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Abstract 

Dust particles carry microbial and chemical signatures from source regions 
to deposition regions. Dust and its occupying microorganisms are incorpo-
rated into, and can alter, snowpack physical properties including snow 
structure and resultant radiative and mechanical properties that in turn af-
fect larger-scale properties, including surrounding hydrology and maneu-
verability. Microorganisms attached to deposited dust maintain genetic evi-
dence of source substrates and can be potentially used as bio-sensors. 

The objective of this study was to investigate the impact of dust-associated 
microbial deposition on snowpack and microstructure. As part of this ef-
fort, we characterized the microbial communities deposited through dust 
transport, examined dust provenance, and identified the microscale loca-
tion and fate of dust within a changing snow matrix. 

We found dust characteristics varied with deposition event and that dust 
particles were generally embedded in the snow grains, with a small frac-
tion of the dust particles residing on the exterior of the snow matrix. Dust 
deposition appears to retard expected late season snow grain growth. Both 
bacteria and fungi were identified in the collected snow samples.  
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1 Introduction 

1.1 Background 

1.1.1 Dust deposition and snow melt 

Atmospheric processes transport materials across long distances. In fact, 
Uno et al. (2009) have shown that dust from the Taklimakan Desert in 
China has been transported one full circuit around the Earth. These micro-
scopic particles include dust, volcanic ash and soot, microorganisms (i.e., 
bacteria, archaea, fungi, and viruses), chemicals, and minerals (Schuerger 
et al. 2018). Dust particles carry microbial and chemical signatures from 
dust source regions to deposition regions. The result of this phenomena 
has two possible applications relevant to U.S. Army operations. In the 
first, microorganisms become incorporated into, and can greatly alter, 
snowpack physical properties including snow structure, pore structure, 
and resulting radiative and mechanical properties. These processes affect 
the surrounding snow hydrology and maneuverability on a macro-scale 
and are important to consider for operations in snow-covered areas. Sec-
ondly, because it is very likely that the attached microorganisms maintain 
genetic evidence of substrates from their source area, they could provide 
improved capability to forensically identify adverse activities, e.g., training 
maneuvers, weapons development, deployment, and troop activities, in 
otherwise access-denied areas. 

Dust material deposited on snow affects snow melt rates (Conway et al. 
1996, Skiles et al. 2018). Dust particulates incorporated onto snow sur-
faces decrease surface albedo (reflective power) and increase the amount 
of energy absorbed through ultraviolet (UV) radiation causing accelerated 
snow melt. Microorganisms attached to the dust particles, once thought to 
die during atmospheric flight, have been shown to survive transport (Har-
ding et al. 2011, Meola et al. 2015). When growth needs are met at the dep-
osition site, these transported microbes can proliferate, causing dark or-
ganics to spread in spatial extent. In some instances, the microbes change 
color through various pigments they make. The optical properties associ-
ated with this activity changes the reflective properties of the surface snow. 
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1.1.2 Dust provenance at study site 

The Colorado Plateau is one of the largest dust producing regions in North 
America along with the Great Basin, and the Mojave and Sonoran deserts. 
Mountain snow cover of the Colorado River Basin has seen increased dust 
loading from the Colorado Plateau with increased disturbance, starting in 
the middle 19th century to present (Skiles et al. 2015, references therein). 
In general, dust is deposited on snow through wet or dry events. Wet dep-
osition events are those in which the dust falls as precipitation during 
snow deposition events. Dry events occur when wind blows lofted dust and 
deposits the dust on top of the snowpack. 

When dust is deposited at the snow surface, it accelerates snow melt di-
rectly, by darkening the snow surface and reducing the albedo; and indi-
rectly by accelerating the growth of snow grains (Skiles et al. 2015). Previous 
studies have focused on impacts to the snow surface due to dust deposition 
in the Senator Beck Basin Study Area in the San Juan Mountains of south-
west Colorado (Painter et al. 2007, Lawrence et al. 2010, Painter et al. 2012, 
Skiles et al. 2015). Dust is transported from the southern Colorado Plateau 
and the Four Corners region by southwesterly winds (Skiles et al. 2015). 

1.1.3  Dust-associated microorganisms 

Globally, an estimated 2 to 5 million metric tons of dust is lofted per year 
(Perkins 2001), providing a significantly large substrate for the transport 
of dust-associated microorganisms. Recent work has begun to examine bi-
omass associated with dust particulates. Previously, microorganisms asso-
ciated with aerosolized dust were thought to be killed due to exposure to 
UV radiation during flight. This view has changed as evidence mounts re-
garding the attachment and growth of microorganisms to dust particulates 
when all basic survival needs are met (Meola et al. 2015; Schuerger et al. 
2018). Aerosolized dust particulate has been accepted as a major source of 
microbial distribution, particularly to remote regions (Harding et al. 2011). 
Dust-associated microorganisms are a potential health and ecological con-
cern (Weir-Brush et al. 2004, Comrie et al. 2005, Weil et al. 2017). The 
transport of isolated bacteria with no substrate is limited, with deposition 
distances less than 1 km (Kellogg and Griffin 2006); the same bacteria at-
tached to a dust particle can be deposited anywhere in the world. For in-
stance, microorganisms originating from the Saharan Desert have been 
found in the Caribbean and in the European Alps (Kellogg and Griffin 
2006, Meola et al. 2015). 
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Since dust is deposited in regions with high volumes of snowpack, mi-
crobes attached to these particles are as well. Recent work has established 
that microorganisms are capable of surviving in the extreme environment 
of snow and ice. For example, studies from the Canadian High Arctic, Ice-
land, Greenland, and European Alps have investigated the extent of snow 
and ice microbial biodiversity using molecular tools (Lutz et al. 2015, Har-
ding et al. 2011, Lutz et al. 2014, Meola et al. 2015). A study on the Mitti-
vakkat Glacier in Greenland during the melt season found both temporal 
and spatial differences in the glacial microbial communities with observa-
tions including biofilms at snow-ice interfaces, green algal blooms, red al-
gal blooms, and cryoconite holes dispersed along the glacier (Lutz et al. 
2014). Additionally, they found albedo was reduced from 75% (clean snow) 
to as low as 20% (cryoconite holes with high volumes of microorganisms), 
depending on the extent of microbial growth and presence of dust particu-
lates, providing compelling results to incorporate microbes in albedo mod-
els to forecast the extent of melt.  

How geographically diverse dust-associated microbial populations are, is a 
pressing question in the field (Kellogg and Griffin 2006, Grantham et al. 
2015). Primary producers (i.e., autotrophs) found in snow and ice are 
much more similar across global glacial regions than heterotrophic bacte-
rial communities (Anesio et al. 2017). However, limitations due to molecu-
lar markers for eukaryotic organisms may contribute to the lack of re-
ported diversity (Anesio et al. 2017). Dust deposited on snow can be from 
local, regional or global sources. Therefore, it is possible that a small sub-
set of microorganisms have adapted to the snow environment and are dis-
persed globally. Alternatively, dust origin may have more influence on the 
microbial communities and instead the microbial communities exhibit 
similar functions/processes that allow for adaptation to snow environ-
ments (Kellogg and Griffin 2006). Comparing the dust collected during 
dust deposition events to possible dust origins will aid in answering this 
question. For example, it is predicted that a substantial amount of the dust 
deposited in the San Juan Mountains comes from Mojave Desert and the 
Colorado Plateau (Lawrence et al. 2010). The mechanisms responsible for 
microbial adaptability to the conditions experienced in the desert environ-
ment, such as sporulation and pigment production, has been suggested to 
also allow for adaptability to snow environments (Meola et al. 2015). Dust-
associated microorganisms deposited on snow via dust particles may have 
different metabolic requirements (Anesio et al. 2017), pigmentation pro-
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duction (Lutz et al. 2014, 2015), and growth rates when compared to na-
tive snow and ice microbiota. These factors likely affect snow melt because 
their processes and production of pigments could enhance the absorption 
of heat on the ice or snow surface. 

1.2 Objectives 

The focus of this study was to better understand the association between 
dust, microbes, and snow upon deposition and during melt at the onset of the 
spring season. We studied the effect that the deposited microbial communi-
ties may have on the snow matrix through altered localized, preferential radi-
ative properties at the deposition site and by the microscale quantification of 
the dust location within the snow matrix during the melt season. Our final 
objective was to determine whether the microbial signature from a single dust 
event was still detectable once the dust layers mixed in the snowpack. 

1.3 Approach 

We used a multidisciplinary approach to investigate the identity of dust-
associated microorganisms and their influence on the snow matrix during 
the melt season including microstructural analysis of dust and snow via 
micro-computed tomography (micro-CT), meteorology analysis, and mi-
crobial investigation including cell culturing and DNA sequencing. 

Alpine snow samples were aseptically collected in collaboration with the 
Center for Snow and Avalanche Studies (CSAS) during multiple dust 
events in the late winter and early spring of 2017 for microbial studies. Co-
incident snow samples for microstructural analysis were collected for mi-
cro-CT investigations. The samples were collected from two different loca-
tions: the Berthoud Pass Colorado Dust-on-Snow (CODOS) site near Fra-
ser, CO and Swamp Angel Study Plot (SASP) in Senator Beck Basin near 
Silverton, CO (Figure 1).  
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Figure 1.  CSAS Map indicating sample site locations in Colorado. The Senator Beck Study 
Plot (SBSP), Swamp Angel Study Site (SASP), Senator Beck Stream Gauge (SBSG) and Putney 

Study Plot (PTSP) are indicated by yellow triangles within the Senator Beck Basin (SBB). 
Samples were collected at the SASP and Berthoud Pass. 

Source: http://snowstudies.org/sbbsa1.html 

Dust output and microbial community composition were measured from 
the snow samples; coincident snow microstructural analysis and the mete-
orology of the dust deposition events were examined to determine potential 
impacts to the snow structure and to determine the dust source location. We 
collected snow samples both immediately following dust deposition events 
as well as in the intervening months after deposition to examine subsequent 
post-depositional processes. We sought to discern the aggregated effect of 
multiple dust deposition events on the microbial communities. 

http://snowstudies.org/sbbsa1.html
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2 Methods 

For this study, both abiotic and biotic factors were investigated. Micro-CT 
scans were used to investigate the location of the dust within the snowpack 
in terms of microstructural parameters (i.e., pore space and relative loca-
tion of dust). Real-time meteorological measurements and backward tra-
jectory modeling were used to approximate the source of the dust deposits 
at the study sites. Microbial investigation included cell culturing and DNA 
sequencing to determine general microbial composition. 

2.1 Sample Collection 

Samples were collected from two alpine locations in Colorado; Berthoud 
Pass in the central Rocky Mountains near Fraser, Colorado (39°47'52"N, 
105°46'37"W, 3446 m asl) and the SASP, located in the Senator Beck Basin 
in the San Juan Mountains, near Silverton, Colorado (37°54’25"N, 
107°42’40"W, 3371 m asl) (Figure 1 and Table 1). These sites are both flat, 
relatively open areas located within forested regions. For microbial charac-
terization, approximately 3 L samples were collected aseptically from sur-
face snow and in snow pits immediately following new dust events, as well 
as later in the season subsequent to dust deposition. Three replicate sam-
ples from each dust layer in the snow pack were collected at each site, de-
noted by A-C following the sample name in Table 2. Replicate samples 
were taken approximately 50 to 100 cm from each other.  

For sample collection immediately following dust deposition events, surface 
samples from the top 5 cm of the snow pack were collected. Over the course 
of the late spring, individual dust deposition layers in the snow typically 
merge into single layers due to snow processes including melt, grain growth 
due to temperature gradients within the snowpack, and sublimation/con-
densation. In addition to the samples collected immediately after dust depo-
sition events, we collected a snow sample of a buried, merged dust layer. 

Table 1.  Senator Beck Basin Study Plot Stations. 

Automatic Weather  
Station Name/Plot Latitude Longitude Altitude (m) Notes 

Putney Study Plot (PTSP) 37°53'32.39" N -107°41'44.77" W 3756 Summit Station 

Senator Beck Study Plot (SBSP) 37°54'24.78" N  -107°43'34.56" W 3714 Alpine Station 

Swamp Angel Study Plot (SASP) 37°54'24.89" N -107°42'40.76" W 3371 Sub-Alpine Station 

Berthoud Pass Summit Site (BPSS) 39°48' N -105°47' W 3446 Sub-Alpine Station 
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Table 2.  Samples collected in spring 2017 from Berthoud Pass (Fraser, Colorado), 
and the Swamp Angel Study Plot in SBB. Each sample consists of three replicate 

samples (A-C) from the same layer taken ~50 to 100 cm apart. 

Sample Name 
(A, B, C indicate 

replicate samples) Study Site Date Collected Dust Event 

SC1- A, B, C Berthoud Pass May 1, 2017 Merged dust layer from Mar 9, 2017 

SC2- A, B, C SASP March 25, 2017 Dust Event 2 (D2) 

SC3- A, B, C SASP April 1, 2017 Dust Event 3 (D3) 

SC4- A, B, C SASP April 10, 2017 Dust Event 4 (D4) 

SC5- A, B, C SASP April 29, 2017 Merged dust layer 

SC6- A, B, C SASP (30 m to S-C5) April 29, 2017 Merged dust layer 

SC7- A, B, C SASP March 11, 2017 Dust Event 1 (D1) 

Coincident sampling for microstructural characterization from the same 
snow pits sampled for microbial characterization occurred, with profile 
measurements of snow temperature, stratigraphy (via traditional means as 
well as recorded in near infrared (NIR) photography), and density within 
the snow pits. Sample volumes of 20 cm x 15 cm x 10 cm were collected, 
shipped back to the lab while frozen, and sub-sampled for micro-CT scan-
ning (volumes of 5 cm x 2 cm x 2 cm). 

2.2 Snow microstructure 

To determine the location of dust particles within the 3D snow matrix, we 
imaged snow samples using a Bruker Skyscan 1173 micro-CT scanner 
housed in a -10 °C cold room. We focused on samples collected during the 
late spring at the primary SASP study site (merged layers SC5 and SC6), 
samples collected immediately after a dust event 4 (D4) at SASP (sample 
SC4), and a sample from a merged dust layer from a pit at Berthoud Pass 
(sample SC1). Each sample was scanned with 40 kV X-rays at 200 mA and 
a nominal resolution of approximately 15 μm as the sample was rotated 
180° in 0.4° steps with an exposure time of 300-350 ms. X-rays were de-
tected using a 5 megapixel (2240 x 2240) flat panel sensor using 2x2 bin-
ning, and projection radiographs were averaged over four frames. The re-
sulting 1120 x 1120 radiographs were then reconstructed into 2-D gray-
scale horizontal slices using NRecon software (Bruker), which uses a mod-
ified Feldkamp cone-beam algorithm. Image reconstruction processing in-
cluded sample-specific post alignment, Gaussian smoothing using a kernel 
size of 2, sample-specific ring artifact correction of dead pixels, beam 
hardening correction, and X-ray source thermal drift correction. 
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Grayscale images were segmented into three phases: air (lowest X-ray ab-
sorption), dust (highest X-ray absorption), and snow (intermediate X-ray 
absorption). Segmenting thresholds for each of the phases were deter-
mined by finding the local minimum between peaks on the histogram 
showing all grayscale values. Dust and snow microstructural parameteriza-
tions were analyzed using the software package CTAn (Bruker’s proprie-
tary CT Analysis program). Microstructural parameters that we calculated 
using CTAn include the total porosity of the samples, the number of parti-
cles or objects of each phase, the surface-to-volume ratio (S/V) of each 
phase (which is inversely related to the grain size), and structure thickness 
(an estimate of particle/pore size). 

2.3 Meteorology 

We compiled meteorological data from three weather stations located at 
various elevations in Senator Beck Basin (SBB) near Silverton, Colorado, 
installed and maintained by CSAS. These stations include Putney Study 
Plot (PTSP), Senator Beck Basin Study Plot (SBSP), and SASP, which was 
our main sample collection area (Figure 1). Data captured at these stations 
includes ambient air temperature, humidity, wind direction, and wind 
speed. Data were recorded by Campbell Scientific CR10x data loggers, with 
measurements taken every 5 seconds and averaged each hour to generate 
1-hour data, and once every 24 hours to generate a 24-hour summary.
These measurements were used to evaluate wind direction and speed asso-
ciated with a number of depositional events to better constrain the prove-
nance of the deposited dust. Times reported are in Mountain Stand-
ard Time (ignoring Daylight Savings Time).

2.3.2 Putney Study Plot (PTSP) – The Summit Station 

The CSAS’s Putney Study Plot (PTSP) is located outside of SBB proper, ap-
proximately 1.5 km east-southeast of Red Mountain Pass on the ridge crest 
dividing the Mineral Creek and Cement Creek watersheds (Figure 1). Be-
cause of its high location on a small summit at 3756 m, PTSP monitors at-
mospheric conditions that are comparatively uninfluenced by local terrain 
(Figure 2). These measurements are considered representative of the gen-
eral wind conditions in the Red Mountain Pass and SBB vicinity, and of 
ambient air temperatures at that elevation. Wind speed and direction (RM 
Young Model 05103-5) are measured every 5 seconds at the top of the 9-
meter tower; air temperature and humidity (Vaisala HMP35-C) are meas-
ured every 5 seconds at 3 m above the ground (and not closer to the 
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ground, to protect the sensor from blowing snow, pebbles, and other flying 
debris during strong wind events). 

Figure 2.  Putney Study Plot Station (PTSP). 

Those 5-second measurements are averaged each hour to generate 1-hour 
data, and once every 24 hours, at midnight, to generate 24-hour summary 
data using a Campbell Scientific CR10x datalogger. Times reported are in 
Mountain Standard Time (ignoring Daylight Savings Time). 

2.3.3 Senator Beck Study Plot (SBSP) – The Alpine Station 

SBSP is located at a level site near the center of the SBB Study Area at 
3714 m, above treeline and in the alpine tundra (Figure 3). The SBSP con-
sists of a single 10-meter tower, with an extensive array of instrumenta-
tion, and an adjoining 12 m x 36 m snow profile plot. 
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Figure 3.  Senator Beck Study Plot Station (SBSP). 

This very exposed location is subject to the full force of the alpine winds in-
side the Basin and, as such, measurements of wind speed and direction are 
reasonably representative of wind-effected snow cover formation and other 
processes within the Basin. SBSP is a poor location for measuring precipita-
tion because of these dominant wind effects; a very large portion of snowfall 
would simply blow over the top of the precipitation collector. Because the 
site sits on a level bench near the middle of the SBB watershed, air tempera-
ture and humidity data from SBSP are minimally affected by the surround-
ing terrain and often present a smaller diurnal range than at the SASP. The 
terrain horizon to the east, south, and west is sufficiently low and open to 
enable meaningful measurements of incoming solar radiation and of out-
going long-wave radiation emitted from the snowpack surface. 

Wind speed and direction are measured at SBSP at the top of the 9-meter 
tower to minimize the influence of the immediate terrain. Snowpack 
depth, also referred to as height-of-snow (HS), is measured, in meters, at 
the end of each hour by an ultrasonic distance sensor designed for moni-
toring HS. Air temperature (Celsius) and relative humidity (percent) are 
measured every 5 seconds at a fixed height on the tower. Incoming short- 
and long-wave radiation values are measured, in watts per square meter, 
every 5 seconds by individual sensors at the top of the tower. 

2.3.4 Swamp Angel Study Plot (SASP) – The Sub-Alpine Station 

The SASP is the primary study location for snow sampling. It is located be-
low treeline in a sheltered, lower-elevation clearing (Figure 4) ringed by 
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sub-alpine forest toward the southern end of the SBB Study Area, at ap-
proximately 3371 m. This protected location provides an excellent setting 
for measuring precipitation and snowpack accumulation, where wind 
speeds are very low (winter hourly average is less than 1 m/s) and wind re-
distribution of snow cover is negligible. Correspondingly, it is a poor loca-
tion for monitoring wind speeds or direction representative of the Red 
Mountain Pass vicinity. Because the site sits in a sheltered pocket at a rela-
tively low elevation in the SBB watershed, air temperature and humidity 
data from SASP are strongly influenced by the surrounding terrain. Cool 
air draining from the upper basin often pools at the SASP site overnight, 
dropping overnight low temperatures well below those at the immediately 
adjoining terrain. Conversely, the absence of wind during the daylight 
hours often enables enhanced warming in still air, compared to the more 
exposed surrounding terrain. 

Figure 4.  Swamp Angel Study Plot Station (SASP). 

SASP consists of a 6-meter pipe mast with an extensive array of instruments, 
a standalone precipitation gauge, and a surrounding 30 m x 30 m snow pro-
file plot. The site is generally level, sloping 3 degrees ENE. Air temperature 
(Celsius) and relative humidity (percent) are measured every 5 seconds at a 
fixed height on the tower. In addition, we established an in-ground and snow-
pack temperature profile measurement station as part of this work. 
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2.3.5 Berthoud Pass Summit Station 

The weather station at the Berthoud Pass Summit Site (BPSS) site is main-
tained by the U.S. Department of Agriculture Natural Resources Conserva-
tion Service as part of the National Water and Climate Center (NWCC). It 
is a sub-alpine site located below treeline, at approximately 3446 m eleva-
tion. Measurements are made hourly and include snow water equivalent 
(Sensotec 100-inch Transducer); air temperature (YSI extended range), 
snow depth, soil moisture (Hydraprobe Analog), soil temperature (Hydro-
probe Analog), salinity, real dielectric constant, wind direction and speed, 
and solar radiation. Wind speed and direction are recorded at two alpine 
stations, one operated by the Colorado Avalanche Information Center 
(CAIC) located at 3615 m elevation, and the other a Meteorological Termi-
nal Aviation Routine (METAR) weather station at 3807 m. Data are availa-
ble near real-time on the NWCC website.* The Berthoud Pass site, unlike 
the SBB site, is for the most part unmanned, and so the exact timing of 
dust events is generally unobserved and must be inferred based on mete-
orological data and snow pit analysis. 

2.4 Back trajectory modeling 

We ran several transport and dispersion simulations using the Hybrid Sin-
gle Particle Lagrangian Integrated Trajectory (HYSPLIT) model provided 
by the National Oceanic and Atmospheric Administration (NOAA). The 
HYSPLIT model computes air parcel trajectories, and can be used to simu-
late transport, dispersion, chemical transformation, and deposition (Stein 
et al. 2015). The HYSPLIT model calculation method is a hybrid between a 
Lagrangian approach, using a moving frame of reference for the advection 
and diffusion calculations as the trajectories or air parcels move from their 
initial location, and an Eulerian approach, which uses a fixed three-dimen-
sional grid as a frame of reference to compute pollutant air concentrations. 

The HYSPLIT model is frequently used for back trajectory analysis to deter-
mine the origin of air masses and establish source-receptor relationships. A 
specific example of this would be to determine trajectories of windblown 
dust. The dispersion of a pollutant is calculated by assuming either puff or 
particle dispersion. In the puff model, puffs expand until they exceed the 
size of the meteorological grid cell (either horizontally or vertically) and 
then split into several new puffs, each with its share of the pollutant mass. 

* https://wcc.sc.egov.usda.gov/nwcc/site?sitenum=335

https://wcc.sc.egov.usda.gov/nwcc/site?sitenum=335
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In the particle model, a fixed number of particles are advected about the 
model domain by the mean wind field and spread by a turbulent compo-
nent. The model’s default configuration, which we used in our analysis, as-
sumes a 3-dimensional particle distribution (horizontal and vertical). 

To determine the storm trajectories of the dust deposition events, we ran 
backward trajectory simulations for SBB using a grid-point statistical in-
terpretation archive method known as the Global Data Assimilation Sys-
tem (GDAS), within HYSPLIT, operating at 1-degree resolution. We used 
the GDAS because it is a fairly robust, well-recognized meteorological 
method. We ran the “Trajectory Frequency” simulation option because it 
initiates a trajectory from a single location and height every 6 hours, sums 
the frequency that each trajectory passes over a grid cell, and then normal-
izes by either the total number of trajectories or endpoints. A trajectory 
may intersect a grid cell once or multiple times (with residence time op-
tions 1, 2, or 3). We used typical default settings of 120-plot resolution 
(dpi), zoom factor of 70, and an analyzing height of 500 meters (AGL). In 
addition, we ran our simulations with a trajectory frequency grid resolu-
tion of 1.0 degree, and with a starting interval of 3 hours. Even though 
most of our observations and samples are collected from SASP, for sim-
plicity, we ran HYSPLIT for the Alpine station (Putney) only, due to its lo-
cation at a high elevation site where it is more exposed, and where it expe-
riences more consistent winds. This ultimately produced the best model 
results. For the Berthoud Pass site, we used the higher of the two weather 
stations (the METAR station at 3807 m). 

2.5 Cell culturing 

Traditional cell culturing techniques were used to assess the culturability of 
the microorganisms associated with the dust deposited on the snow sam-
ples. Because of the high probability of biomass associated with the high 
abundance of dust particles, a sample from dust event 4 (D4) at the SASP 
site (SC4) was selected for culturing. The snow sample was thawed over-
night in the dark at 4 °C and the resulting water/particulate solution was 
used to inoculate agar plates containing different nutrients: nutrient agar 
(NA), trypticase soy agar (TSA), and Reasoner’s agar (R2A). The first two 
media are higher nutrient and are used for general microbial growth. The 
latter is a low nutrient media specifically used to select for slow growing or-
ganisms in potable water. Approximately 40 ml of SC4 was melted for cul-
ture and 300 μl was plated on 1X concentration agar plates. The remaining 
snow melt was centrifuged and all but 3 ml of supernatant was removed. 
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This resulted in a ~10X concentrated sample, of which 300 μl of was plated 
onto each agar. Plates were incubated in the dark at 25 °C and 4 °C. 

2.6 DNA sequencing 

To examine which microorganisms were associated with the dust depos-
ited on snow, DNA was extracted using the MoBio PowerWater DNA Isola-
tion Kit. Samples were prepared for DNA extraction in a -16 °C cold room 
using sterile technique to limit any contamination. Samples were thawed 
at 4 °C in the dark over a 3- to 5-day period and processed within 48 hours 
of melting. Due to the low dust concentration in the samples, the extrac-
tion protocol was modified as follows: melted samples were filtered onto 
two sterile filters (MoBio Water Filters, 0.22µm), and the resulting DNA 
was pooled after extraction. Care was taken to ensure the filter was not 
folded onto itself to maximize the exposure of dust to the beads in the bead 
tube. After filtration, samples were incubated at 65 °C for 10 minutes and 
subject to 30 minutes of vigorous vortexing (Luhung et al. 2015). DNA ex-
traction controls were carried out in parallel with snow samples. Extrac-
tion controls consisted of 10 mL of sterile water undergoing the same pro-
tocol as the collected snow samples including the filtration step.  

The V1-V2 region of the 16S rRNA gene for bacteria and archaea was se-
quenced using a Thermofisher Ion Torrent Personal Genome Machine se-
quencer at the Microbiome Analysis Center (MBAC) at George Mason Uni-
versity based on the manufacturer’s protocols. Bioinformatic analysis and 
visualization of the 16S rRNA amplicon data were conducted using the R 
(version 3.5.3, R Core Team 2018) packages dada2, phyloseq, and ggplot2 
(McMurdie and Holmes 2013, Callahan et al. 2016, Wickham 2016). In 
brief, Bam files converted to FastQ files were demultiplexed into individual 
sequencing files. Adapter removal and barcode trimming were done in R 
prior to running the forward reads through the dada2 (version 1.10.1) pipe-
line. To remove low quality regions from the sequences, the first 10 base 
pairs (bp) were removed and sequences were trimmed to a consistent length 
(300 bp). Sequences were removed that had an expected error rate of 2 or 
higher, matched known PhiX contamination, or contained ambiguous ba-
ses. After dereplication, the error rates were estimated using dada2 and 
then used to guide the construction of the amplicon sequence variant (ASV) 
table. Chimeric sequences were then removed using the pooled method in 
dada2. Taxonomy was assigned using RDP trainset 16 (DOI: 10.5281/ze-
nodo.801828). In phyloseq, ASVs identified as chloroplast at the class level 
were removed. Additionally, the phylum Fusobacteria was removed because 
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it had an ASV count of one, and the genus Propionibacterium was removed 
as it is a published human contaminant (Sheik et al. 2018). Taxa counts 
were converted to relative abundance and log transformed for normal dis-
tribution. To visualize differences in microbial taxonomy between sample 
types, Principal Coordinate Analysis (PCoA) dissimilarity plots were created 
using Bray-Curtis dissimilarity (Bray and Curtis 1957). 
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3 Experiments and Results 

3.1 Snow microstructure 

The snow microstructural data obtained via micro-CT imaging was exam-
ined with the primary objective of determining where, within the snow 
matrix, the dust particles reside. Dust was most clearly identified on sam-
ples from the merged layer at Berthoud Pass (SC1-A, SC1-B and SC1-C), 
immediately after dust event D4 at SASP (SC4-A, SC4-B, SC4-C), and from 
the merged layer at SASP (SC5-A), collected during the late spring. After 
segmenting the snow, dust, and air phases (Figure 5), we quantified the 
microstructural parameters for each phase in two-dimensional (2D) cross-
sections and in bulk three dimensions (3D). 

Figure 5.  Micro-CT segmentation of dust in representative snow samples. The gray material is 
the snow matrix. Orange specks are dust particles located on the snow-pore interface. 

Dust layers were generally visible in snow pits excavated at the study sites, 
and can be readily seen in NIR images of the snow pit walls (Figure 6). The 
microstructural characteristics of the dust particles within the dust layer 
from the merged SC1-C sample, post-dust event samples SC4-A, SC4-B, 
SC4-C, and the merged SC5-A sample are shown in Figure 7. Snow pit SC5 
had the highest concentration of dust, while snow pit SC1 had the lowest 
concentration. The structure thickness and S/V ratio of the dust particles 
was relatively similar for all samples, which indicates that the dust grain 
sizes are consistent between both the dust event SC4 (SASP as-deposited) 
and the merged layers SC1 (Berthoud Pass merged layer) and SC5 (SASP 
merged layer). Furthermore, this consistency suggests that dust grains re-
main relatively isolated from one another in the snow matrix and do not 
melt and group together. Finally, we calculated the degree of anisotropy, 
where 0 indicates perfectly isotropic (e.g., sphere) and 1 indicates the theo-
retical completely anisotropic. Although there was some anisotropy in the 
shape of the grains observed, the lack of a temporal trend suggests that the 
dust grains do not rotate or shift in a consistent manner over time. 
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Figure 6.  NIR image of snow pit SC5 with merged dust layer at 11 cm depth. 

Figure 7.  Microstructural characterization of dust particles in snow samples SC1, SC4, and 
SC5. The top panels show the number of particles per cubic millimeter and average thickness 

of the particles for all five samples containing noticeable quantities of dust. The bottom 
panels show the S/V ratio and degree of anisotropy. 
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We note that the number of dust particles per unit volume is an inherently 
noisy number due to the size of the dust particles. Since some of the dust 
particles were similar size to detector noise, we were not able to despeckle 
the image beyond a low-level Gaussian smoothing filter during image re-
construction. Therefore, the numerical value for dust particle density car-
ies less validity than the relative number when comparing across samples. 
The Berthoud Pass sample (SC1) of merged dust layers clearly had a much 
lower amount of dust particles compared to the samples from SASP, most 
likely corresponding to the distance of the Berthoud Pass sample site to 
the dust deposition source. There is also a higher concentration of dust 
particles within the merged layer from SASP SC5 versus the as-deposited 
layer collected just after the dust event D4 from SASP SC4. 

We found that dust and snow characteristics varied with site, particularly 
with snow porosity. The SC4 snow sample had very low porosity at 5% to 
20%, which is nearly the value of ice, while SC1 and SC5 had porosities of 
54% and 62%, respectively. Initial results suggest that grain growth processes 
dominated the S/V ratio of the snow particles (Figure 8), with the dust event 
with the highest concentration of dust particles (SC4) corresponding to the 
lowest S/V ratios. Snow samples that were collected immediately following 
deposition have low S/V ratio values, corresponding to larger snow grain 
sizes; while snow samples collected from the merged layers later in the sea-
son, have higher S/V ratio values, and corresponding smaller grain sizes. The 
merged dust layers, SC5 and SC1, sampled from the snow pack at the end of 
the season (April 29 and May 1, respectively) after longer residence time, had 
much higher S/V ratios than did the snow sampled immediately after the D4 
dust deposition event, which corresponds to smaller grain sizes. This implies 
a lack of expected grain growth during the melt season. Typically, snow grains 
grow larger over time due to metamorphic processes related to temperature 
gradient driven movement of water vapor (Colbeck 1981). The small variabil-
ity across replicate samples examined from the same layer (SC4-A through 
SC4-C) compared to layers merged after deposition (SC1 and SC5) shows 
consistency across a given dust layer. 

Dust was generally observed to be located roughly on the exterior of snow 
grains (Figure 9). We next quantified how embedded the dust particles were 
in the snow to determine how much the dust resides on the surface versus 
how much it resides within the snow. We did this by dividing the surface 
area of the dust in contact with air by the total surface area of the dust.  
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Figure 8.  Surface to volume ratios of the snow phase in SC1 (merged layer from Berthoud 
Pass), SC4 (as-deposited layer from SASP, collected immediately following event D4), and 

SC5 (merged layer from SASP) compared to clean snow. 

Figure 9.  3D micro-CT image of dust particles located on the surface of snow grains. 

A dust particle completely embedded would have 0% exposure. Any value 
above 0% indicates the dust is on the surface of the snow grain. Higher val-
ues of exposure represent less embeddedness. We note that there is an up-
per limit as it is impossible for a dust particle to be 100% exposed (i.e., free 
floating). Figure 10 shows the percentage of surface area exposed for vari-
ous deposition events. Dust tended to be less embedded and more on the 
surface for SC1-C and SC4-A, and more embedded for SC5, SC4-B, and 
SC4-C. Although these values are small, they are above 0, indicating that a 
small portion of dust particle surface area resides on the surface of the snow 
grain. 
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Figure 10.  Dust surface area exposed to air rather relative to 
embedded in the snow grain for samples SC1, SC4, and SC5. 

3.2 Meteorological station data analysis 

In the spring of 2017, four separate depositional events occurred 
within the SBB area near Silverton, Colorado, as evidenced by visible 
dust layers on the snow surface (Table 3). For each depositional event, 
we examined the meteorological data captured by the three study plot 
stations (Table 1). Specifically, we evaluate wind direction and speed 
to better constrain the provenance of the deposited dust. Figures 11-13 
show the average wind speed at each station during the spring of 
2017. In each plot, the highlighted areas indicate the four depositional 
events noted in Table 3. Wind speeds are shown as 1-hour average re-
sultant wind speeds (m s-1). Appendix A includes a more detailed me-
teorological analysis, including average cardinal wind direction. 

In addition to studying the deposition events for the SBB, we examined the 
meteorology for dust events at the Berthoud Pass study site that occurred 
on March 6–9, 2017 and April 4–10, 2017 (Figure 14). This station is re-
mote, so the dust deposition events were not directly observed, but had to 
be inferred from wind speed. 

Table 3.  Description of weather events in which a dust deposition event occurred and snow 
samples were collected. Compiled data are from the Center of Snow and Avalanche Studies. 

Dust 
Event 

Deposition 
Type 

Average 
Wind 

Direction 
(degrees) 

Average 
Wind 

Speed 
(m s-1) 

Peak 
Gust 

(m s-1) 
Start of 
Event 

End of 
Event 

Snow 
Sample 

D1 Wet 218 18 36 3/5/17 12:00 3/6/17 10:00 SC7 

D2 Wet N/A* N/A N/A 3/23/17 N/A SC2 

D3 Wet 183 11 29 3/30/17 15:00 3/31/17 3:00 SC3 

D4 Dry 228 13 27 4/8/17 13:00 4/9/17 9:00 SC4 
*Not Applicable (N/A) 
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Figure 11.  Wind data from PTSP station. Highlighted areas indicate the four 
depositional events noted in Tbl. 3. Wind speeds are shown as 1-hour average 

resultant wind speeds (m s1). 

Figure 12.  Wind data from SBSP station. Highlighted areas indicate the four 
depositional events noted in Tbl. 3. Wind speeds are shown as a 1-hour average 

resultant wind speeds (m s1). 
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Figure 13.  Wind data from SASP station collected during spring 2017. Highlighted areas 
indicate the four depositional events noted in Tbl. 3. Wind speeds are shown as a 1-hour 

average resultant wind speeds (m s-1). 

Figure 14.  Wind data from Berthoud Pass METAR station collected during spring 2017. Wind 
speeds are shown as a 1-hour average resultant wind speeds (m s-1). Highlighted areas 

indicate possible dust deposition events. 
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3.3 Back trajectory modeling 

The back trajectory results for SASP and Berthoud Pass (Figures 15 and 15, 
respectively) agree well with the average wind directions for each dust 
deposition event, D1-D4. (Appendix A includes detailed analysis of wind 
data.) In the majority of the events, the highest frequency for the trajecto-
ries, is found over the Four Corners region. For the case of dust event 2 
(D2), the dust source is also a region east of the Four Corners area. Dust 
event 3 (D3) has the highest frequency of trajectories centered at SBB. 
This indicates a weak event, and that wind sources are difficult to identify 
accurately. Evidence for this is reflected in low peak wind gust for D3. 

Figure 15.  HYSPLIT simulation results for dust events D1-D4 
(top left to bottom right) at SASP. 
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Figure 16.  HYSPLIT frequency backward trajectories for the dust deposition events for 
Berthoud Pass, Colorado. 

3.4 Cell culturing 

Melted snow and dust particulate from a dust event 4 sample (SC4) were in-
cubated on agar plates composed of different nutrient sources at two differ-
ent temperatures. Bacterial and fungal colonies formed at 25 °C within a few 
days and formed at 4 °C within 30 days. The snow samples contained some 
culturable bacteria, but were dominated by culturable fungi, as evidenced by 
their morphology and the presence of hyphae (fuzzy appearance; Figure 17). 
The fungal source is not clear. Its origin may be from fungi associated with 
the dust particulate or the plant material observed in many of the samples. 
We also observed different organisms growing on different media inocu-
lated at the same temperature, indicating heterogeneity in the sample and 
preference by the microbes for different growth substrates (Figure 17). As 
expected, fewer bacterial and fungal colonies grew at 4 °C because growth is 
typically slower at lower temperatures, unless the microbe is adapted to and 
prefers low temperatures. Under all conditions tested (temperature and nu-
trient source), we observed pigmented microorganisms on the plates inocu-
lated with snow from dust event 4 (D4). For instance, the TSA plate incu-
bated at 4 °C contained a bright pink colony, warranting further investiga-
tion into the pigmentation of these dusty snow bacterial communities and 
how they may accelerate melt. 

3.5 Microbial composition 

Our aim was to investigate whether there were differences in microbial 
community structure between sites and dust events. To assess these differ-
ences, we used DNA sequencing and ordination techniques. The PCoA plot 
accounted for 36.7% of the variation in the dataset (Figure 18).  
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Figure 17.  Dust-associated microbial colonies after incubation at 4 °C (left) and 25 °C (right) 
for dust from sample SC4. The left column indicates media type, and the bottom row 

indicates temperature. 

First, we assessed whether there were differences in microbial taxonomy 
between locations by comparing snow samples collected from Berthoud 
Pass (SC1) to snow samples collected from SASP (SC2 to SC7). The micro-
bial communities from Berthoud Pass (SC1) clustered away from commu-
nities from SASP (SC2-SC7), indicating that the bacteria in the SC1 sam-
ples had a different composition from those in the SASP samples (Figure 
18). Therefore, location is an important factor in the snow microbial com-
munity composition and should be considered when comparing snow sam-
ples collected from different sites. 

Second, we examined differences in the community composition between 
dust samples collected at a single location to determine if dust deposition 
impacted microbial community structure. For this, we compared snow 
samples from SASP, which were SC2 to SC7 (Figure 18). Interestingly, 
samples from dust event 3 (SC3) clustered separately from the other SASP 
samples (Figure 18). These samples were collected from an individual dust 
event that occurred on March 30th and suggest that different dust events 
result in changes to microbial community structure. However, other dust 
events resulted in similar microbial communities. For instance, microbial 
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communities from dust event 1 (SC7) and dust event 4 (SC4), occurring on 
March 5th and April 8th respectively, clustered together and therefore har-
bored similar microbial taxa. Samples from dust event 2 (SC2) are more 
similar to dust event 1 (SC7) and dust event 4 (SC4) than dust event 3 
(SC3); however the replicate samples from dust event 2 (SC2) do not form 
a tight cluster indicating there is greater heterogeneity within the collected 
samples (Figure 18). Also of note is that the two merged samples SC5 and 
SC6 contained microbial communities that are similar to the samples col-
lected from the individual dust events (1, 2, and 4) with the exception of 
dust event 3 (Figure 18).  

Figure 18.  PCoA plot of bacterial communities at the phylum level. Each point represents 
DNA sequences collected from a sample from the location.  
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To elucidate which microbes were present in the samples, relative abun-
dance was examined at the phylum level (Figure 19). Proteobacteria, Ac-
tinobacteria, Bacteroidetes, Acidobacteria, and Firmicutes were the most 
dominant phyla in all of the snow samples (Figure 19); together, these 
phyla comprise ~98% of the identified microbial community in the sam-
ples. Proteobacteria were the most abundant in every sample, ranging 
from approximately 44% to 76% of the entire community (Figure 19). The 
samples collected in Berthoud pass (SC1) had lower levels of Actinobacte-
ria and higher levels of Acidobacteria compared to the SASP samples. Dust 
event 3 (SC3) consisted of lower levels of Proteobacteria, Acidobacteria 
and higher levels of Firmicutes compared to other samples. 

Figure 19.  Relative abundance of bacteria at the phylum level. Each bar represents one 
replicate of the sample. 
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4 Discussion 

Our study provides some of the first analyses of coupled snowpack micro-
bial and microstructural characteristics of deposited dust events and sub-
sequent fate within the snowpack. Microstructural analysis of the dust 
within the snow matrix suggests that, for the case of late season when slow 
layers have merged, dust resides at the snow/pore interface and not the in-
terior of the snow grains. We found that the dust particles embedded to-
ward the outside of snow grains have a low percentage of surface area ex-
posed to air. The placement of the particle within the snowpack could have 
important implications if microbial cells are using the dust particles as 
substrate or attachment. 

Over time, it appears that the presence of dust retards expected grain 
growth that would normally be predicted due to temperature gradient-
driven metamorphosis (Colbeck 1982). The merged dust layers contain a 
higher concentration of dust and have much higher S/V ratios, which corre-
spond to smaller grain sizes (also smaller grain sizes compared to clean 
snow); this corresponds to a lack of expected grain growth during the melt 
season. Typically, snow grains grow larger over time due to metamorphic 
processes related to temperature gradient driven movement of water vapor. 
Smaller grains have a higher albedo, perhaps offsetting some of the darken-
ing effect caused by the dust. Limited grain growth can also be caused by a 
lack of solar radiation; the combined impacts to grain growth will be exam-
ined in future work.  

Meteorology and subsequent back trajectory modeling suggest that the 
dust for the particular dust events examined for the Senator Beck region 
originated in the southern Colorado Plateau, with the wind trajectory com-
ing from the south-west (Figure 15). The source region for the Berthoud 
Pass area is less clear (Figure 16). Interestingly, dust event 3 was a weak 
wind event with the frequencies over the SBB area, which made it difficult 
to determine the source region for the event. This event also coincides with 
relatively low wind speeds and peak gusts. Snow samples collected from 
dust event 3 (SC3) were the most distinct and harbored the lowest levels of 
Proteobacteria but had the highest levels of Firmicutes (Figure 19). Per-
haps it was a more local source that resulted in a unique microbial com-
munity. Future sample collection should include clean snow samples from 
SASP, soil samples from Red Mountain Pass (near SASP) prior to snow ac-
cumulation, and soil samples from the Four Corners Region to associate 
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source material with aeolian transport and deposition to distinguish be-
tween the native microbial community and the foreign, aeolian trans-
ported microbial community. 

The presence of both bacteria and fungi demonstrate their survival in 
snow. At the phylum level, Proteobacteria, Actinobacteria, Bacteroidetes, 
Acidobacteria, and Firmicutes accounted for the majority of the detected 
bacteria in all samples (~98%). Interestingly, the abundance of Cyanobac-
teria was low in all samples, this deviates slightly from the notion of a core 
snow microbiome of Proteobacteria, Bacteroidetes, Firmicutes, and Cya-
nobacteria (Hell et al., 2013; Hauptmann et al. 2014; Wunderlin et al. 
2016). Cyanobacteria have been found in other cryosphere environments 
such as glaciers in west Greenland (Uetake et al. 2010) and snow in the 
Canadian High Arctic (Harding et al. 2011) and the Sierra Nevada, Califor-
nia (Carey et al. 2016). Investigations of the proliferation of different or-
ganisms under select growth conditions from different source material 
contribute to an understanding of the mechanisms associated with both 
survival and growth. This mechanistic understanding would serve as input 
variables to sophisticated models assessing snow melt in alpine regions. 
Furthermore, the assessment of environmental factors affecting growth is 
critical to explain how microbial dust transport influences foreign environ-
ments and regional snow packs. Additionally, it serves as a way to charac-
terize microorganisms that can survive deposition onto snow packs. Com-
bining these data with specific microbial signatures could provide a robust 
tool to better understand the origin and fate of dust on snow. 
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Appendix A: Meteorology of the Senator Beck 
Basin 

A.1 Wind data

Table A-1.  PTSP wind data. 

Event ID # of Hours 

Avg. Resultant 
Wind Speed 

(m s-1) 
Avg. Wind Direction 
(Cardinal Degrees) 

Peak Wind Gust 
(m s-1) 

D1 23 Hours 17.87 218° 81.10 
D2 19 Hours 11.68 203° 66.59 
D3 15 Hours 10.66 178° 64.01 
D4 21 Hours 13.40 231° 61.33 

Figure A-1.  PTSP wind data for event D1. Average wind speed and cardinal direction were 
17.87 m s-1 and 218 degrees, respectively. 
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Figure A-2.  PTSP wind data for event D2. Average wind speed and 
cardinal direction were 11.68 m s-1 and 203 degrees, respectively. 

Figure A-3.  PTSP wind data for event D3. Average wind speed and cardinal 
direction were 10.66 m s-1 and 178 degrees, respectively. 
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Figure A-4.  PTSP wind data for event D4. Average wind speed and cardinal 
direction were 13.40 m s-1 and 231 degrees, respectively. 

Table A-2.  SBSP wind data. 

Event 
ID # of Hours 

Avg. Resultant Wind 
Speed (m s-1) 

Avg. Wind Direction 
(Cardinal Degrees) 

Peak Wind 
Gust (m s-1) 

D1 23 Hours 10.38 266° 53.07 
D2 19 Hours 5.45 197° 17.66 
D3 15 Hours 5.61 173° 18.46 
D4 21 Hours 6.92 256° 27.06 
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Figure A-5.  SBSP wind data for event D1. Average wind speed and 
cardinal direction were 10.38 m s-1 and 266 degrees, respectively. 

Figure A-6.  SBSP wind data for event D2. Average wind speed and 
cardinal direction were 5.45 m s-1 and 197 degrees, respectively. 
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Figure A-7.  SBSP wind data for event D3. Average wind speed and 
cardinal direction were 5.61 m s-1 and 173 degrees, respectively. 

Figure A-8.  SBSP wind data for event D4. Average wind speed and 
cardinal direction were 6.92 m s-1 and 256 degrees, respectively. 
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Figure A-9.  Data incorporating specific wind rose diagrams and wind speeds from the SBSP. 

Table A-3.  SASP wind data. 

Event ID # of Hours 
Avg. Resultant Wind 

Speed (m s-1) 
Avg. Wind Direction 
(Cardinal Degrees) 

Peak Wind Gust 
(m s-1) 

D1 23 Hours 3.08 246° 17.64 
D2 19 Hours 1.21 255° 9.47 
D3 15 Hours 0.88 247° 6.20 
D4 21 Hours 2.55 253° 9.01 
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Figure A-10.  SASP wind data for event D1. Average wind speed and 
cardinal direction were 3.08 m s-1 and 246 degrees, respectively. 

Figure A-11.  SASP wind data for event D2. Average wind speed and 
cardinal direction were 1.21 m s-1 and 255 degrees, respectively. 
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Figure A-12.  SASP wind data for event D3. Average wind speed and 
cardinal direction were 0.88 m s-1 and 247 degrees, respectively. 

Figure A-13.  SASP wind data for event D4. Average wind speed and 
cardinal direction were 2.55 m s-1 and 253 degrees, respectively. 
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Figure A-14.  Data from incorporating specific wind rose diagrams and wind speeds 
over time at SASP. 

Table A-4.  Average wind direction for all event over each study plot station 

Event ID 
PTSP - Avg. Wind Dir. 
(Cardinal Degrees) 

SBSP - Avg. Wind Dir. 
(Cardinal Degrees) 

SASP - Avg. Wind Dir. 
(Cardinal Degrees) 

ALL Events 207.5° 223° 250.25° 
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A.2 Additional HYSPLIT model runs (simulation runs)

Figure A-15.  NOAA HYSPLIT model, backward trajectories ending at 1800 Coordinated 
Universal Time (UTC) 06 Mar 17 (GDAS Meteorological Data). 
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Figure A-16.  NOAA HYSPLIT model, backward trajectories ending at 2200 UTC 23 Mar 17 
(GDAS Meteorological Data). 
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Figure A-17.  NOAA HYSPLIT model, backward trajectories ending at 1400 UTC 31 Mar 17 
(GDAS Meteorological Data). 
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Figure A-18.  NOAA HYSPLIT model, backward trajectories ending at 1800 UTC 09 Mar 17 
(GDAS Meteorological Data). 
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