, the annual peri-
ods with the highest frequency of wet-icy conditions
occur when temperatures are near 0 °C, and the tim-
ing of these periods was predicted to shift consid-
erably over time (figures 3(E) and (F)). Along the
Dalton, for example, the fall-season month of peak
frequency for wet-icy conditions was predicted to
first shift from September (in the 2006-2021 time
period) to October (2022-2080), and then to Novem-
ber (2081-2100) (figure 3(E)), as freezing temperat-
ures occurred progressively later in the fall season.
The earlier onset of spring warmth along the Dalton
was evident in the March results, when the mean
number of days with wet-icy conditions doubled from
13 d during 2006—2021 to 25 d during 2081-2100
(figure 2). And, while wet-icy conditions in April
remained relatively unchanged over the study period,
values for May decreased dramatically, losing a mean
of 16 d (—53%) of wet-icy conditions by the 2081—
2100 time period, as the onset of thawing temperat-
ures shifted earlier in the spring.

Additionally, the core winter months of
December, January, and February, which currently
experience few, if any, wet-icy days, showed small



10P Publishing

Environ. Res. Lett. 18 (2023) 025006

H E Greaves et al

Dalton
1.00

0.75

0.50

0.25

Icy / snowy roads
(Fraction of month)

i

0.00
1.00

0.75

0.50

0.25

(Fraction of month)

Y

L

Blowing & drifting snow

0.00
1.00

0.75

0.50

0.25

Wet-icy roads
(Fraction of month)

0.00
1.00

0.75

0.50

Wet roads

0.25

(Fraction of month)

0.00
1.00

0.75

0.50

0.26

High winds
(Fraction of maonth)

0.00

‘-OQ:Q Oé' ‘\o“\ 000 5’2)0 (<éu0 @'b\ vQK é\@* %@Q o("\ V\‘o“ 000 3%9 er @'b& vQ‘ @'5\

Figure 3. Mean fraction of days per month that hazardous driving conditions were predicted to occur during September through
May of future time periods for the Dalton and Dempster highway corridors. Y-axis values are standardized to avoid misleading
effects due to differing month lengths, but note that each Y-axis increment of 0.25 roughly corresponds to one week.
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but potentially important increases in the frequency
of these conditions along both highways. On the
Dalton, the number of days with wet-icy conditions
in December and January was predicted to increase
from a mean of less than 1 d to more than 3 d, and
the number of wet-icy days in February was pre-
dicted to increase from a mean of less than 1 d to
5 d by the 2081-2100 time period. These increases
were most apparent on south-facing aspects on the

southern portion of the road (figure 4), although
they also occurred to a lesser extent on the coastal
plain in the north. Along the Dempster, spatial pat-
terns of changes between the 2006-2021 and 2081-
2100 time periods depended somewhat on latitude,
with the largest winter increases occurring south of
the mountains near the southern end of the road
and on south-facing aspects north of the mountains
(figure 5).
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Figure 4. Monthly difference (2081-2100 monthly means minus 2006—2021 monthly means) in the number of days with selected
hazardous driving conditions predicted to occur for the complete Dalton Highway study area. The Dalton Highway is shown with

4. Discussion

4.1. Future cold-season driving conditions will
become wetter

Unsurprisingly, a shorter future cold season is
expected to lead to a shorter period each year with
snow- and ice-covered roads, and a correspondingly
longer period when the roads are wet instead. Along
the Dempster, for example, the projected decrease
in the mean number of days per year with snow-
covered roads (—31 d) was exactly balanced by an
increase in the expected number of days with wet

roads (+31 d). Wet roads may be less dangerous
than icy roads, but they also present challenges that
could require shifts in driver behavior and road
maintenance priorities, particularly given the gravel
surfaces found on most all-season roads in ABRs.
For example, drivers may find the darker color of
wet roads more challenging to navigate compared
to white snow- and ice-covered roads, especially
in low light conditions, and may be surprised by
occasional wet conditions occurring during previ-
ously dependably frozen months like December or
February.
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Figure 5. Monthly difference (2081-2100 monthly means minus 2006-2021 monthly means) in the number of days selected
hazardous driving conditions are predicted to occur for the complete Dempster Highway study area. The Dempster Highway is

4.2. Wet-icy conditions may occur more often in
darkness

Previous work has found that freezing rain and sim-
ilar events that cause wet-icy conditions create the
most dangerous driving conditions (Norrman et al

2000, Andrey et al 2003, Malin et al 2019), and we
showed that the annual frequency of these hazard-
ous conditions may decrease in the future. However,
we also found that the seasonality of frequent wet-
icy road surfaces will shift to later in the fall season
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Figure 6. Predicted mean total snowfall (top row) and mean wind speed (bottom row) during September—May blowing snow
events along the Dalton and Dempster highway corridors, 2006-2100. There are no datapoints for September 2081-2100 on the
Dalton because no days with blowing and drifting snow were predicted in September during that time period.

and earlier in the spring, with some wet-icy events
arising even in the core winter months of Decem-
ber, January, and February. This change in season-
ality also pushes the most frequent wet-icy condi-
tions toward the darkest period of the year, potentially
compounding the safety hazard they represent. On
the Dalton highway, for example, the days predicted
to have wet-icy conditions had almost 2.5 fewer hours
of daylight in the 2081-2100 time period compared to
wet-icy days in the 2006-2021 time period, on aver-
age. Naturally, this effect will be most pronounced
in the northernmost road sections, where seasonal
changes in daylight hours are greatest; for example,
the mean daylength of days with wet-icy conditions
decreased by four hours on the northernmost section
of the Dalton (milepost 365-414). This suggests that
increases in safety conferred by an overall reduction
in the frequency of wet-icy conditions may be offset
by their increased occurrence on darker days when
drivers may not be able to identify and account for
the hazard.

Unfortunately, wet-icy driving conditions are par-
ticularly difficult to detect and foresee (Norrman et al
2000, Hanesiak and Wang 2005, Malin et al 2019)
largely because they occur in a narrow temperature
range around the freeze-thaw threshold, which can
be a brief transient state and may arise in response
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to temperature inversions, local topographic effects
like shading, and transitory cold-air drainage events
that are beyond the spatial and temporal precision
of climate datasets like those used to drive Snow-
Model. Our results predict that the frequency of
wet-icy conditions will decline overall, but previous
research indicates that frequency of freezing precip-
itation events has increased recently, and may con-
tinue to increase in the future (Hanesiak and Wang
2005, Bieniek et al 2018). Given this context, it is pos-
sible our models underestimate the future frequency
of wet-icy driving conditions.

4.3. Effects of changing driving conditions on
accident risk are uncertain

A shorter cold season on high-latitude all-season
roads is expected to reduce the frequency of haz-
ardous driving conditions created by snow, ice, and
weather, but translating the predicted occurrence
of hazardous conditions into accident risk is not
straightforward. A Swedish study found that weather-
related traffic accidents are not expected to decrease
in the future, despite warmer and less icy condi-
tions (Andersson and Chapman 2011)—potentially
because drivers adjust their behavior in complex,
unpredictable ways, or because the warming climate
produces novel or unusually intense conditions. In
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our results, for example, fewer days are predicted
to be disrupted by winter storms, an outcome that
could be expected to decrease storm-related accidents
and road-closure delays overall. However, it is pos-
sible that despite an overall reduction in the num-
ber of winter storms, increased intensity of individual
storm events may instead increase the risk of accidents
when storms do occur, or may actually increase the
number or length of road-closure delays as mainten-
ance crews contend with more challenging storm con-
ditions. Additionally, the frequency of intense con-
vective summer and fall storms (Poujol et al 2020)
and of extreme fall, winter, and spring rain events
(Bieniek et al 2018) is expected to increase in Alaska
in the future, meaning that a reduced number of cold-
season storms each year may be offset by an increase
in extreme rain events that also create hazardous driv-
ing conditions.

4.4. Expanding monitoring networks could
improve hazard predictions and driving safety

To improve prediction of dangerous driving
conditions, and especially to identify the narrow
window of conditions that produce wet-icy road
surfaces, installation of more road surface temper-
ature sensors and other more advanced road weather
information systems (RWIS) may be useful. Cur-
rently, the Dalton and Dempster highways each have
only one or two road surface temperature sensors
installed. Additional sensors, potentially including
mini-RWIS such as those currently being tested
in Alaska (Karandreas and Burton 2022), would
provide data enabling improved modeling of cur-
rent and future hazardous driving conditions along
these remote but socially and economically important
high-latitude roads. Alternatively, it is possible that
instantaneous computer vision analysis of imagery
from additional traffic cameras could provide real-
time road condition updates when there is sufficient
daylight (Ramanna et al 2021). Sensors like these are
difficult and expensive to install, power, and maintain
in remote ABRs, but information derived from them
could enable the installation of dynamic real-time
traffic warning signs that have been shown to reduce
accident risk (Malin et al 2019). The need for such
mitigation measures may become especially urgent
as increasing temperatures produce shorter but more
intense and unpredictable winter driving seasons.

5. Conclusions

As a warming climate reduces the annual duration of
freezing temperatures, the overall frequency of ice-
and snow-related driving hazards on all-season roads
in ABRs will decrease, but this may not always trans-
late to less hazardous conditions. In particular, we
found that although winter storm events that cause
blowing and drifting snow may become less frequent,
they could also become more severe, with higher
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storm snowfall totals and higher average wind speeds
that may make road driving more hazardous. Addi-
tionally, although the frequency of days with slippery
wet-icy road surfaces may decrease, the shortening of
the cold winter period will lead to these slippery con-
ditions occurring more frequently on days with lim-
ited daylight hours, when drivers may be less able to
identify the hazard.

Changing seasonality and the encroachment of
fall- and spring-like conditions into core winter
months are likely to produce substantial changes in
the experience of travelers and maintenance needs
on all-season roads in ABRs. Drivers accustomed to
hard-frozen winter roads with white snow-packed
surfaces that are visible even in the twilight of Arctic-
boreal winter may instead find slick wet-icy roads—
or soft, muddy roads with darker surfaces that are
more difficult to see, as the annual period with reli-
ably firm winter road surfaces contracts over time.
Meanwhile, the period of the year when snow plowing
and ice maintenance are needed may shrink, although
that period will likely be punctuated by more severe
winter storms that individually require more plow-
ing and maintenance. Additionally, roads that remain
unfrozen for a longer period each year may be prone
to more frequent washouts and slumping, while
gravel surfaces may require additional grading—or
paving—to manage potholes and maintain a traffic-
able surface to reduce delays. Adjustments in both
maintenance patterns and driver expectations and
behavior will be needed to minimize accident risk on
all-season Arctic-boreal roads in the future.
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