Science of the Total Environment 621 (2018) 1023-1032

journal homepage: www.elsevier.com/locate/scitotenv

Contents lists available at ScienceDirect

Science of the Total Environment

Blowing dust and highway safety in the southwestern United States: L))

Check for

Characteristics of dust emission “hotspots” and R
management implications

Junran Li **, Tarek Kandakii °, Jeffrey A. Lee °, John Tatarko €, John Blackwell IIl % Thomas E. Gill ¢, Joe D. Collins ©

@ Department of Geosciences, The University of Tulsa, Tulsa, OK 74104, USA

b Department of Geosciences, Texas Tech University, Lubbock, TX 79409, USA

€ Rangeland Resources and Systems Research Unit, USDA-ARS, Fort Collins, CO 80526, USA

4 Department of Geological Sciences, University of Texas at El Paso, El Paso, TX 79968, USA

¢ Department of Science and Mathematics, Texas A & M University, San Antonio, TX 78224, USA

HIGHLIGHTS

GRAPHICAL ABSTRACT

A total of 620 dust emission hotspots
and their characteristics of land use
were identified in the southwestern U.S.
Location, timing, and magnitude of the
dust production at the hotspots were
identified.

Fifty five hotspot sites are located within
1 km to adjacent highways.

Thirteen hotspot sites could produce
highly hazardous dust emissions to
ground transportation with visibility
<200 m.
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Despite the widespread media attention of chain-reaction traffic incidents and property damage caused by wind-
blown dust in the U.S. and elsewhere in the world, very few studies have provided in-depth analysis on this issue.
Remote sensing and field observations reveal that wind erosion in the southwestern U.S. typically occurs in local-
ized source areas, characterized as “hotspots”, while most of the landscape is not eroding. In this study, we iden-
tified the spatial and temporal distribution patterns of hotspots that may contribute dust blowing onto highways
in the southwestern U.S. We further classified the hotspots for the potential of blowing dust production based
upon field observations and wind erosion modeling. Results of land use and land cover show that shrubland,
grassland, and cropland accounted for 42%, 31%, and 21% of the overall study area, respectively. However, of
the 620 total hotspots identified, 164 (26%), 141 (22%), and 234 (38%) are located on shrubland, grassland,
and cropland, respectively. Barren land represented 0.9% of the land area but 8% of the dust hotspots. While a ma-
jority of these hotspots are located close to highways, we focused on 55 of them, which are located <1 km to ad-
jacent highways and accessible via non-private roads. Field investigations and laboratory analysis showed that
soils at these hotspot sites are dominated by sand and silt particles with threshold shear velocities ranging
from 0.17-0.78 m s}, largely depending on the land use of the hotspot sites. Dust emission modeling showed
that 13 hotspot sites could produce annual emissions >3.79 kg m~2, yielding highly hazardous dust emissions
to ground transportation with visibility <200 m. Results of location, timing, and magnitude of the dust production
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at the hotspots are critical information for highway authorities to make informed and timely management deci-

sions when wind events strike.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

The hazard of blowing dust to highway safety represents one of the
significant impacts of aeolian processes on human welfare (Goudie,
2009; Baddock et al., 2013; Middleton, 2017).Goudie (2014) reported
that dust-related fatal highway accidents happened in six states in the
U.S. in 2012-2013. Earlier, Pauley et al. (1996) described a major inci-
dent in the San Joaquin Valley of California in 1991, where blowing
dust led to 164 vehicles colliding and 168 dead or injured on U.S. Inter-
state Highway 5. Laity (2003) reported that dust mobilized from the
Mojave River floodplain in California had caused fata highway accidents.
In Arizona, Ladder et al. (2016) reported that dust storms are the third
largest cause of weather fatalities and dust-related incidents have killed
157 and injured 1324 people over the last 50 years.Nationwide in the
U.S., Ashley and Black (2008) found that dust events caused by non-
convective wind storms alone contributed to 62 deaths between 1980
and 2005. Dust representing a highway hazard is not restricted to bar-
ren desert environments: wind erosion of agricultural lands also can
cause deadly accidents. For example, Deetz et al. (2016) described an in-
cident where windblown sediment from a nearby potato field caused a
multi-fatality motor vehicle wreck on a German autobahn.

In addition, dust blowing across roads has a significant economic
cost manifested in additional highway maintenance, shutdown of
roads and detouring of traffic which impact logistics and timely delivery
of goods and services as well as disrupting the conveyance of people
(Goudie and Middleton, 1992; Baddock et al., 2013). The effect of dust
on vehicle traffic thus represents one of the most significant “off-site”
costs of wind erosion (Pimentel et al., 1995: Baddock et al., 2013). De-
spite the fact that blowing dust contributes to chain-reaction traffic in-
cidents, delays in delivery, disrupts transportation schedules and
causes and property damage every year in the U.S. and many other loca-
tions in the world, only a few studies have provided an in-depth analysis
on the occurrence of such events, and little information is available to
highway managers on the mitigation and management of this hazard.

From the “Dust Bowl” of the 1930s to the present, large areas of
North America's Southern Great Plains, including northeastern New
Mexico, western Oklahoma, western Texas, southeastern Colorado,
and southwestern Kansas, have been noted for the occurrence of blow-
ing dust (Lee and Tchakerian, 1995; Lee and Gill, 2015). The U.S. portion
of the Chihuahuan Desert, extending from far eastern Arizona across
southern New Mexico and far western Texas, is one of the most dust-

prone regions in the Western Hemisphere (Prospero et al., 2002). Dust
events in North American drylands may be driven by convective (meso-
scale) or non-convective (synoptic-scale) windstorms (Novlan et al.,
2007; Rivera Rivera et al,, 2009). Remote sensing and field observations
further revealed that dust in this region tends to emit from localized
source areas associated with preferred land use, characterized as
“hotspots”, while most of the landscape does not erode (Gillette,
1999; Mahowald et al., 2005; Lee et al., 2009; Rivera Rivera et al.,
2010; Lee et al., 2012) (Fig. 1). In western Texas and eastern New
Mexico, Lee et al. (2009) found that most of the observable dust plumes
originated on disturbed lands, such as cultivated cropland, and plumes
of dust that emanate from individual point sources eventually merge
into a shield-shaped region of dust.

It is widely recognized that blowing dust affects highway safety due
to the reduction of visibility. Observations made by motorists also re-
vealed that most of the dust events that were hazardous to highway
safety were emitted from lands adjacent to the highway (Day, 1993).
Blowing dust is primarily composed of particles with diameter less
than 50 um and is produced as a result of the saltation of sand-sized par-
ticles (50-500 pm in diameter) sandblasting the surface (Goudie and
Middleton, 2006). In a typical dust-related traffic incident on the high-
way, suspension of dust-sized particles may cause the deterioration of
visibility whereas the near-surface transport and deposition of
saltation-sized particles may reduce the traction on the road surface.

The objectives of this study were two-fold: 1) to identify the spatial
and temporal distribution patterns of hotspots that may contribute dust
blowing to highways in the southwestern United States, and 2) to classify
the hotspots for the potential of blowing dust production based upon field
observations and wind erosion modeling. For this investigation, the study
area was defined using United States Department of Agriculture Major
Land Resource Areas (Austin, 1965) for the Southern High Plains and ex-
tending westward into known dust-producing regions in the Chihuahuan
Desert of New Mexico, and northward into north Texas and the intersec-
tion areas of Texas, Oklahoma, Kansas, and Colorado (see Fig. 3).

2. Methods
2.1. Identification of dust emission hotspots

Lee et al. (2009, 2012) developed a methodology to identify dust
sources and their associated geomorphic and land cover characteristics

Fig. 1. lllustration of dust events in the southwestern U.S. a) example of blowing dust passing across a highway in San Simon, southeastern Arizona, May 16, 2016 (Source: CBS 5, Tucson,
Arizona, 2016), and b) example of dust plumes shown on NASA's Aqua MODIS true color imagery in northern Texas, January 22, 2012.
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in western Texas and New Mexico. In this method, meteorological re-
cords were used to determine the occurrence of airborne dust, and sat-
ellite images were used to identify dust sources. Days for image analysis
were determined when the visibility dropped to 5 km or less for at least
1 h. The meteorological data were obtained from the U.S. National
Weather Service at 15 representative cities within the study area. The
dust sources were further identified using the true color MODIS (Mod-
erate Resolution Imaging Spectroradiometer) imagery for the period
0f 2010 to 2016. The imagery has a pixel size of 250 m.

To further improve the dust source identification, a “split-window”
technique was applied to enhance the dust in scenes, based upon the
brightness temperature difference between the MODIS thermal chan-
nels of 31 and 32 (Baddock et al., 2009). The resulting image has dust
plumes enhanced as black, while water, ice, clouds, and ground surface
show up as white. It is noteworthy that dust events would not be appar-
ent in the imagery if cloud cover obscured the ground or the timing of
the satellite overpasses in relation to the dust occurrence. Additionally,
convective dust events (initiated by downdrafts from thunderstorms)
generally cannot be resolved in MODIS imagery. Dust plumes were
identified in each image and the latitude and longitude of the upwind
origin of each plume were identified using the procedure developed
by Bullard et al. (2009) and Lee et al. (2009).

Land cover map was obtained from the National Land Cover Dataset
produced by the Multi-Resolution Land Characteristics Consortium
(MRLC) (www.mrlc.gov). The latest database of NLCD 2011 was used.
These land cover data are available at 30 m resolution and were derived
primarily from Landsat images. We generally followed Level Il of the U.S.
Geological Survey land use and land cover classification system. The
land cover map was overlaid with both the observed point sources
and the highway distribution map to allow the determination of num-
ber of dust sources from each land cover type and their relative locations
to the adjacent highways. For the purpose of this study, we focused on
the interstate highways, U.S. numbered highways, and the parts of the
state highways with speed limit >80 km/h (equivalent to 50 mph in
the U.S. highway system).

In addition, we conducted a proximity analysis in ArcGIS (ArcGIS
10.3, Esri, Redlands, CA) to determine the distance of hotspots to the
neighboring highways. The hotspots located within 1 km to adjacent
highways were subject to further analysis described in the following
sections.

2.2. Field verification, measurements, and laboratory analysis

A field campaign was conducted in June 2016 with the purpose to
verify dust source remote sensing analysis, and to measure threshold
shear velocity (TSV) of wind erosion on dust emission hotspots. TSV de-
picts the erodibility of soil surface and it is a key parameter in wind ero-
sion observation and quantification. TSVs were estimated using a
method developed by Li et al. (2010). In this method, TSV was quantita-
tively related with the resistance of the soil surface to disturbances cre-
ated by a penetrometer and projectile shot by an air gun at the soil.A
total of 10-15 repeated air gun and penetrometer measurements
were conducted along three 50-m transects oriented at 100°, 220°,
and 340° from due north at each hotspot location. At the time of TSV
measurement, the volumetric soil water content was also measured
using hand-held time-domain reflectometry (TDR 100, Spectrum Tech-
nologies Inc., Aurora, IL) with 12 cm probe rods. Finally, for shrubland
and grassland hotspot sites, height and width of plant canopies along
the transects were also recorded.

In the verification exercise, a total of 55 hotspots, located within
1 km to adjacent highways, were located and assessed with regard to
land use/land cover, crop grown, irrigation, and surface conditions
(e.g., crust, crop stems etc.). These hotspot sites were accessible via
non-private roads. In addition, for hotspots that are located close to
each other but on the same land use (e.g., crop land), only one hotspot
site was selected.

Finally, at each hotspot site, a composite soil sample was collected
from the top 5-cm soil profile. Soil samples were processed and ana-
lyzed for texture and particle-size distribution using a laser diffraction
Malvern Mastersizer 2000 particle-size analysis system (Malvern In-
struments, Worcestershire, UK). For this analysis, we followed the pro-
tocols of Sperazza et al. (2004) and dispersed a subsample of
approximately 0.9 g (obtained using a box splitter) in sodium
hexametaphosphate solution and measured for grain size. Organic mat-
ter was not removed from the subsamples before the grain size analysis.

2.3. Simulation of dust emissions

Dust emissions from the hotspot sites were estimated using an up-
to-date version of the Wind Erosion Prediction System (WEPS,
v.1.5.52, released Nov 30, 2016). WEPS is a physical process-based
daily time-step computer model that simulates weather, field surface
conditions, and erosion (Wagner, 2013). WEPS was developed in the
Great Plains environment of the U.S. and the model has been extensively
validated in similar settings and elsewhere in the world (e.g. Hagen,
2004; Feng and Sharratt, 2007; Buschiazzo and Zobeck, 2008; Feng
and Sharratt, 2009; Li et al., 2014).

The principal datasets that are required to run WEPS include soil
properties, climate and wind, and crop management data. The physical
dimensions (i.e., shape, area, length, and width) and the orientation of
the hotspot sites were determined by using Google Earth™ images. No
patterned barriers were observed at any of the hotspots. Climate and
wind input files were generated within WEPS and reflect historical
weather records. WEPS simulations were conducted using the cycle
mode with a simulation cycle of 50 years for each year in the crop rota-
tion (e.g., a two-year wheat-fallow rotation would have a simulation of
100 years). A minimum of 50 years per rotation year is needed to fully
reflect historical weather distributions.

The distribution of crops and their rotations were determined using
the USDA-NASS Cropland Data Layer (CDL). The CDL is a raster, geo-
referenced, land-cover dataset with a ground resolution of 30 m
(NASS, 2015). The crop management files were obtained from the
NRCS nationwide list of crop management zone files, which were devel-
oped by the NRCS based on typical crops and management practices
employed on farms within each zone (Nelson et al., 2015).

Soil data was acquired from the USDA-NRCS Soil Survey Geographic
(SSURGO) database and was downloaded via Simple Object Access Pro-
tocol (SOAP) from the NRCS Soil Data Mart website (NRCS, 2015).

WEPS simulations were conducted for all 55 field-verified hotspot
sites located within 1 km to adjacent highways. Since suspension-size
particles are the primary component of blowing dust, we reported
flux of suspension particles and the time periods when the highest
value of suspension was predicted by the WEPS model. WEPS considers
particles <100 um as suspension size.

It should be noted that WEPS was developed to simulate wind ero-
sion on cropland, and appropriate adjustments must be made to the
model's plant growth parameters and Management file in order to
apply WEPS on non-cropland systems. For grasslands, we adjusted the
generic “pasture” plant populations to represent those lands. For
shrublands, we simulated a sparse perennial crop with parameters ad-
justed to grow similar plant geometry (i.e., canopy height, canopy
width, fractional cover, leaf area index etc.) as found on shrublands in
the study area, with the assumption that the shrubs are relatively uni-
formly distributed. For sites on both land uses, we also excluded tillage,
harvest, irrigation etc., as they are not typically performed on grasslands
and shrublands.

2.4. Classification of dust emission hotspots

For hotspots that are close to the highways, the amount of airborne
dust, M, that is generated from an area of A during a wind event with
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duration of T, may be estimated as:
M=FxTxA (1)

where F isdust emission (also called vertical dust flux) that represents
the rate of particles that leave the surface area. F has a unit of mass
per unit area per time and was estimated using the WEPS model for in-
dividual hotspot sites.

For a short period of time after the dust entrainment, the concentra-
tion of dust in the air (C; g m—>) may be calculated as:

M

Cj=-—r
4T A XH

(2)
where A’ is the area of the dust plume when it travels to the highway,
and H is the height of the dust plume. For dust plumes that are relatively
close to the source areas, we assumed A’ = A, and H = 100 m for a blow-
ing dust event with strong wind.

Finally, visibility, V (m), is related to the concentration of dust in the
air according to an equation developed by Patterson and Gillette
(1977):

C

Vi-¢ 3)

where C and vy are empirical constants. For western Texas, Patterson and
Gillette (1977) reported that the best values were C = 2.0 x 1072 g
m~> km and y = 1.07, when visibility measurements were made
close to the dust source (e.g., <10 km).Using this method in combina-
tion with other field observations (e.g., Hagen and Skidmore, 1977;
Baddock et al., 2014), we developed a visibility classification system re-
lated to concentrations of dust in the air (Perry and Symons, 2002)
(Table 1). The visibility and associated dust in the air were used to clas-
sify the hotspots based upon their hazardous dust production potential
simulated by the WEPS.

3. Results
3.1. Distribution of the hotspots

For the period of 2010-2016, a total of 620 dust emission hotspots
were identified and located. Dust events associated with these hotspots
are highly seasonal (Fig. 2). More than 50% of the dust events occurred
from February to March and nearly 40% occurred from November to De-
cember. No dust events were identified from May to October during our
study period. Annually, the year of 2012 had notably higher number of
dust events than the rest of the years. Data for 2015 was not available
as we were not able to obtain cloud-free MODIS images for the study
area at the times of dust events.

In the study area, the primary land use classes include shrubland
(42%), grassland (31%), and cultivated crop (21%, hereafter called crop-
land) (Table 2). The spatial distribution of the hotspots and their associ-
ated types of land use in the study area were shown in Fig. 3 and
Appendix 1. Of the 620 total hotspots, 164 (26%), 141 (22%), and 234
(38%) are located on shrubland, grassland, and cropland, respectively
(Table 2). Also note that barren land represents 0.9% of the study area,
but 8% of the dust hotspots. These hotspots are generally centralized

Table 1
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Fig. 2. The temporal distribution of the dust events that were associated with dust
emission hotspots identified during the period of 2010-2016 in the study area. Note the
2015 data was missing because no cloud-free MODIS images were obtained.

in three primary regions: north region (north of Interstate Highway I-
40), south-central region (centralized in the Lubbock, Texas and Clovis,
New Mexico area, including part of the Interstate Highways 1-40 and I-
27), and the Chihuahuan Desert region (centralized in the El Paso-Las
Cruces-Deming area with the primary Interstate Highways I-10 and I-
25). In the north region, most of the dust sources occurred on grassland
and cropland, whereas in south-central region, a majority of the dust
sources were located on the cropland. Finally in the Chihuahuan Desert
region, nearly all dust sources were found on shrubland.

The buffering analysis showed that of the 620 total dust emission
hotspots, 75 (or 12%) are located less than 1 km to adjacent highways
(Fig.4), and these hotspots are located primarily in the south-central re-
gion (Fig. 5). Among these hotspots, 8 are located close to interstate
highways (e.g., 1-10), and 67 are located close to local highways. Fig. 4
also shows that more than 70% of the hotspots are located within
10 km of a nearby highway in our study area.

3.2. Dust emission potentials from the hotspots

Soils at the hotspot sites that are located within 1 km to adjacent
highways are dominated by sand and silt particles, despite the fact
that they are located on different types of land use (Fig. 6, Appendix
1). Except for the hotspot sites that are located on barren sandy land,
soils at the hotspots generally have abundant supply of fine particles,
e.g., particles with diameter of 50-100 pm, giving them a greater poten-
tial of generating dust plumes from wind erosion.

Threshold shear velocities (TSVs) for the surface soil at individual
hotspot sites and different types of land use in the study area are show
in Fig. 7 and Appendix 1. These results show that TSVs on the different
types of land use are not significantly different, except for the barren
land, which has significantly lower TSVs than those of the other types of
land use. Fig. 7b also shows that disturbed soils could have much higher
potential to produce blowing dust than that of the undisturbed soils
(e.g., surface protected by physical or biological soil crust), illustrated by
significantly higher TSVs. For example, average TSVs for undisturbed
and disturbed playa sites are 1.15 m s~ ! and 0.35 m s~ !, respectively.
At the time of TSV measurement, soil water content at the hotspot sites
was moderate and varied from 5% to 20% (data not shown).

A visibility classification system that was used to classify dust emission hotspots to highway traffic.

Visibility Concentration of dust in the air (mg m~3) Levels of hazard to highway traffic Comparable to foggy conditions®
<200 m >110 I, Very high Dense-thick fog

200 m-1 km 20-110 II, High Fog-thick fog

1 km-2 km 5-20 11, Moderate Mist, haze

2 km —5 km 1-5 IV, Low Poor visibility

>5km <1 V, Not affected Good visibility

2 According to Perry and Symons (2002).
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Table 2
Land cover category in the study area and the associated distribution of dust emission
hotspots.

Land use class Area (km?)  Area (%) Dustsource Dust source
points (n) point (%)

Scrub/shrubland 164,386.4 41.6 161 259
Grassland 123,582.7 31.2 133 21.5
Cultivated crop/cropland  81,577.8 20.6 238 38.4
Urban/built environment  11,666.4 29 28 45

Forest 8862.8 2.2 5 0.8

Barren land 3498.9 0.9 48 7.7
Wetlands 1215.8 0.3 3 0.5

Open water 829.7 0.2 4 0.7

WEPS simulations show that among the 55 hotspot sites that are
located within 1 km to adjacent highways, 13 have the potential to
produce annual dust emissions >3.79 kg m~ 2. These hotspots fall
in the Type I (Very High) hazard to highway traffic in the study
area (Fig. 8, Appendix 1). Among these hotspots, 8 are located in
the south-central region with associated land use of cropland and 2
are found in the Chihuahuan Desert region on shrubland. The simu-
lation results further revealed that the highest likelihood that these
hotspots will produce hazardous blowing dust is in February and
March (Appendix 1).

Up to 21 hotspots were classified to Type II (High) hazard to high-
way traffic, with estimated annual dust emission of 4.81-0.76 kg m™—2.
Among these hotspots, 14 are located in the south-central region, 6
are located in the Chihuahuan Desert region, and 1 is located in the
northern region (Fig. 8, Appendix 1). The reminder of the 55 hotspots
that are close to the highways were classified to have Type IIl (Moder-
ate) to Type V (Not Affected) hazard to highway traffic, including a
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Fig. 4. Distribution of the dust emission hotspots relative to adjacent highways. Numbers
on top of each bar indicate the cumulative percent of hotspots as the distance increases.

few hotspots that occurred on grassland and cropland in the north re-
gion of the study area.

4. Discussion

Despite the widespread media attention of chain-reaction traffic in-
cidents and property damage caused by windblown dust in the U.S. and
elsewhere in the world, very few studies have investigated the relation
of accident rates to windblown dust.

4.1. Distribution of the dust emission hotspots

Results show that dust events and associated dust emission hotspots
in our study area had strong temporal and spatial patterns (Figs. 2, 3).
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Fig. 3. The spatial distribution of the 620 dust emission hotspots (white circles), the associated land use on the surface, and their relative locations to the highways in the study area. The
shaded areas are the approximate distribution of the three primary dust emission hotspot regions.
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Fig. 5. The spatial distribution of dust emission hotspots that are located within 1 km to the adjacent highways. White dotted circles denote the 55 hotspot sites where field verification and
investigation were conducted. These are also the sites where the blowing dust emission potential was evaluated by WEPS modeling.

Nearly 90% of the dust events occurred in spring (Feb-Mar) and winter
(Nov-Dec), and substantially more dust events were identified in 2012,
a year when extensive drought occurred in the southwestern U.S.
(Hoerling et al., 2014). The temporal pattern of dust emission hotspots
identified by this study is well in line with long-term field observations
for two primary cities in the study area, i.e., Lubbock, Texas (Lee et al.,
1994), and El Paso, Texas (Novlan et al., 2007).Similar to the temporal
patterns, about 88% of the dust sources are located on the three primary
types of land use, cropland, shrubland, and grassland. However, the fact
that cropland, which occupies 21% of the land use in the study area but
produced 38% of the total hotspots suggests that cropland produces pro-
portionately more dust than both grassland and shrubland. Barren land

r Cropland (sandy loam) 1
20 Grassland (silt loam) ]
B Barren land (sand) i
L Shrubland (loamy sand) 4
£ L ]
215[ 4
= [ ]
>
- B ]
S 10| B
5[ |
o L. A I Sy, ]
0.1 1000

) 10 100
Size range (micrometer)

Fig. 6. Particle-size distribution of soils from representative dust emission hotspots located
at different land uses identified in this study. Dotted area indicates range of soil particle
size which is generally found to have lower threshold shear velocity and therefore is
more susceptible to dust emission (Marticorena and Bergametti, 1995).

is an even more disproportionate dust producer, as it occupies less than
1% of the study area but produced almost 8% of the total hotspots. This is
consistent with the findings of a previous study using a different set of
remote sensing data (Rivera Rivera et al., 2010) that the barren land
class is a disproportionate source of hazardous dust events impacting
major cities in the region.

4.2. Potential limitations of the dust source identification method

Identification and cataloging of dust emission hotspots in a region al-
lows for improved numerical modeling of the evolution of individual
dust plumes and better forecasting of the onset and end of dust storm
conditions, therefore representing a first step to manage and mitigate
hazardous blowing dust for highway safety. Various approaches, includ-
ing frequency statistics, model simulation, and remote sensing, have
been developed to identify dust emission sources (e.g., Ginoux et al.,
2001; Prospero et al., 2002; Rivera Rivera et al., 2010; Park et al.,
2010; Parajuli et al., 2014). These approaches, each with its own advan-
tages and weaknesses, are largely constrained by the availability of the
data (e.g., model input data, remote sensing imagery etc.) and the geo-
graphic scale of the research area.

In this study, we focused on the dust emissions from individual loca-
tions, i.e., hotspots, and their potential hazard to ground transport. We
visually identified sources of dust emission on satellite images, aided
by meteorological records and proved quality improvement techniques.
This method, however, has some known limitations (Lee et al., 2009,
Rivera Rivera et al.,, 2010; Lee et al., 2012). Most notably, because dust
obscures the ground, dust sources beneath the dust cloud
(i.e., downwind of the source) may not be detected, whereas upwind
sources may be preferentially identified by this approach. In the case
of this study, most dust events were associated with westerly or south-
westerly wind (the prevailing wind direction in the study area: Lee
et al., 1994; Novlan et al., 2007), so western, upwind sources were
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more likely to be identified. Additionally, precise location of source
points is somewhat subjective because dust in ‘true color’ scenes is sim-
ilar to the underlying ground surface. Lee et al. (2009) also pointed out
that because erosion may occur before there is sufficient downwind
plume development to make the plume observable in the image, the
exact source points of some plumes may have been located a small dis-
tance upwind of where the 250 m MODIS pixel first indicated the pres-
ence of dust. Finally, some dust activity is likely missed due to the
relative timing of overpass and dust emissions as the satellites with
MODIS aboard only pass twice per day. Despite the fact that the overall
method for identifying the point sources for the event is less than per-
fect, it is arguably the best method available for the purpose of our
study (Baddock et al., 2009).

4.3. Dust emission potential at the hotspots

Although more than 600 dust emission hotspot sites were identified,
their potential to produce hazardous blowing dust to affect highway
traffic is not equal. Numerous studies have shown that the dust events
that deteriorate visibility and therefore jeopardize motorists are associ-
ated with preferred land use types that are close to the highway
(e.g., Day, 1993; Pauley et al., 1996, Lee et al., 2009). Accordingly, we pri-
oritized the large number of dust emission hotspots to 55 based on their
distance to the adjacent highway (i.e.,, <1 km) and accessibility. Al-
though TSVs and particle-size distribution for soils located at many of
these hotspot sites are largely similar, WEPS modeling showed that
their potential of blowing dust emission is notably different. Very
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Fig. 8. Distribution of dust emission hotspots with different potential to produce hazardous blowing dust on the highway. Types of hazardous blowing dust are defined in Table 1 and the
magnitudes of WEPS simulated suspension at the hotspot sites are listed in Appendix 1. Note the Type V (Not Affected) hotspots were not shown on the map.
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importantly, in combination with an empirical equation of visibility and
particle concentration, we further identified a number of hotspot sites
with which close attention must be paid on blowing dust production.
Among these hotspots, 13 of them have the highest potential to produce
hazardous blowing dust, with the magnitude that could reduce the visibil-
ity to <200 m in certain periods of February and March. The localities of
these hotspots illustrated the significance of cropland(in the central,
Great Plains region) and shrubland (in the southwestern, Chihuahuan De-
sert region) on dust production. In the northern and central study areas,
most cropland use is devoted to cotton farming and the local farming
techniques leave the soil bare from November to May (Lee et al., 1994;
Nordstrom and Hotta, 2004). Lee et al. (1994) also showed that in this pe-
riod of time strong winds are common and are generally from west and
southwest. The location, timing, and magnitude of the dust production
at the hotspots are critical information for highway authorities to make
informed and timely management decisions when wind events strike.
Dust emission hotspots that are located >1 km away from neighbor-
ing highways, although are not specifically investigated in this study,
may also contribute hazardous dust to highway traffic. In the south-
western U.S. and many other arid environments in the world, dust
plumes that emanate from individual point sources may merge into a
large-scale, shield-shaped region of dust (i.e., Darmenova et al., 2005;
Miller et al., 2006; Lee et al. 2009).This large aerosol shield, once passing
across a highway, may pose a serious threat to transportation safety.

4.4. Management implications

The rank of the dust emission hotspots to highway safety, however,
is not static. Our TSV measurements suggest that dust emission may in-
crease substantially if the soil surface is disturbed or the vegetation
cover is lost. This is a particular concern for playas or sites where the
physical soil crust may be disturbed by recreational vehicles, cattle graz-
ing and trampling, land use change etc. While TSVs of the hotspot sites
were only measured once in our study, they are well-known to vary
over time due to changes of soil moisture (Li et al., 2015). Nevertheless,
the combination of strong winds and unvegetated, loose sediments in
spring and early summer makes these areas highly active hotspots for
dust production (Gillette, 1999; Lee et al., 2009; Rivera Rivera et al.,
2010). A case in point is the Lordsburg Playa, crossed by Interstate High-
way I-10, located near the border of New Mexico and Arizona. Blowing
dust has been frequently observed crossing the highway from the sur-
face of the Playa (Fig. 9) where the soil and vegetation has been dis-
turbed by human activities (Department of the Interior, 1998) and
natural flooding events (Scuderi et al., 2010). This blowing dust has
caused numerous fatal multi-vehicle traffic accidents on I-10 in recent
years, including 10 persons killed in dust-related crashes in 2017
alone (Associated Press, 2017).

Also in southwestern New Mexico, blowing dust has caused road
closures and accidents on a mile-long stretch of U.S. 180, about 24 km
northwest of Deming. The Department of Transportation of New
Mexico has planned to use netting and reseeding to promote vegetation
growth on this denuded pasture to reduce hazardous driving conditions
created by blowing dust (Associated Press, 2016). Our study identified
multiple dust emission hotspots along this highway, and furthermore,
the WEPS simulations revealed that this area may be subject to Type I
to Il scale of dust events during the time of February and March (Fig. 8).

Climate projections suggest that mid-latitude continental interiors
of the U.S., including a large portion of the southwestern U.S., will expe-
rience warmer and drier conditions (Seager et al., 2007; Diffenbaugh
et al., 2008). As a result, soil moisture in summer is projected to be
15-20% lower, and more frequent and persistent droughts are expected
(Easterling et al., 1997; Cook et al., 2015). In fact, many of the Great
Plains states have experienced multi-year droughts recently (Hoerling
et al., 2014) and the impact of the drought on wind erosion has been
manifested by the escalated number of dust events observed in 2012
in our study area (Fig. 2). Long-term data show that the frequency of
dust storms is already increasing (Tong et al., 2017) and the length of
the dust storm season is already expanding (Hand et al., 2016) in South-
west North America. A most recent study suggested that projected cli-
mate change, along with enhanced land surface bareness, will likely
bring more frequent and extreme dust activity to the southern Great
Plains in the U.S. (Pu and Ginoux, 2017), and therefore activate some
of the low-rank hotspots identified in this study.

5. Conclusions

A total of 620 dust emission hotspots were identified in the Southern
Great Plains and part of the Chihuahuan Desert of the southwestern U.S.
from 2010 to 2016, and these sources primarily occurred on cropland
and shrubland.Overlaying the distribution of the hotspots and the high-
way systems, we found that many of these dust sources are located
close to highways, and therefore could contribute harmful blowing
dust to the ground transportation. Although TSVs and particle-size dis-
tribution for soils located at many of these hotspot sites are largely sim-
ilar, WEPS modeling showed that the potential of blowing dust emission
is notably different, primarily due to land use type. Accordingly, we pri-
oritized the large number of dust emission hotspots to 55 based on their
distance to the adjacent highway (i.e., <1 km) and accessibility for field
study. Although the WEPS model cannot pinpoint the intensity of indi-
vidual dust events and the exact timing of their occurrence, results of
this study still have important implications for highway authorities to
make informed management decisions. Knowing the locations of dust
emission hotspots and their potential to produce hazardous blowing
dust will also provide a baseline for land managers, as these are the

-y o o
e A Bt g, S

s o 20163 22

Fig. 9. A scene of dust plumes intersecting Interstate 10 highway near Lordsburg Playa, New Mexico. Looking east across the Playa, March 22,2016 (Source: T. Gill).This stretch of road has

been the site of dozens of traffic fatalities in dusty conditions.
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locations where human interventions need to be exercised with the
greatest care. These locations may also be especially susceptible to fu-
ture climate and land use change. Findings of our study represent a
first step to ultimately develop an integrated modeling and monitoring
system to mitigate the hazardous impacts of dust on highway safety in
the U.S. and elsewhere in the world.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2017.10.124.
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