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EXECUTIVE SUMMARY

Winter weather conditions often cause serious hazards to travelers on the highway network
throughout Wyoming. Snow fence is considered an effective method to reduce low visibility and
low friction of the road surface under winter weather conditions. However, it is hard to obtain
winter weather data necessary for snow fence design in remote parts of Wyoming. The purpose
of this project is to provide seamless wind field and snow precipitation data under adverse winter
storm condition using a numerical weather prediction model. The North American Regional
Reanalysis (NARR) data were dynamically downscaled using the Weather Research and
Forecasting (WRF) model to a 4 km (2.5 mi) resolution over Wyoming in the historical winter
storm periods during 1980-2014. The simulated wind fields were checked using the wind
records at airport sites in Wyoming in terms of wind statistics. Although the regional mean air
temperature has been increasing over the last 34 years, the numbers of windy days (wind speed >
5.4 m/s [12 miles per hour]) were found to be increasing. The WRF-simulated precipitation data
were assimilated with the PRISM data, in order to obtain the accurate hourly snow precipitation
data. Combining all weather variables, the number of blowing snow events is increasing despite
the increasing temperature because of the sufficiently cold winters of Wyoming. Finally, the
existing manually observed wind data by Dr. Tabler (Tabler data), which has been used for the
snow fence design, were verified by the simulated prevailing wind direction map. It was
confirmed that the existing snow fence system is effective under the winter season prevailing
wind field since the simulation agreed with the Tabler data. However, it was also found that the
simulated wind patterns during the blowing snow events can be quite different from the winter
season average prevailing wind map. Moreover, the historical wind statistics indicated that the
actual wind had high deviations from the prevailing wind direction, especially along the 1-80
corridor.
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CHAPTER 1 INTRODUCTION

1.2 Background

The highway system in Wyoming has always suffered from adverse winter weather conditions.
To suppress the blowing snow and snow drift, the first stretch of snow fence was installed on I-
80in 1971 (WYDOT, 2009). Since then, the Wyoming Department of Transportation
(WYDOT) has developed one of the most extensive snow fence systems in the country.

Extensive research on blowing snow and wind conditions has been conducted by Wyoming for
over 40 years. Most notable is the work of Dr. Ronald Tabler, who developed an international
reputation as one of the founding fathers of snow blowing and snow fence research (Tabler,
1988; 1991a; 1991b; 1994; 2003). Dr. Tabler’s work, hereinafter referred to as Tabler’s work,
has been incorporated into WYDOT’s road design practices, snow fence design, and
implementation measures, and has led to reduced crashes and road closures on Wyoming
highways (Tabler and Meena, 2006).

Placement and size of snow fence are mainly determined by two important variables: prevailing
wind direction and annual snowfall. WYDOT also looks at land availability along highways
when considering placement and size. The current snow fence system in Wyoming was installed
based on the manually-measured wind direction and the National Climate Data Center (NCDC)
annual snowfall records compiled by Dr. Tabler in the early 1990s. In the present report, this
existing fundamental weather data shall be herein referred to as “Tabler data”.

An example of a snow fence system analysis around the Arlington junction, on 1-80, in
Wyoming, is shown in Figure 1. The protected green-colored and unprotected red-colored
sections are visualized in this figure assuming the wind direction perpendicular to the existing
snow fence angles that were placed based on the Tabler data. Note that the efficiency of the
snow fence system depends on the actual wind direction rather than the prevailing wind direction.
Figure 1 also shows the locations of the Tabler data points (yellow square dots) that depended on
the accessibility to the site. The density of the Tabler data points around the Arlington site is
relatively high because this section is one of the worst blowing snow areas on 1-80 and near the
site of Tabler’s original research in Wyoming.
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Figure 1 — Example of snow fence system design around Arlington, WY

The complete wind direction and annual snowfall in the Tabler data are shown in Figure 2 and
Figure 3, respectively. To obtain this information, Dr. Tabler manually collected multiple wind
direction data using a handheld anemometer at numerous sites. However, the data collection
frequency and timing are not known. The annual snowfall data were developed from the data of
the snow course, snow pillow surveys (including the Snow Telemetry (SNOTEL)), and
precipitation gauges until the 1990s. The average length of the records is 37.7 years, and the
number of the sites is 319. Dr. Tabler’s collection of snow survey data tended to take place in
high elevation locations while the wind data points were recorded along highways. Thus, the
locations and accuracy levels of the wind and the snow data varied. However, the Tabler data
are considered the most complete and fine-resolutioned, observation-based weather statistics in
Wyoming.
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Figure 3 - Visualized annual snowfall (mm) map using Tabler data



Although the performance of the snow fence depends on the actual wind direction, it is difficult
to record accurate actual wind direction data, especially in remote sections of the Wyoming
highway system during the winter weather period. Figure 4 shows the sample wind field
simulated by the numerical weather model during an April 2013 winter storm event in southeast
Wyoming. This pilot model simulation showed that the wind field was extremely dynamic
during the April 2013 winter storm event. This suggested that the wind fields are likely to keep
changing and are very heterogeneous during blowing snow events.
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Figure 4 — Pilot simulation result: wind fields during April-2013 winter storm event along 1-80 in
Wyoming

The effect of changing wind direction is considered in the snow fence system by designing
overlapping fences and extending fences to incorporate changes in wind direction. However, the
true effectiveness of the existing system cannot be evaluated without the complete wind field
information. In order to improve and determine the placement and size of snow fences, it is
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desirable to estimate the winter wind field using a state-of-the-art numerical weather model, and
to assess the historical wind and snow precipitation data used by Winter Research and other
programs in WYDOT.

Regional numerical weather models are effective tools for reconstructing the historical weather
statistics in a sparsely gauged area such as Wyoming. Numerical weather modeling has become
increasingly essential for daily weather forecasting over the past few decades (e.g. Lynch 2008).
Such models can also be used for the reconstruction of historical weather conditions by
downscaling larger scale reanalysis dataset, such as the North American Regional Reanalysis
(NARR, Mesinger et al., 2006). These models are readily available for fine and reliable regional
weather information during historical periods when combining the data assimilation with the
existing observation data.

Using the Weather Research and Forecasting (WRF) model, which was developed by various US
research centers (Leung et al. 2006, Skamarock et al. 2008), this project reconstructed the
historical weather conditions that are essential for snow fence design (Tabler 2003). The WRF
model is widely used in operational and research applications. The WRF model solves the non-
hydrostatic version of the Navier-Stokes equations using a forth order Runge-Kutta scheme using
a finite difference method. The outputs of the model provided full atmospheric information,
including but not limited to: rain, snow, temperature, atmospheric moisture, pressure, radiation,
and wind. The output frequency of the WRF model was hourly or finer, which is sufficient to
derive the weather data for the wind field and blowing snow assessment.

The initial and boundary conditions of the WRF model were prepared using the North America
Regional Reanalysis (NARR) data (http://www.esrl.noaa.gov/psd/data/gridded/data.narr.html).
The NARR project covers the North American Region and the model uses the 32 km resolution
National Centers for Environmental Prediction (NCEP) Eta Model together with the Regional
Data Assimilation System (RDAS). The NARR dataset includes the atmospheric variables at 3-
hour intervals at 29 atmospheric layers. This modeling project provided the seamless and
continuous weather conditions during blowing snow events in Wyoming.

1.2 Problem Description

Snow fence is an effective mitigation measure for hazardous high wind and blowing snow in
Wyoming. The snow fence size and placement are determined by prevailing wind direction and
snowfall data. This project evaluates and updates the wind and snow precipitation data by a
numerical weather prediction model (WRF). A snow fence system supported by better weather
information would inherently improve the safety of the Wyoming transportation system.
Therefore, the direct benefits of this research will be a more robust transportation system with
fewer traffic crashes, as well as reduced road closures (frequency and duration). This research is
directly related to WYDOT ’s strategic goals including: keeping people safe on the state
transportation system, impacts on the environment, new knowledge, and the state of good repair.


http://www.esrl.noaa.gov/psd/data/gridded/data.narr.html

1.3. Objectives

The main objective of this study is to update wind and winter precipitation information for snow
fence design using a numerical weather model during a sufficiently long period so that it can
capture the evolving climatic effect. The specific objectives are:

1. To develop new wind and winter precipitation tables for snow fence design using the
WRF model.

2. To compare the existing Tabler data to the new data to determine if there have been
significant changes in what WYDOT has been using.

3. To determine the appropriate timeframe and frequency for continuous data updating.






CHAPTER 2 WORK PERFORMED

Phase 1: Wind condition assessment

During this phase of the project, the WRF model was applied to the State of Wyoming to
reconstruct the historical wind conditions. The main outcome was the model-driven wind
statistics in an ArcGIS shapefile format in a 4 km (2.5 mi) resolution grid across Wyoming. The
simulation was carried out using the WRF model with the boundary conditions estimated from
the NARR data. Subtasks for Phase 1 were:

1) Initial data analysis using 12 km (7.5 mi) resolution data
The continuous simulation data at a course resolution (12 km (7.5 mi)) from 1980 to 2014 were
analyzed. The WRF outputs were validated using wind records at the airport sites. This
simulation also identified the winter blowing snow events (wind speed > 5.4 m/s (12mph)) in the
historical period.

2) WRF model configuration for finer resolution simulation
The model domains for Wyoming were arranged for optimal performance and computational
efficiency at a 4 km (2.5 mi) resolution. Then, the test simulations were performed at a
workstation to find the best model option for the long-term simulation.

3) Model implementation
The configured WRF model was implemented in four workstations at the University of
Wyoming for efficiency of the data processing. The very large four-dimensional WRF outputs
in Network Common Data Form (NetCDF) format were converted into compact binary format to
increase data manageability.

4) Wind data processing
The WRF outputs were compared against the Tabler data to check the performance of the model.
Then the prevailing wind direction, standard deviation of wind direction, wind speed during the
entire simulation period (the winter months), and the winter blowing snow events (wind speed >
5.4 m/s (12mph)) in 1980-2014 were computed. These wind statistics were converted to an
ArcGIS shapefile for snow fence design.

Phase 2: Snow condition assessment

The model-based precipitation and snow condition simulation in the historical period (1981-
2014) was performed in this phase. The outcome was the model-driven snow statistics at every 4
km (2.5 mi) resolution node in Wyoming in the ArcGIS shapefile format. Subtasks for Phase 2
were:

1) Data assimilation to existing historical records
The WRF output was compared against the existing ground-observed data to evaluate the model
errors. The anticipated model biases in the modeled precipitation were corrected using existing
historical climatological data such as the PRISM data (the Parameter-elevation Regressions on

9



Independent Slopes Model, PRISM Climate Group, Oregon State University,
http://prism.oregonstate.edu). The model biases were measured as scaling factors between the
simulations and the observations in this study. The assimilated (or bias-corrected) WRF
simulations are consistent with the monthly precipitation in the PRISM data.

2) Winter precipitation data compilation for snow fence design
The bias-corrected model outputs were used for annual mean snowfall and precipitation
estimation in Wyoming. The derived quantities were converted into an ArcGIS shapefile for use

in snow fence design.
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CHAPTER 3 IMPLEMENTATION AND RESULTS
Phase 1: Wind condition assessment

1) Initial data analysis using 12 km (7.5 mi) resolution data
The continuous WRF simulation at 12 km (7.5 mi) resolution was performed previously for other
hydrological research. The model parameter selections are identical to the 4 km (2.5 mi)
configuration described in the following sections, except for domain sizing. The detailed
documentation is available in Heward (2015) and Johnson (2015). The continuous WRF
simulation data were used for winter precipitation analyses as well as the blowing snow
condition identification in the historical period of October 1980 through September 2014 (water
years 1981-2014). Note that a water year starts on October 1 in the year before and ends on
September 30 of the following year.

The simulation results were stored in a binary format file. A program (Windstats, ©2015-17
Noriaki Ohara) has been developed to convert the binary WRF output to a common surface data
format. The specification of the format is available at
http://www.webmet.com/MetGuide/Samson.html. This format is supported in the wind
visualization software, WRPLOT View™ (© 1995-2017 Lakes Environmental Software). More
information about this free Windows application is available at
http://www.webmet.com/software.ntmI#WRPLOT. The developed software is able to extract
the simulated wind at any location in Wyoming. The wind field was visualized using a
frequency distribution histogram and a wind rose, which is a wind direction and speed diagram.
Figure 5 shows an example of wind roses at eight selected locations in Wyoming, during the year
1992, and illustrates the variety of wind statistics in Wyoming. It is now possible to extract wind
statistics during 1980-2014 at any location in Wyoming using the developed software.
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Figure 5- Wind roses based on the WRF simulation at eight selected locations in 1992

Validation of the simulated wind field

The modeled wind field was validated by the observed wind records at five airport sites from
Support Center for Regulatory Atmospheric Modeling (SCRAM) Surface Meteorological
Archived Data (1984-1992). The airports from the SCRAM database that were used are:

WY24018 Cheyenne/Cheyenne Regional Airport.
WY24021 Lander/Hunt Field.

WY24027 Rock Springs/Sweetwater County Airport.
WY 24029 Sheridan/Sheridan County Airport.

WY 24089 Casper/Natrona County International Airport.

gk~ ownE

12



The geographic locations of the airports are shown in Figure 6.

Figure 6 - The locations of the airports in Wyoming in the SCRAM database

Example comparisons at these five airports are outlined in Figure 7 through Figure 11.

Considering the high variability of the wind, the comparisons of simulated and observed wind
statistics showed good agreement at these five locations. This model simulation is realistic for
engineering practices. The numerical model-based wind fields are highly valuable in the areas

between these observation sites.
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(Note: The data in 1992 was missing in the SCRAM database while the WRF data has complete spatial
and temporal coverages.)
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Figure 11 - Model validation using observed wind record during 1992 at the Natrona County
International Airport

Wind field trend analysis

This section presents the wind field trend analysis using the modeled long-term wind data in
Wyoming. First, threshold wind speed for the “windy” period was defined. The most common
wind classification developed by Beaufort (Saucier, 2003) is shown in Table 1. Note: The wind
speed in this report is at 10 meter (32.8 feet) above the ground based on the Beaufort’s table. In
this study, the threshold was set at 5.4 m/s (12 mph or 19.3 km/h) as fresh powdery snow
typically starts moving at this wind speed.

18



Table 1 - Wind classification based on Beaufort wind force scale

Force Speed Name Conditions Conditions
knots km/h mi/h at Sea on Land
0 <1 <2 <1 Calm Sea like a mirror. Smoke rises vertically.
1 1-3 1-5 1-4 Light air  [Ripples only. Smoke drifts and leaves rustle.
2 46 6-11 5.7 Light Small wavelets (0.2 m). Crests have Wind felt on face.
breeze a glassy appearance.
3 7-10 12-19 8-11 (EEiLe LEEI NS 5 (RO L), GRS, Flags extended, leaves move.
breeze to break.
4 11-16 20-29 12-18 R Sm_a e (S, SR Dust and small branches move.
breeze whitecaps.
5 17-21 30-39 19-24 Fresh querate waves (1.8 m), many Small trees begin to sway.
breeze whitecaps.
Large branches move, wires
6 2027 | 4050 | 2531 [SUONG |Largewaves (3m), probably some | . iirellas are difficult to
breeze spray.
control.
7 28-33 51-61 3238 |Near gale Mountl_ng sea (4 m) W|th_ foam Whole trt?es in _motlon{
blown in streaks downwind. inconvenience in walking.
. Difficult to walk against wind.
8 34-40 62-74 | 3946 |Gale MBERE AT WREE BTN, s o e el s (7 5 0
crests break into spindrift. trees
. ) 3 High waves (7 m), dense foam, Minor structural damage may occur
o al-4t 1687 47-54 |Strong gale visibility affected. shingles blown off roofs).

The Wyoming average wind speed was computed for the 34-year period (water years 1981-
2014). The computed time series of average wind speed in Wyoming is shown in Figure 12.
The yellow and black thick lines in Figure 12 denote the 24-hour moving average and the linear
regression line of the time series, respectively. As can be seen, the wind speed has a somewhat
clear seasonality, which is higher during winter seasons. Although it is not very clear from the
graph, there is an upper trend in the Wyoming average wind speed.
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Figure 12 -Computed Wyoming average wind speed

Second, the number of days that wind speed exceeds 5.4 m/s (12 mph) was computed for every
five-year period from 1980 through 2014, as shown in Figure 13. The analysis revealed that in
recent years Wyoming has roughly 20-30 more windy days than in the 1980s. The time series of
the computed Wyoming average wind speed showed a slight upward trend in the average wind
speed with a rate of 0.138 m/s per decade (0.31 mph per decade).

120

8

(2]
(=]

£
o

Number of windy days per year
(u>5.4m/s)
~n o
o o

Figure 13 - Frequency of windy days (wind speed > 5.4 m/s (12 mph)) during the last three+ decades
based on the reconstructed Wyoming average wind speed for 1980 — present



The same analysis was repeated for a point location at Arlington, WY, where frequent blowing
snow occurs. Figure 14 shows the number of the windy days at Arlington increased in the long-
term simulation.

e b o b
88888

Number of windy days per year
(u>5.4m/s)

Figure 14 - Frequency of windy days (wind speed > 5.4 m/s (12 mph)) during the last three+ decades
based on the reconstructed average wind speed at Arlington, WY, for 1980 — present

According to the WRF simulation based on the NARR data, Wyoming has gotten windier over
the last three decades. It may be inferred that the increase of wind speeds and number of windy
days is likely due to the climate change. However, no consensus in surface wind trend analyses
was established due to inconsistency among the historical wind datasets (Intergovernmental
Panel on Climate Change (IPCC) Fifth Assessment Report (AR5), Hartmann et al., 2013),
although some increase trend in upper-air wind was found over North America in 1979-2005
(Vautard et al., 2010). Coupled Model Intercomparison Project Phase 5 (CMIP5) multi-model
projections suggested a systematic increasing trend in upper-air winds in mid-latitude regions
toward the end of 21% century. Temperature is a typical index of the energy level and part of the
energy may be transformed into kinetic energy, which is observed as wind speed. This
explanation is generally acceptable hypothesis while the increasing trends in wind speed are very
heterogeneous (Curtis and Grimes, 2004).

2) WRF model configuration for finer resolution simulation
The WRF model, configured with double nesting domains is shown in Figure 15. The outer
domain (Domain 1) has a 12 km (7.5 mi) resolution, and the inner domain (Domain 2) has 4 km
(2.5 mi) resolution. The initial and boundary conditions of the WRF model were prepared from
the NARR data (http://www.esrl.noaa.gov/psd/data/gridded/data.narr.ntml). NARR is the
atmospheric reanalysis dataset for the North American Region at a 32 km (20 mi) resolution
using both the NCEP Eta Model and the RDAS. The NARR dataset provides 3-hour data at 29
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levels and atmospheric state variables that were sufficient for the initial and boundary condition
preparation of the WRF model.

Doméin 1
|

A.,V
Figure 15 - The nesting domains of the WRF model for wind field reconstruction

There are several parameterization options in the WRF model system. Morrison Double
Moment scheme (Morrison et al., 2008), Noah Land Surface model (Kusaka et al., 2001), and
Yonsei University scheme (Hong et al., 2006) were selected for the cloud microphysics, land
surface modeling, and the planetary boundary layer (PBL) options, respectively. These model
configurations were primarily optimized for the precipitation on the ground in Wyoming
(Heward, 2015).

Data processing, adjustment, and transfer using the supercomputers at the Advanced Research
Computing Center (ARCC), at the University of Wyoming, were found to be extremely time
consuming. To accelerate the computation, three workstations were integrated into the
computational system in the researcher’s office at the University of Wyoming. A cost-
performance efficiency comparison was carried out between a new high-end desktop (Intel Core
17-5820K Haswell-E 6-Core 3.3 GHz Processor) and the three, second-hand, industry-class
workstations (Intel Xeon E3-1245 3.3GHz Processor). Based on the CPU benchmark
(https://www.cpubenchmark.net/), it was concluded that the three used workstations were about
two times faster than the single new computer for the same cost. As such, three used
workstations were purchased for this project. The conventional operating system, Linux Mint
(Rose), and other necessary software such as WRF, NetCDF, vim, ssh server, NFS server, and
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GNU compilers, were installed. The routine computation scheduling scheme using a script
language (bash) was established at the University of Wyoming to implement the model
computation efficiently.

3) Model implementation
Since the high-resolution WRF simulation was found to be more time-consuming than the
original estimation, the focus became on simulating the blowing snow periods rather than the
entire historical period.

The continuous simulation at a course resolution (12 km (7.5 mi)) from 1980 to 2014 was used to
identify the winter blowing snow events (wind speed > 5.4 m/s (12 mph)) during the historical
period. Then the computationally more expensive fine resolution (4 km (2.5 mi)) simulation was
implemented for detailed analyses during the identified blowing snow event periods. Thus, the
blowing snow periods were identified based on the outputs of the numerical weather model
simulation results for the period of 1980-2014 at 12 km (7.5 mi) spatial resolution over
Wyoming.

Modeling of mobile and blowing snow

It was necessary to characterize the occurrence of blowing snow from the weather variables.
Obviously, blowing snow requires strong wind as well as mobile snow, which is loose snow not
bonded to a larger mass or ground surface. Hence, the mobile snow amount must be quantified
from the atmospheric data to estimate the blowing snow period. However, a practical modeling
of the mobile snow is currently lacking. In this project, a simple exponential decay model was
proposed for this purpose. Assuming the mobile snow amount exponentially decays in general,
it can be modeled as,

1/thaif

() =¢(t—-1)-0.5

thai= half life of the mobile snow [hour]

1)

¢(t) = mobile snow at time, t [mm]

This empirical model includes only one parameter, half-life of the mobile snow. The mobile
snow stabilizes or sublimates as a function of time since the original snow. Figure 16 shows an
example of mobile snow amount estimation using this proposed model with 1 mm [0.039 inch]
of snow precipitation. The half-life was set at six hours. This corresponds to the condition that
nearly 94 percent of the mobile snow was stabilized or sublimated within 24 hours since the
snowfall.
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Figure 16- Proposed one parameter model for mobile snow amount

An example of a reconstructed blowing snow event using the WRF model around Arlington, WY,
is shown in Figure 17. To estimate the blowing snow amount, the following three steps were
taken at every single computational node and time step:

1. Separating snowfall and rainfall by air temperature.
2. Computing the mobile snow amount (depth, mm) from the snowfall.
3. Computing the blowing snow amount (depth, mm) from the wind speed.

In step 1, the phase of precipitation was determined from the computed air temperature. The
computation of step 2 was described by Equation 1. The blowing snow amount at step 3 was
approximated by the mobile snow amount only when wind speed exceeded the threshold (5.4
m/s (12 mph)). That is,

0, wind speed < 5.4m/s @)
¢, wind speed = 5.4m/s

Bsnow = {
where
Bsnow = blowing snow depth or amount (mm)

¢= mobile snow amount (mm)

This modeling tool can provide an index of the blowing snow amount with the minimum number
of the parameters. In this project, the blowing snow depth is just an indicator of blowing snow
risk or identification of the blowing snow period under the given weather condition. Therefore,
blowing snow modeling will not be discussed further in this report. However, blowing snow
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modeling may be identified as a major knowledge gap in this project, and a great future research
topic to improve understanding and risk assessment skill of the blowing snow events.
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Figure 17 — Blowing snow amount estimation based on the modeled atmospheric conditions by the WRF
model

Based on the simple exponential blowing snow model, with t;,;r = 6 hours, the blowing snow
weeks were identified for the computationally intensive 4 km (2.5 mi) WRF simulations. As
visually described in Figure 17, the blowing snow period was defined as the period with more than
1 mm (0.039 in) of blowing snow found at any of the computational cells in the model domain.
A partial list of the simulation periods are shown in Table 2. These 500 winter-condition weeks
(about 15 weeks per year) of the simulation cover most of the blowing snow periods in the
period 1981-2014. Note that the parameter t,,,r should not be sensitive to the blowing snow
identification, while the cutoff point of minor blowing snow events may be affected by the
choice of the parameter. Finally, the 4 km (2.5 mi) WRF simulation was performed for these
500 winter weather weeks identified by the 12 km (7.5 mi) WRF simulation results for the period
of 1981-2014 in Wyoming.
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Table 2 - Partial list of the winter weather periods in 1981-2014

Simulation start | Simulationend | Number of winter
rank weekname
date date storm hours
1 19980111 19980110 19980118 90
2 19961222 19961221 19961229 89
3 19860216 19860215 19860223 79
4 20090329 20090328 20090405 79
5 20051127 20051126 20051204 74
6 19951231 19951230 19960107 56
7 19840422 19840421 19840429 55
8 20090322 20090321 20090329 55
9 20140223 20140222 20140302 54
10 20000109 20000108 20000116 53
11 20081221 20081220 20081228 53
12 19960128 19960127 19960204 52
13 20131201 20131130 20131208 52
14 19811220 19811219 19811227 51
15 19990207 19990206 19990214 51
16 19841125 19841124 19841202 50
17 20030316 20030315 20030323 50
18 20120219 20120218 20120226 49
19 20101121 20101120 20101128 48
20 19860209 19860208 19860216 47
490 19961103 19961102 19961110 ——_—ﬂ—-—iﬂﬂﬂ”"’
491 19980412 19980411 19980419 1
492 19981129 19981128 19981206 1
493 20000409 20000408 20000416 1
494 20010218 20010217 20010225 1
495 20020929 20020928 20021006 1
496 20030406 20030405 20030413 1
497 20041031 20041030 20041107 1
498 20090125 20090124 20090201 1
499 20090426 20090425 20090503 1
500 20131013 20131012 20131020 1

4) Wind data processing

The wind azimuth can be computed from x and y components of wind speed by an arctangent
function. The two-argument arctangent function, atan2(y, x) is commonly available to obtain the
arctangent of y/x in the range -n to « radians ( -180 to 180 degrees). However, the zero azimuth
in geographic wind is the north (y-axis) instead of the east (x-axis). Also, the azimuth in
geographic wind corresponds to the direction the wind comes from. Therefore, the geographical
wind direction and wind speed can be computed from westerly and southerly wind components,

u and v, produced in the WRF simulation as,
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6 = atan2(—u, —v) 3)

Spd = Vu? + v? (4)
where

6 = wind azimuth (rad)

u = East-west component of wind speed (m/s, east positive)

v = North-south component of wind speed (m/s, north positive)
Spd = wind speed (m/s)

Note that radians are converted to degrees by multiplying by 180 / &= 57.29578. The reverse
conversion can be performed by,
u = —Spd sin(6) (5)
v = —Spd cos(6) (6)

Yamartino method

The Yamartino method (Yamartino, 1984) is an algorithm for calculating an approximation to
the standard deviation oy of wind direction 6 during a single pass through the incoming data.
The average values of sin 6 and cos 6 are first computed.

1 .
Sq = ~Xi=1 Sin 0; @)

1
Ca = 23T, cos b, ©)

where i denotes time step, and n is sample size or the number of the total time steps. Then, the
average azimuth angle and the standard deviation of the angle can be computed as follows:

0, = atan2(sg,, ¢,) 9
0p = arcsin (&) [1 + (\/2—§ — 1) 83] (10)

where,

e=+1—(s%+c2) (12)
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Wind data cross-comparison
The wind statistics were computed for three different periods: all seasons period, winter season
period, and winter storm period.

1. All seasons period: all period including summer seasons
2. Winter season period: October 30-May 1
3. Winter storm period: blowing snow period (more than 1 mm (0.039 in) of blowing snow)

The all seasons period is the entire simulation period between September 30, 1980 and October 1,
2014, including summer seasons. The winter season period consists of the six month periods
(October 30-May 1), in each of the following years, 1980-2014. The winter storm period is the
period with more than 1 mm [0.039 inch] of blowing snow on the computational cell in 1980-
2014. Therefore, the length of the winter storm period depends on geographical location and
climate. The statistics for the winter storm period were directly computed from the 4 km (2.5

mi) WRF simulation outputs. However, the other two sets of statistics were calculated from the
12 km (7.5 mi) WRF simulation because the 4 km (2.5 mi) WRF model was applied only during
the blowing snow periods. Resampling or spatial interpolation was performed by the inverse-
distance 4-point weighting averaging method.

The observed wind direction map in Figure 2, the 1990s Tabler data, was compared to the
average of the all seasons period (Figure 18 and Figure 19), the average of the winter season
period (Figure 20 and Figure 21), and the average of the winter storm period (Figure 22 and
Figure 23). Arrows were placed at the observed wind data points in the Tabler data. The wind
directions were computed by inverse distance weighting averaging of four nearest computational
nodes. The temporal average wind direction was computed from the methodology presented in
the previous section.

The observed wind direction map (the Tabler data) is closest to the winter season mean wind
direction. Figure 19, 21, and 23 also show the wind direction correlations between the
observation and the simulations. The correlation coefficient (Pearson product-moment
correlation coefficient) between the wind azimuth angles of the winter season average and the
Tabler data is calculated as 0.49, which indicates the strongest correlation among the three
periods. Considering the large spatial and temporal variation of the values, this analysis shows
that Tabler’s wind table well represented the winter season prevailing wind field. The WRF-
simulated wind fields are also realistic in the area between the validation data points at the five
airports used for model validation.

Figure 22 demonstrates that the average wind direction map during the winter storm period is
quite different from the other maps: all seasons and winter season mean wind direction maps.
This figure shows only the average wind directions during the blowing snow events identified in
the winter storm period 1980-2014 by the 4 km (2.5 mi) WRF model. The winter storm wind
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field, which may be useful to understand the mechanism of road closures and crashes, is
typically difficult to obtain through field observations.

Figure 18 - Wind direction map of the all seasons period average 1980-2014
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Figure 19 - Correlation between the simulated and the observed wind azimuth angles at the data points
of the Tabler data for all seasons period average 1980-2014

Figure 20 - Wind direction map of the winter season period average, Oct 30th - May 1st, 1980-2014
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Figure 21 -Correlation between the simulated and the observed wind azimuth angles at the data points
of the Tabler data for winter season period average 1980-2014

Figure 22 Wind direction map of the winter storm period average, 1980-2014
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Figure 23 - Correlation between the simulated and the observed wind azimuth angles at the data points
of the Tabler data for winter storm period average 1980-2014

Reconstructed mean wind direction

The average wind directions were computed at every 4 km (2.5 mi) node and converted into a
GIS format. Figure 24Figure 26 visualize the final wind products for the three period averages
in this project.
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Figure 24 - Wind direction map of the all seasons period average 1980-2014

Figure 25 - Wind direction map of the winter season period average, Oct 30th - May 1st, 1981-2014
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Figure 26 - Wind direction map of the winter storm period average, 1981-2014

Reconstructed Standard Deviation of Wind Direction

Similarly, the standard deviations of the wind direction were computed at every 4 km (2.5 mi)
node by the Yamartino method. Unfortunately, along 1-80, a major trans-continental highway
for moving goods and services, many sections have a large variability in wind direction (more
than 45°) making it difficult to protect these area by a single snow fence angle.
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Figure 27 — Standard deviation of the wind direction (degree) in the all seasons period, 1981-2014
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Figure 28 - Standard deviation of the wind direction (degree) in the winter season period, Oct 30th -
May 1st, 1980-2014
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Figure 29 - Standard deviation of the wind direction (degree) in the winter storm period, 1980-2014
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Reconstructed wind speed
Similarly, the average wind speeds were computed at every 4 km (2.5 mi) node for the three
periods.
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Figure 30 - Mean wind speed (m/s) of the all season average
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Figure 32 - Mean wind speed (m/s) of the winter storm period, 1980-2014
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Phase 2: Snow condition assessment
1) Data assimilation to existing historical records

Acquisition of the PRISM data

The PRISM data, which is one of the best observation-based precipitation datasets, were
acquired in order to improve the accuracy of the WRF simulated precipitation. PRISM is an
interpolation method developed by Daly et al. (2008), for the datasets that reflect the current
state of knowledge of the spatial climate patterns in the United States. The monthly precipitation
datasets were modeled using climatologically-aided interpolation (CAl), which uses the long-
term average pattern (i.e., the 30-year normals) as a first-guess of the spatial pattern of the
climatic conditions for a given month or day. This dataset is basically synthesized from all
existing ground precipitation records in the United States by the terrain-based interpolation
method (PRISM). Therefore, the PRISM data, which almost certainly reflects the real
precipitation pattern in the historical period, are used as the reference precipitation dataset in this
study. The total size of the dataset was about 14.2 GB in ASCII “ungenerated” format, one of
the generic GIS formats.

PRISM data are consistent with the ground observed precipitation records and have a very high
spatial resolution at about 4 km (2.5 mi) resolution. However, the major shortcoming of the
PRISM data is the coarse, monthly temporal resolution. For accurate snowfall (snow
precipitation) estimation, it is important to have at least hourly data collection. The numerical
weather prediction model is less accurate in precipitation prediction compared to other
atmospheric variables such as temperature, wind field, etc. Consequently, the objective of this
task was to combine the simulated and observed precipitation datasets to achieve accurate
seasonal, total snow precipitation estimates.

Data assimilation

The assimilation program was written both for the Windows and Linux environments. The
precipitation data assimilation involves time and space interpolations in order to make the
observed and simulated values comparable, as shown in Figure 33.
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12km (7.5 mi) WRF data (simulated hourly precipitation data)

Spatial interpolation & monthly summation

i PRISM data (observation based monthly precipitation data) l
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Spatial interpolation

4km (2.5 mi) WRF data | = |
- (simulated hourly precipitation data only during bl.opiin'g.sq'ldw periods)

12km (7.5 mi) WRF data (simulated hourly precipitation data)

Figure 33 - Flowchart of the precipitation data assimilation procedure

The data assimilation was performed by taking the following steps.

1.

The total monthly precipitation was computed from the WRF model outputs at every
computational node for the period 1980-2014.

The observation-based monthly precipitations at the WRF computational node locations
were computed from the PRISM data by using the inverse distance method.

The scaling factors of the simulated and observed monthly precipitations were computed
for every computational node for every month during the 1980-2014. Note that the
scaling factors were limited between 0.5 and 5.0 to avoid the outrageous precipitation
totals especially in arid areas during dry seasons.

The spatially-distributed monthly scaling factors were then applied to the original hourly
WRF simulated precipitation data. The assimilated WRF precipitation data are referred
to as the bias-corrected data hereafter.

Thus, the observed and simulated monthly total precipitations are consistent while the bias-
corrected simulation data has one-hour temporal resolution. An example of WRF simulated
monthly precipitation fields with and without the data bias correction is shown in Figure 34. The
simulated precipitation field (shown in squares) is laid over the background map, which is the
corresponding PRISM precipitation field (observation). The assimilated WRF precipitation field
resembles the observed precipitation field. The WRF simulation outputs near the model
boundary (outside of Wyoming) are not effective for the snowfall estimation due to known
interpolation artifacts of the boundary condition. Finally, Figure 35 shows the mean annual
precipitation computed from the bias-corrected (or assimilated) WRF model output. This bias
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corrected precipitation data were used for the annual snowfall estimation, which is one of the
essential design parameters for the snow fence design.

(a) Without data assimilation

--------
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Figure 34 - An example of the simulated precipitation field in February 1982, with and without data bias
correction, superimposed over the corresponding PRISM data. The WRF simulated values are shown
in squares and the PRISM data fills in between the squares.
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Figure 35 — Bias-corrected mean annual precipitation (mm) in 1980-2014

2) Winter precipitation data compilation for snow fence design
The snow precipitation was computed from the simulated air temperature at 2 m [6.56 feet] and
the bias-corrected precipitation data at every single computational cell. The separation of the
precipitation phase (snow or rain) can be performed in the atmospheric cloud microphysics
modeling. However, the separation using the near surface air temperature is typically more
reliable than the current parameterization due to considerable uncertainties in the atmospheric
processes. Therefore, when simulated air temperature was below -1 °C [30.2 °F] (calibrated
value), precipitation is regarded as snow in this study. The computed mean annual snowfall in
Wyoming is visualized in Figure 36. The Tabler snow data was superimposed (square) over the
simulated snowfall map using the same color scheme. Figure 37 also shows the comparison
graph of the WRF simulation and the Tabler data. Clearly, the WRF simulation successfully
reproduces the historical annual snow precipitation with a high correlation coefficient. Ata
minimum, the bias-corrected WRF estimation of annual snowfall seemed an excellent
interpolation of the field-observed snow data using an all process-based understanding of the
atmospheric processes over complex terrain.
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Figure 36 — Computed mean annual snowfall (mm/year) in 1980-2014 and the Tabler data in squares
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Figure 37- Validation of the simulated annual snow precipitation with the Tabler data (snow courses,
snow pillows, and precipitation gauges)
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Figure 38Error! Reference source not found. shows the time series of the simulated monthly
precipitation and snowfall in Wyoming. This graph suggests a very small to no trend (+0.048
mm (0.002 in) per decade) in the snowfall in Wyoming. Figure 39Error! Reference source not
found. shows the simulated monthly mean air temperature in Wyoming. According to the linear
trend line, the climate of Wyoming has clearly gotten warmer over the last 34 years (+0.3 °C
(0.17 °F) per decade). It is interesting that the temperature change effect on the annual snowfall
has not been prominent due to the complex nature of precipitation-generating processes over
Wyoming.
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Figure 38 - WRF simulated monthly precipitation and snowfall (Wyoming average) in October, 1980 —
September, 2014
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Figure 39 - WRF simulated monthly mean air temperature (Wyoming average) in October, 1980 —
September, 2014
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Characterization of extreme blowing snow events in Wyoming

The blowing snow risk was assessed using the WRF simulation outputs based on the
methodology developed in Phase 1, task 3, modeling of mobile and blowing snow. The blowing
snow depth was computed from the bias-corrected, hourly snow precipitation, air temperature,
and wind speed at every computational node of the 4 km (2.5 mi) grid system. The blowing
snow risk is defined as the frequency of the blowing snow depth greater than 1 mm (0.039 in) in
this study. The blowing snow risk in 1980-2014 is visualized in Figure 40. This figure shows
the significant spatial variability in the blowing snow events along 1-80 in Wyoming. Mewes
(2011) also estimated the blowing snow hours in the United States combining the NAM model
and a simple snowmelt model during 2004-2005; his estimates were quite comparable although
his definition of blowing snow was different from that used in this study. Note that the number
of days was computed as a summation of the blowing snow hours. Therefore, the corresponding
road closure periods may be longer than the computed blowing snow periods. Also, there are no
systematic blowing snow observation data to check the model-based estimation. However, many
of the known blowing snow sections are delineated by this model-based risk map in Figure 40.
This high resolution blowing snow risk map may be useful for optimization of the winter
maintenance resource distribution, as well as for improvement of the snow fence system.
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Figure 40- Computed average number of blowing snow days per year (1980-2014)

45



A long-term trend analysis of the blowing snow occurrences was also performed based on the
reconstructed climate data in Wyoming. The number of days that had more than 1 mm (0.039
in) of blowing snow were computed at every five year period from 1980-2014 (Figure 41). The
analysis suggested that recently Arlington, WY, where the original snow fence study took place,
had a few more potential blowing snow periods than in the 1980s. According to the wind
simulation using the WRF model with NARR data, the blowing snow risk for Arlington, WY,
increased over the last three decades.
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Figure 41 - Blowing snow days statistics in Wyoming and at Arlington, WY, during the last three+
decades based on the reconstructed weather condition

According to Figure 41, the blowing snow risk trended slightly upward in last three decades
(+0.36 days per decade for Arlington, WY, and +0.17 days per decade for Wyoming average),
although the occurrence varied from half decade to half decade. This is mainly due to the
increasing trend in wind speed (Figure 13) with nearly constant snow precipitation (Figure 38)
throughout the simulation period. Although the temperature in Wyoming had a clear upward
trend under the changing climate in this simulation (Figure 39), it may have been just cold
enough to have snow precipitation. Therefore, the blowing snow risk in Wyoming has not
decreased in the last 34 years due to the climate change. Even though the blowing snow risk
may be mitigated by temperature increase in distant future, it may be wise to pay more attention
to the blowing snow hazard today and in near future.

Change in wind directions

Figure 42Figure 43 show the wind azimuth angle comparisons in scatter charts for three decades:
1980, 1990, and 2000. Figure 42 shows the change in the all seasons period average wind
directions, and Figure 43 shows the change in the winter storm period average directions. The
graphs show almost no change in the wind direction over the last three decades, neither by all-
season nor winter storm period averages.
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Figure 42 - Wind azimuth angle comparisons for all season period average among 1980s, 1990s, and
2000s. Each point represents location of the Tabler data.
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Figure 43 - Wind azimuth angle comparisons for winter storm period average among 1980s, 1990s, and
2000s. Each point represents a location of the Tabler data.
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CHAPTER 4 PRODUCTS

4.1 Data
The following data products were submitted to WYDOT.

1. Wind and snow statistics produced by the WRF model with the NARR data for 1981-

2014 at 4 km (2.5 mi) grid (20412 points).

2. Wind and snow statistics produced by the WRF model with the NARR data for 1981-

2014 at the Tabler wind data points (694 points).

Items 1 and 2 contain following variables:

—SQ@ o oo

ST ID = Sequential number.
LON(DEG) = Longitude.
LAT(DEG) = Latitude.

ELV(M) = Elevation (m).

PREC_ANNUAL(mm) = Average annual precipitation for the entire 1980-2014 period.
SNOW_ANNUAL(mm) = Average annual snowfall for the entire 1980-2014 period.

Tabler_Azimuth(Deg) = Wind azimuth angle in Tabler’s table (Tabler table only).

Sim_all_Azimuth(Deg) = Average wind azimuth angle for the entire 1980-2014 period.

Sim_all_SD(Deg) = Standard deviation of wind azimuth angle for the entire 1980-
2014 period.

Sim_winter_Azimuth(Deg)= Average wind azimuth angle during winter months (Oct 30" —
Apr 1%) in the 1980-2014 period.

Sim_winter_SD(Deg) = Standard deviation of wind azimuth angle during winter
months (Oct 30" — Apr 1%) in the 1980-2014 period.

Sim_storm_Azimuth(Deg) = Average wind azimuth angle during winter storm period in
1980-2014 period (= bsnow period in progress reports).

Sim_storm_SD(Deg) = Standard deviation of wind azimuth angle during winter storm
period in 1980-2014 period (= bsnow period in progress reports).

4.2 Dissemination and implementation

Dissemination and implementation of the products will be through statewide, national, and
international sources. This research will be entered into the TRID, Transportation Research
Information Database, maintained by the U.S. National Academies Transportation Research
Board, with sponsorship from State Departments of Transportation where it will have national
and international availability. The research and data will also be made available through the
National Research Library, FHWA, the Wyoming State Library, the Wyoming State Climate
Office, and other meteorological agencies working within the state of Wyoming to provide much
needed statewide coverage.
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The database created by this project will supersede the tables created by Tabler and will be
incorporated into snow fence design within WYDOT programs, including Winter Research. The
data is currently in the Statewide Snow Fence Inventory where it is updating ESRI ArcGIS
spatial models used to predict drift formation and location, as well as, the sections of roadway
protected by the snow fence. The spatial models, written in python scripts and run within
ArcGIS Desktop, have the potential to evaluate snow fence performance either individually or by
a series of fences along roadway segment. This project's data has also improved the quality of
data output from the spatial models by using a new, state-wide, prevailing winter wind data to
model each fence, and by removing the assumption that prevailing winds are perpendicular to the
existing snow fences. The output of the spatial models will also be incorporated with the
WYDOT Highway Safety Program’s crash data to better identify the areas where highway safety
may be improved with snow fence.

Additionally, the Statewide Snow Fence Inventory is shared with the Wyoming State Forestry
Division who partners with WYDOT with the Living Snow Fence Program. The 34-year,
continuous simulation of the prevailing winds computed in this project will assist the State
Forestry Division as they maintain the fire management on state lands.

The produced data have already been incorporated in the Wyoming snow fence inventory for
visualizing roadway protection and drifting. Example wind data visualizations in the inventory
prepared by Trihydro Corporation are shown in Figure 44 for Arlington, WY, and Figure 45 for
west of the Arlington, WY (247 milepost).
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Figure 44 - Example visualization of the Tabler data and the new simulated wind data around Arlington,

WY, in the Wyoming snow fence inventory
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Figure 45 - Example visualization of the Tabler data and the new simulated wind data in the west of
Arlington, WY, in the Wyoming snow fence inventory

The research outcomes have been and will be disseminated through the graduate and
undergraduate programs at the University of Wyoming, as well as national and international
conferences and journal publications.

1. The research outcomes of this project were presented in CE1000 VISTA studio |,
introduction to civil and architectural engineering professions for freshmen, and CE2000
VISTA studio 11, a first practice experience in civil and architectural engineering for
sophomores, during the fall 2016 semester at the University of Wyoming.

2. Fundamental snow fence design procedure and the incorporation of the new simulation
data were covered in CE5880 Advanced Hydrology, a graduate-level cold region
engineering class, in the spring 2017 semester at the University of Wyoming.

3. The initial assessment of the historical weather simulations was presented in the TRB
2016 International Conference & Workshop on Winter Maintenance and Surface
Transportation Weather, April 25-27, 2016, at Fort Collins, Colorado. The presentation
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was titled, “Evaluation of Winter Weather in Wyoming Based on Numerical Weather
Modeling for Snow Fence System Design”.

4. The final products were presented in the 2017 TRB Annual Meeting, Washington D.C.
The presentation title was, “Reconstructed Historical Wind Field for Winter Weather
Hazard Mitigation in Wyoming Using Weather Research and Forecasting Model”.

5. A peer reviewed journal publication is planned.
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CHAPTER 5 CONCLUSIONS AND RECOMMENDATIONS

5.1 Summary

Prevailing wind field and snow precipitation data are essential information for winter weather
preparation including snow fence system design. However, it is difficult to obtain data under
adverse winter storm conditions in remote areas. This study provided an alternative method
using a numerical model-based data through dynamic downscaling of NARR data using the
WRF model.

First, the coarse resolution simulation at 12 km (7.5 mi) resolution was validated by using the
wind record (SCRAM data) at airport sites in terms of wind statistics. The WRF-simulated wind
field is realistic enough for blowing snow risk assessment in this region and it updated the Tabler
data. The blowing snow periods were identified based on this 12 km (7.5 mi) WRF simulation
during the period of 1980-2014. The fine resolution WRF simulation at 4 km (2.5 mi) resolution
was implemented during the identified blowing snow periods. The simulation covered nearly
500 winter-condition weeks encompassing most of the blowing snow periods. This fine-
resolution model provided more accurate and localized blowing snow risk assessment.

The analysis using the WRF simulation indicated that Wyoming has become significantly
windier during the last 34 years. It is unknown whether or not this trend can be extrapolated
toward the future. However, it is wise to pay attention to wind-related hazards in Wyoming.
The continuous and complete weather simulation data enabled the identification of the blowing
storm periods. The number of blowing snow events have increased slightly in last three decades
due to increased wind speed. Wyoming has had persistent blowing snow even under the recent
climate changes.

The simulated prevailing wind direction map during the winter season (October - May) was
found to be consistent with the existing manually-collected wind data by Dr. Tabler. Therefore,
the existing snow fence system is considered to be effective for average wind conditions over the
winter season. However, the simulated wind pattern during the winter storm events was found to
be quite different from the prevailing wind maps during all seasons and the winter season.
Moreover, the deviations of the wind direction were found to be very large along the 1-80
corridor (more than 45 degrees). Knowing that the snow fence performance depends on the
relative snow fence angle to the wind direction, it may be possible to improve the efficiency of
the fence system by incorporating the simulated wind statistics.

The bias-corrected snow precipitation was prepared for new snow fence sizing. The new
snowfall data that were produced by the WRF model and the PRISM data showed agreement
with the Tabler data derived from snow course, snow pillow, and precipitation gauges. This
model-based dataset should have better accuracy than the simple spatial interpolation of the
Tabler data points. Combining the dynamic wind fields and the high-resolution snow
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precipitation data, the blowing snow risk has been quantified in terms of the annual blowing
snow days in Wyoming.

Finally, this project provides better data to design snow fence in areas where wind and
precipitation data are hard to obtain. By maintaining this dataset it is possible to better focus
winter maintenance strategies in areas of high winds and blowing snow. The model-based
fundamental wind and snow data can be used for snow fence improvements, maintenance, and
new strategies. The reconstructed wind fields, with complete spatial coverage in Wyoming, are
clearly useful to assess travel risks under the adverse weather conditions and potentially to
improve the snow fence system given the evolving climate.

5.2 Recommendations

The immediate recommendation is local snow fence performance assessment based on the
complete wind statistics from the WRF simulation, especially for the frequent blowing snow
areas (Figure 40). For example, the protected time frequency by snow fence along the major
freeways should be useful for identification of the most vulnerable road sections.

Further model validation with the Road Weather Information System (RWIS) data will assure
the confidence level of the model-based weather data. This project validated the model outputs
for the state-wide scale for the long term (34 years) and did not directly test them using the local
surface observations. Additional continuous fine resolution simulations in the recent years (after
2010) would provide more opportunity for direct comparisons and possibly data assimilation.

Suggested update frequency of the fundamental weather data is 5-10 years, depending on how
fast climate change affects the weather system in Wyoming. According to the trend analysis, the
decadal update seemed sufficient for the last three decades. However, the widely accepted
emission scenario in the Intergovernmental Panel on Climate Change (IPCC) (Nakicenovic et al.,
2000) suggested that climate change may be accelerating.

A scientific climate change study based on the current General Circulation Model (GCM)
projections would be desirable to allocate the state resources efficiently. If the climate warms
further, the blowing snow risk would reach a maximum and eventually decline. The atmospheric
and hydrological responses to the climate change are very complicated, and different kind of
hazards may emerge in the future. The early preparation for the tipping point of winter weather
regimen is certainly beneficial for the road management agencies such as WYDOT.
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