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Abstract Fresh volcanic eruption deposits tend to be loose, bare, and readily resuspended by wind.Major
resuspension events in Patagonia, Iceland, and Alaska have lofted ash clouds with potential to impact
aircraft, infrastructure, and downwind communities. However, poor constraints on this resuspension
process limit our ability to model this phenomenon. Here, we present laboratory experiments measuring
threshold shear velocities and emission rates of resuspended ash under different environmental conditions,
including relative humidity of 25–75% and simulated rainfall with subsequent drying. Eruption deposits
were replicated using ash collected from twomajor eruptions: the 18 May 1980 eruption of Mount St. Helens
and the 1912 eruption of Novarupta, in Alaska's Valley of Ten Thousand Smokes. Samples were
conditioned in a laboratory chamber and prepared with bulk deposit densities of 1,300–1,500 kg/m3. A
control sample of dune sand was included for comparison. The deposits were subjected to different wind
speeds using a modified PI‐SWERL® instrument. Under a constant relative humidity of 50% and shear
velocities 0.4–0.8 m/s, PM10 emission by resuspension ranged from 10 to >100 mg·m−2·s−1. Addition of
liquid water equivalent to 5 mm of rainfall had little lasting effect on Mount St. Helens wind erosion
potential, while the Valley of Ten Thousand Smokes deposits exhibited lower emissions for at least 12 days.
The results indicate that particle resuspension due to wind erosion from ash deposits potentially exceeds that
of most desert surfaces and approaches some of the highest emissions ever measured.

Plain Language Summary Immediately after a volcanic eruption, freshly deposited ash can be
lifted by wind similar to how dust is suspended by wind in arid regions. These “resuspended” ash
particles are smaller than the original, more clumpy material that fell during the eruption and are abundant
enough to impact human health, visibility, and industrial processes. This is known to happen because it
has been observed in the field, but there has been little direct measurement of how much ash can be
resuspended at various wind speeds. In the present study, we used a small wind tunnel‐like device
(PI‐SWERL) to measure resuspension of ash. Samples were collected from two locations: the Valley of
Ten Thousand Smokes in Alaska (site of the 1912 Novarupta eruption) and deposits from the Mount
St. Helens 1980 eruption. The potential for resuspension was measured at multiple simulated wind speed
equivalents and under several conditions of atmospheric humidity. Overall, it was found that the Valley of
Ten Thousand Smokes samples were more influenced by atmospheric humidity as well as the presence
of liquid water a few centimeters below the surface than the Mount St. Helens samples. The latter exhibited
the potential for extremely high resuspension rates, approaching the highest that have ever been
measured for arid soil surfaces. Vegetation, compaction over time, and other environmental processes likely
have a large role in reducing what would otherwise be extraordinary emissions of ash for weeks to years
following a volcanic eruption.

1. Introduction

Resuspension of volcanic ash deposits by wind can cause a serious environmental hazard (Liu et al., 2014).
High concentrations of lofted ash particles may adversely impact human health (Baxter, 1999; Gordian et al.,
1996; Wilson et al., 2011), aircraft operations (Guffanti et al., 2009; Hadley et al., 2004), and infrastructure
(Barsotti et al., 2010). Two areas prone to these hazards in North America include the Valley of Ten
Thousand Smokes (VTTS) in Alaska and Mount St. Helens (MSH) in the Cascade Range of Washington
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Key Points:
• Laboratory experiments show that

volcanic ash deposits are highly
wind erodible, with resuspension
comparable to the most erodible
soils

• Humidity and the addition of liquid
water impact ash resuspension in
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• Resuspendable particles are emitted
at a rate proportional to the shear
velocity raised to a power of 2.9–5.3
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State. In Alaska, the Anchorage Volcanic Ash Advisory Center typically issues one or two aviation advisories
every year for resuspended ash in the VTTS (Wallace & Schwaiger, 2019). In Washington State, the 18 May
1980 eruption of MSH sent more than 1 km3 of tephra across Washington, Idaho, and Montana (Sarna‐
Wojcicki et al., 1981). For weeks after the eruption, multiple wind storms raised airborne ash concentrations
above the emergency threshold of 875 μg/m3 and tripled hospital visits (Bernstein et al., 1986; Hobbs et al.,
1983). The deposit's dispersal axis also crossed ~100 km north of the Hanford nuclear site in eastern
Washington, leaving ~1 mm of ashfall on site. A future eruption of MSH represents a potential disruption
to operations at the Hanford nuclear site. Specifically, a volcanic eruption may present a hazard from ash
depositing from an airborne plume (USGS, 2018) and its resuspension following deposition. Ongoing
research efforts by the U.S. Geological Survey and National Oceanic and Atmospheric Administration using
predictive models are providing better understanding and characterization of volcanic eruptions, resultant
ash clouds, and subsequent ash deposition and resuspension that may impact the region. The work pre-
sented here was conducted in support of better estimating resuspension potential following an eruption.

Over the past decade, several major ash resuspension events have been documented globally, including
Chile and Argentina (Folch et al., 2014; Reckziegel et al., 2016), Iceland (Arnalds et al., 2013; Beckett
et al., 2017; Liu et al., 2014; Thorsteinsson et al., 2012) and Alaska (Schwaiger & Wallace, 2015). However,
numerical models of ash transport use poorly constrained assumptions about the deposit emission rates
under different environmental and atmospheric conditions (refer to section 2.2 for more detail). Previous
laboratory experiments have focused on soil and dust (e.g., Fécan et al., 1999; Marticorena & Bergametti,
1995), but eruption deposits present a unique set of material properties. New experimental work is required
to constrain the resuspension behavior of volcanic ash.

In this paper, we quantify the resuspension potential of volcanic ash fromMSH and VTTS with experiments
in a humidity‐controlled chamber. Section 2 provides a review of the relevant literature and theory under-
pinning resuspension research. Then in section 3, we introduce our laboratory experiments. The overall
aim is to provide improved constraints on the key variables used in numerical models, which may be applied
to short‐term forecasting and long‐term hazard assessments in volcanically active regions.

2. Background

Close to a volcano, posteruptive erosion and remobilization by wind of ashfall and pyroclastic deposits are
maximized by large erupted volumes, abundant unconsolidated ash material, destruction of the vegetation
cover, and the inhibition of vegetation regrowth (Manville &Wilson, 2004). Farther from the source volcano,
at distances of hundreds of kilometers, the potential for resuspension of the deposited ash by wind will be
controlled by the depth of the deposit, the particle size distribution of the ash, themoisture conditions during
and subsequent to deposition, and the nature of the surface onto which it deposits. An increasing presence of
large roughness elements, including vegetation or man‐made structures, will increasingly shelter ash from
the erosive power of the wind. However, the ash that deposits onto the roughness itself may be very suscep-
tible to resuspension by wind.

2.1. Particle Entrainment Threshold and Emission Flux

Ash particles can be mineral or glass, are in the same size range as mineral particles derived from earth sedi-
ments, and exist in some state of consolidation (loosely to tightly bound together) upon deposition. Given
these similarities between ash particles andmineral particles derived from earth sediments, the scientific fra-
mework that forms our current understanding of wind erosion and dust emissions is a logical lens through
which to examine the physics of entrainment of deposited ash particles by wind.
2.1.1. Force Balance on a Particle
Winds capable of entraining particles from the surface are invariably turbulent. To explain the entrain-
ment of particles by shear stress in turbulent flow, a force balance model has typically been invoked
for particles (e.g., Bagnold, 1941; Iversen & White, 1982; Lu et al., 2005; Shao, 2000). The theory is
expressed simply as

u*t ¼ A
ffiffiffi
d

p
; (1)

where u*t is (minimum) threshold shear velocity for particle movement, d is particle diameter, and A is a
constant that depends on the density of the particles, density of the fluid, the units used for d, and the
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gravitational constant. Based on the theory of the “law of the wall” (Prandtl, 1935), in a well‐developed
boundary layer, shear velocity (u*) is proportional to the square root of the ratio of wall shear stress to fluid
density

u* ¼
ffiffiffiffiffiffiffi
τ
ρair

r
; (2)

where τ (N/m2) is the wall shear stress and ρair is the density of air (kg/m
3).

This model works quite well for uniform sediments with diameters >100 μm for which the interparticle
cohesion is negligible. However, this model offers less explanatory power for smaller particles and for nat-
ural sediments that contain a mixture of grain sizes and shapes that also vary in grain density and packing.
Shape may play a more important role in influencing u*t for volcanic ash than mineral grains derived from
the weathering of rock, because ash particles range widely from rounded grains of varying crystallinity to
crystal‐free concavo‐convex particles (Liu et al., 2014). Particles that are irregular in form have been
observed to have lower threshold values than spherical particles of equivalent mass (Goldasteh et al.,
2012; Willetts et al., 1982; Williams, 1964).

The force‐balance theory of threshold has been advanced through time as the physical controls on the pro-
cess are better understood. Shao and Lu (2000) derived an expression for u*t that considers particles with a
cohesion force that is proportional to particle size

u*t ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
0:0123

ρp g d
ρa

þ γ
ρa d

� �
;

s
(3)

where ρp is particle density (kg/m3), g is acceleration due to gravity (m/s2), and γ is a cohesion parameter
between 1.65 × 10−4 and 5 × 10−4 kg/s2. The least quantified of the parameters in equation (3) is γ that
represents the role of cohesion, which is not easily measured and for which values are not available from
a database. This equation was used by Folch et al. (2014) to model the u*t of ash from deposits associated
with the June 2011 Cordón Caulle eruption in central Patagonia, Argentina, assuming that γ = 3 × 10−4

kg/s2, which is approximately midway between Shao and Lu's (2000) reported range and provides an
estimate for u*t of 0.25 m/s. As most mineral particles in earth material sediment approximate spheres,
the effect of particle shape on influencing threshold has not been incorporated into equations for
estimating u*t.
2.1.2. Effect of Moisture and Crusting on Threshold
The presence of moisture provides a critical control on threshold in terms of themoisture content of the sedi-
ment matrix as well as the moisture in the atmosphere. Early research efforts by Belly (1964) demonstrated
that gravimetric moisture content dramatically affects u*t. Expressions have been developed, mostly by
empirical means, to account for the effect of pore water in the sediments to affect u*t (e.g., McKenna
Neuman & Nickling, 1989). The expression derived by Fécan et al. (1999) to characterize the effect of moist-
ure content on u*t has become popular for use in wind erosion models (e.g., Marticorena, 2014; Minvielle
et al., 2003; Munkhtsetseg et al., 2016) because it is easy to estimate from available data. Using this correction
scheme for moisture effects on u*t, Folch et al. (2014) estimated u*t to be 0.4 m/s for the Patagonian ash resus-
pension event they reported on. This value was also reported by Leadbetter et al. (2012) as the u*t for resus-
pension of Eyjafjallajökull ash deposits in Iceland.

A second moisture effect on u*t is linked with the relative humidity (RH) of the air above a dry, erodible sur-
face (McKenna Neuman, 2003, 2004; McKenna Neuman & Sanderson, 2008; Ravi et al., 2004, 2006). In a ser-
ies of wind tunnel experiments McKenna Neuman and Sanderson (2008) demonstrated that fine particles,
particularly those that are tightly packed, in a dry condition are most affected by changes in RH. Their data
show that for nonpore water (i.e., adsorbed water films), the increase in u*twith increasing RH is dependent
on the number of contacts between the particles, which increases rapidly as adsorbed water films grow in
response to increasing RH. Ravi and D'Odorico (2005) present field data that show that u*t at their study site
was significantly dependent on atmospheric RH, but this effect was observed to reach a well‐defined, local
maximum at RH ≈ 35–40% for air‐dry soils after which the threshold once again decreases. As the contact
areas of the adsorbed films merge under even higher humidity (nominally >65%), liquid pore water may
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begin to form within the soil matrix and the threshold may begin to increase again as the regime changes to
one where pore water in the sediment provides binding between particles.

Del Bello et al. (2018) reported on a series of laboratory‐based measurements of u*t for ash samples from the
Campi Flegrei region of Italy and Eyjafjallajökull in Iceland. They found that u*t was sensitive to RH, espe-
cially when RH was higher than 90% and when the particles considered were smaller than 63 μm (obtained
by sieving). In an intermediate range of RH (50–70%), particles smaller than 63 μm exhibited u*t values from
0.35 to 0.45 m/s. Coarser particles (63–125 and 125–250 μm) had lower values of u*t (0.2–0.3 m/s) that were
much less impacted by changes in RH.

The presence of a surface crust on soils, in the absence of disturbance, has been observed to create a condi-
tion that is highly resistive to wind erosion. The efficacy of the binding forces associated with bonding
agents, such as clays or salts, to affect wind erosion threshold and dust emission rates has been clearly
demonstrated. The effectiveness of clay minerals to act as bonding agents depends on their relative propor-
tion in relation to the sand‐sized particles in the sediment. The presence of soluble salts also greatly affects
wind erosion thresholds (Gillette et al., 1980, 1982; Nickling, 1978; Nickling & Ecclestone, 1981). The crust
strength will be dependent on the texture of the sediment, the type and characteristics of the mineral bridges
(clay or salt minerals) between particles, the antecedent moisture conditions (Holcombe et al., 1997), and
disturbance history (Houser & Nickling, 2001a).
2.1.3. Emissions Magnitudes
It is generally recognized in the mineral dust emission literature that the mobilization of sand‐sized particles
by wind, whichmove in ballistic trajectories (i.e., saltation) and repeatedly impact the surface, is often a lead-
ing cause of significant emissions of the smaller dust‐sized particles (<50‐μm diameter). This has been
termed the sand blasting model of dust emissions (Gomes et al., 1990).

From dimensional analysis, Gillette and Stockton (1986) showed that the kinetic energy flux of saltation is
proportional to u*

3, which Gillette et al. (2004) reason is absorbed and carried to the surface by saltating par-
ticles. Martin and Kok (2017) have recently reevaluated this relationship, and their detailed field measure-
ments of the saltation process suggest that saltation flux is proportional to u*

2. It then follows that the
vertical kinetic energy flux associated with the saltating particles is also proportional to u*

3 or u*
2. Shao

et al. (1993) developed a dust emission model that is based on defining the relationship between emissions
and the abrasive force associated with the kinetic energy of the saltating particles and the resistive or bond
strength of the sediments being impacted ballistically. Field measurements of dust emissions (F) show that
the theoretically derived power function, which can be expressed as

F∝un* ; (4)

is not universal, with the empirically fitted exponent n having been reported to span between 1.89 and 6.2
(Ishizuka et al., 2014).

The capability of wind shear or a saltating sand particle to cause the emission of dust or ash depends on the
proportion of energy available to break interparticle bonds relative to the resistance of those bonds to ruptur-
ing. The resistance to the release of a dust‐sized particle from sediment being acted upon by the forces of the
wind and the ballistic impact forces of saltating particles can be characterized by what Shao et al. (1993)
introduced as the binding energy term, ψ. These binding energies scale with particle size, moisture content,
and the strength of the crust that can form in the sediment.

Disturbance of a surface can both increase the probability that emissions will occur and increase the magni-
tude of emissions from that surface. The increase in the probability of emissions is a result of lowering u*t,
making the surface more susceptible (e.g., Belnap & Gillette, 1997). The strength of dust emissions is related
principally to the particle size distribution of the sediments (i.e., soil texture), soil moisture content, salt and
clay mineral bond strengths, and the roughness of the surface. Disturbance can alter or modify these
properties to various levels of severity. Emission is also influenced by supply limitations of the freely
available dust‐ and sand‐sized particles. If disturbance releases sand from the sediments—which relaxes
the supply limitation—and the threshold is subsequently reached, particles are available to saltate and
impact the surface, which releases dust particles in proportion to the sum of the resistive forces and as a func-
tion of the integrity of the surface (Gordon & McKenna Neuman, 2009; Houser & Nickling, 2001b).
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Although disturbing surfaces susceptible to dust emissions create a complex interplay between the driving
and resisting forces, in general, there is an increase in particle emission rates, and therefore, the same effect
would be expected for deposited ash. Based on the available evidence from the literature, disturbance
increases emissions by approximately 1 order of magnitude compared with the rate of the undisturbed con-
dition (Gillies, 2013). For more sensitive sediment systems that are rich in dust‐sized particles, which may be
the case for deposited ash, the potential for increases above 1 order of magnitude is plausible.

In addition to the resistive forces that operate chiefly by binding particles together at the grain scale, other
physical properties of the surface affect the emission process. Primary among these is the scale of the surface
roughness. Roughness effects can be aerodynamic and physical. Aerodynamic effects arise from the flow
properties that are influenced by the degree or scale of the roughness (Raupach et al., 1993; Shao & Yang,
2008). Physical effects are related to the interaction of the moving sediment with the roughness (Gillies
et al., 2018; Gillies & Lancaster, 2013; Wolfe & Nickling, 1993). As this laboratory‐based study only tested
surfaces in the absence of large roughness elements, we will not address the effects of superposed roughness
on ash resuspension and emission rates but recognize that this may be an important aspect to consider for
real‐world conditions.

2.2. Resuspension of Volcanic Ash

The resuspension of volcanic ash is known to actively occur in many parts of the world. As early as 1933,
reports of “brown snow” reported across Canada and the northern United States (Alexander, 1934; Miller,
1934) were ultimately attributed to the remobilization of the extensive volcanogenic material produced by
the 1912 eruption of Novarupta (Hildreth & Fierstein, 2012). This material has remained an active source
of resuspendable ash: Hadley et al. (2004) reported ash plumes disrupting air transport in 2003 and
Webley (2013) described an ash plume that traveled southeast from the Katmai area across the Gulf of
Alaska in May 2013. These events continue to the present day.

Resuspension events are observed to occur immediately after the deposition of ash, as well as recurrently for
months, years, decades, and centuries after deposition. Multiple resuspension events following eruptions
have been observed by Hobbs et al. (1983) for MSH, Wilson et al. (2011) for Mount Hudson in Chile,
Barsotti et al. (2010) for Mount Etna in Italy, Folch et al. (2014) for Puyehue‐Cordón Caulle in Chile, and
subsequent to the eruption of Eyjafjallajökull in Iceland (e.g., Dagsson‐Waldhauserova et al., 2013;
Leadbetter et al., 2012; Liu et al., 2014). Mingari et al. (2017) report on a resuspension event in the
Fiambalá Basin, Argentina, originating from ancient pyroclastic deposits of the Cerro Blanco eruption that
occurred circa 4.5 kyr before present.

Some research has been reported on the resuspension of MSH 1980 ash. Fowler and Lopushinsky (1986) esti-
mated from wind tunnel testing of loose dry ash collected from the 1980 eruption that a smooth surface of
ash particles was suspendable at a wind speed of ≈3 m/s, and surfaces with small mounds of ash spaced irre-
gularly were suspendable at even lower speeds of 2–2.5 m/s. According to Fowler and Lopushinsky (1986),
material smaller than 3.5‐μm diameter was most susceptible to entrainment. Following the wetting of the
ash samples and the subsequent air drying, the ash could not be resuspended by winds up to ≈20 m/s.
Disturbing the wetted/dried ash decreased the threshold wind speed to ≈6 m/s.

Sehmel (1982) reported a monthly average threshold wind speed for resuspension of MSH ash in the vicinity
of the Hanford Site of 3.6 m/s, but he concluded that this was potentially biased as it likely represented mate-
rial that was resuspended upwind of the Hanford Site for wind speeds that differed from those measured at
the Hanford Site (i.e., the wind speed measured and the wind speed that caused upwind resuspension were
not the same). Sehmel (1982) also observed that resuspension was suppressed following precipitation events.
He noted that from May to July 1980, 0.5–1.5 cm of rain was required to significantly reduce airborne con-
centrations of particles associated with winds that had previously resulted in particle concentration
increases. After the passage of more time (5 months), additional rainfall of 2.0 cm had a negligible effect
on particulate matter levels.

These threshold wind speeds for resuspension can be converted to u*t by making a few assumptions.
Unfortunately, Sehmel (1982) does not provide the height above ground level (AGL) of the wind speed mea-
surements, and the aerodynamic roughness (z0) of the surface is unknown. Assuming that the height of the
wind speed measurement is 10 m (standard meteorological measurement height) or 3 m (the likely height of
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the particulate matter measurements) and a smooth aerodynamic roughness of 0.001 m, an intermediate
value of 0.01 m, and a rough value of 0.10 m, application of the Prandtl (1935) relationship describing the
wind profile close to the surface

uz
u*

¼ 1
κ
ln

z
z0

� �
; (5)

where uz is the horizontal wind speed at height z and κ is von Kármán's constant (0.4), provides estimates of
u*t from 0.13 m/s (z = 10 m, z0 = 0.001 m) to 0.35 m/s (z = 3 m, z0 = 0.10 m). This is a wide range because of
the ambiguity in howwind speed was measured, which was not detailed by Sehmel (1982). Based on particle
size measurements of deposited ash at Richland and Yakima, WA, Hobbs et al. (1983) applied Bagnold's
(1941) relationship between particle diameter and u*t to arrive at values of 0.8 m/s for 1,000‐μm particles
and 0.1 m/s for 10‐ to 20‐μm particles at Richland. Using the Bagnold (1941) relationship for the mean par-
ticle diameter of 33.6 μm that was reported by Durant et al. (2009) and a mean particle density of 0.99 g/cm3

(Moen &McLucas, 1981) for particles deposited between 160 and 282 km downwind, u*t would be 0.19 m/s.

2.3. Ash Properties and Entrainment and Transport in Suspension

The entrainment potential of volcanic ash by wind varies widely, and no doubt reflects the wide range in
deposit properties. Suspendable deposits contain abundant fine ash. A convenient definition of fine ash is
<63 μm—the finest diameter that can be easily measured in sieve analyses. The fraction of ash <63 μm pro-
duced during a single eruption can range from less than a few percent in basaltic eruptions (Scollo et al.,
2007) to more than 80% in some dome collapse events (Bonadonna et al., 2002). In general, fine ash is more
abundant in larger eruptions, or those in which pyroclastic flows were abundant (Dartevelle et al., 2002).
Within a single deposit, fine ash increases in abundance with downwind distance, though some fine ash
is present at nearly all distances. In the 1980 MSH deposit, for example, the percentage of ash≤63 μm in dia-
meter increased along the dispersal axis from about 43% to 48%, 81%, and 92% as distance increased from 98
to 154, 248, and 422 km, respectively (Durant et al., 2009).

Particle entrainment and its subsequent transport in suspension also depend on shape and density of each
particle. Mineral fragments are denser, more equant, and likely harder to suspend than light, irregularly
shaped pumice. Inmagmatic eruptions, the fraction of erupted debris consisting of mineral fragments ranges
from less than a few percent (Bacon & Lanphere, 2006; Castro & Dingwell, 2009) to several tens of percent
(Gardner et al., 1998). Mineral phenocrysts are most often millimeter sized and tend to fall proximally
(because of their density) or at distances governed by their characteristic size. Distal deposits are richer in
glassy bubble walls, whose size can range down to microns.

Within this spectrum, one might expect resuspension to be most important in medial to distal areas where
fine ash is abundant and deposits are thick enough to provide a persistent source. Proximal deposits, like the
VTTS, can suspend ash for many decades as well.

3. Experimental Methods

The laboratory experiments were designed to quantify resuspension of ash deposits on relatively smooth ter-
rain. In summary, we sampled natural volcanic ash from MSH and VTTS, prepared it in the lab to replicate
field characteristics (realistic bulk densities in the range of 1,300–1,500 kg/m3), and subjected the deposits to
varying wind speeds and levels of humidity. We used the PI‐SWERL® instrument (Etyemezian et al., 2007,
2014; Sweeney et al., 2008) in a controlled‐environment chamber (temperature and humidity) to measure
threshold wind conditions for particle resuspension and emission rates as a function of surface shear stress
(see equation (2)).

3.1. Volcanic Ash Sampling and Characterization

To obtain natural volcanic ash for our experiments, we focused on thick, proximal deposits from MSH and
VTTS where we could collect large amounts (~1,000 kg) of relatively homogeneous material. Deposits were
collected in the field in 2016 and returned to the lab for characterization by scanning electron microscopy,
sieving, and laser diffraction particle size analysis.
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3.1.1. Sampling Site at MSH, Washington
Roughly 1,000 kg of bulk deposit was sampled ~8 km north of MSH, from an area known locally as the
“ramp” (46.26957°N, 122.18092°W). Here, the 1980 deposits are fine grained, locally >1–2 m thick, and were
emplaced as multiple, dilute pyroclastic density currents on the afternoon of 18 May 1980 (Phases III–IV of
Criswell (1987)). Water erosion of the deposits since 1980 has produced Badlands‐type topography with out-
crops along gully margins 1–2 m high. Samples were collected from a gully margin using shovels and placed
into six, 110‐liter steel drums with lids on 20 July 2016 (Figure 1). The drums were removed by helicopter
and then transported to the Desert Research Institute facility in Las Vegas, Nevada.

The deposit offered several desirable characteristics for this study. First, being from the 1980 eruption, it pro-
vides a reasonable approximation of future eruption deposits from MSH. Second, the material is volumetri-
cally abundant and pristine (relatively unaltered glass that has not been reworked/mixed with other
sediments after deposition). By contrast, the MSH 1980 fall deposits farther downwind are thin and mostly
reworked, which would be difficult to sample in large quantities and would probably include foreign parti-
cles. Third, the material is relatively homogenous and fine grained (<1 mm), providing consistent textural
properties for our experiments.
3.1.2. Sampling Sites in the VTTS, Alaska
From the VTTS, we sampled ≈1,000 kg of pyroclastic density current and fall deposits from the 1912
Novarupta eruption (Fierstein & Hildreth, 1992). The material originates from the 6–8 June 1912 eruption
of Novarupta caldera, the largest eruption of the twentieth Century (Hildreth & Fierstein, 2012). We sampled
twomain sites between 6 and 20 km from the caldera on 26–28 July 2016 (Figure 2). At each location, shovels
were used to clear the surface layer of larger nonwind erodible particles and sample the upper ≈3 cm into
30‐gallon steel drums with lids. Samples VTTS 1 and 2 were collected from beneath a lag deposit on a shelf
NW of the Ukak River (58.40151°N, 155.38569°W) and displayed a color (pinkish), poor sorting, and maxi-
mum size of decimeters that suggested them to be the upper part of the ignimbrite, perhaps Package 4 of
Fierstein and Wilson (2005). Samples VTTS 5 and 6 were collected 300 m west of Knife Creek in midvalley
(58.35327°N, 155.30924°W), from beneath a lag deposit of similar size that may represent a remnant of
ignimbrite Packages 4, 5, or 6 based on location (Fierstein & Wilson, 2005). Overall, six barrels of ash were
transported from the VTTS by helicopter back to King Salmon, Alaska, and shipped to the Desert Research
Institute in Las Vegas, Nevada.

VTTS was chosen because it offered an abundant source of material with different characteristics from
MSH (coarser grain size, more crystal rich), allowing the experiments to capture a range of deposit
types. Furthermore, VTTS continues to be a source of active resuspension (Alexander, 1934; Hadley
et al., 2004; Schwaiger & Wallace, 2015), often affecting regional air quality and local aviation
(Hadley et al., 2004).

3.2. Particle Characterization: Scanning Electron Microscopy (SEM) and Grain Size Analysis

Samples were prepared for grain size analysis by lightly crushing the bulk sample with a mortar and rubber‐
tipped pestle to gently break up clusters. The material was dry sieved to 1 mm. For particles <1 mm, we used

Figure 1. Location map of MSH sample site (left) and source of volcanic ash from deposits of dilute pyroclastic density
currents on the afternoon of 18 May 1980, showing MSH in the background (right). MSH = Mount St. Helens.
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a Beckman Coulter LS 13 320 laser diffraction particle size analyzer. Laser diffraction analyses were repeated
three times (60 s each) to obtain an average distribution for each sample. Because the MSH and VTTS
deposits are both dacitic in composition, we used a single optical model—values of 1.5 for the real
refractive index and 0.0005 for the absorption coefficient, based on comparison with published studies
(Ball et al., 2015) and the ISO lookup table (ISO, 2009). Laser diffraction measures the volume percent in
each size class (rather than weight percent like sieving), but results are comparable if a constant particle
density is assumed. Therefore, to combine results from the two methods, we simply multiplied the laser
data by the fraction of ash >1 mm in the whole sample measured by sieving.

3.3. Sample Preparation

Ash samples fromVTTS andMSHwere oven dried at 250 °C for 8 hr. Then
subsamples were placed into eight custom‐built sample boxes, which were
constructed of plywood (1.0 m [L] × 1.0 m [W] × 0.14 m [H]) (Figure 3).

The inside of each sample box was lined with aluminum sheeting to mini-
mize air andmoisture exchange through the sides and bottom. At the cen-
ter of each box, along the bottom surface, a metal electrical junction box
(4 cm per side by 2‐cm depth) was mounted atop the aluminum sheeting.
An electronic temperature and RH sensor was emplaced within the junc-
tion box. The junction box, which had several holes (≈1‐cm diameter) on
each of the four sides, was covered in plastic screening to keep out ash
material but allowed the free flow of air into and out of the junction box
and embedded temperature/RH sensor. Electrical wires that were run
from the junction box to a connector on the outside of the sample holder
box served as communication lines for the temperature/RH sensor as well
as to electrically ground the junction box and the aluminum sheeting
inside of the sample box. Each sample box was large enough to allow up
to four PI‐SWERL tests to be conducted without overlap.

Four sample boxes were filled to a depth of 0.08 m with MSH ash, three
were filled with VTTS ash (one each with VTTS1, VTTS2, and VTTS5),
and one was filled with sand that was collected from the Oceano Dunes,
which are located along the Central Coast of California, USA. The
dune sand was included in the sample mix because of substantial prior
in situ measurement of wind erosion characteristics of this source
using the PI‐SWERL (Etyemezian et al., 2014), which would allow for a
comparison/control for the ash samples, with which we had no prior
experience. The material in each test box was evenly distributed within

Figure 2. Location of VTTS sample sites (Left) and photograph of Site 1 (Right) with crusted surface (Right, inset). VTTS =
Valley of Ten Thousand Smokes.

Figure 3. Stack of aluminum‐lined sample holders inside sample condition-
ing chamber. Orange device is a hydraulic forklift used to maneuver sample
holders within chamber. Temperature and relative humidity sensors were
buried at the center and bottom of each sample holder box (not visible).
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the box using a garden rake and then levelled with a straight edge to remove the ridges created by manipula-
tion with the rake creating a relatively smooth surface. None of the samples was sieved or intentionally dis-
aggregated before loading into the sample boxes.

3.4. Sample Conditioning

Prior to undergoing PI‐SWERL testing, the samples in the boxes underwent conditioning within an environ-
mental chamber (4 m [L] × 3m [W] × 2m [H]) by maintaining the air temperature and RHwithin the cham-
ber at values set by the user. The chamber was constructed of interlocking, thermally insulated aluminum
panels. The edges between adjacent panels were taped to improve insulation. A door (0.9 m × 1.9 m) was
the only entry and exit point from the lab to the chamber.

The temperature and RHwithin the chamber were monitored by sensors at three locations to ensure unifor-
mity, but only one sensor (main) was used to control the two parameters within the chamber. The nominal
temperature set point for all tests was 29 °C. This temperature was chosen because it allowed for achieving
all of the RH set points inside the chamber without having to actively cool the chamber (which would intro-
duce problems related to condensation) given that the temperature of the laboratory housing the chamber
was generally regulated by the building HVAC at 22 °C. The temperature in the chamber was brought to
its set point using two electric heaters located on opposite walls within the chamber. Humidity was added
as needed by bubbling air through a heated deionized water bath that was located within the chamber.
When needed, humidity was lowered by circulating chamber air through a drying capsule that contained
10 kg of molecular sieve material. A second capsule was available so that the molecular sieve material from
one capsule could be oven regenerated, while the other capsule was used to removemoisture from the cham-
ber. A fan was used to constantly circulate air within the chamber and through the gaps between the sample
boxes so that the temperature and RH within the chamber and immediately above the test surfaces were
essentially uniform.

An air filtration system was installed to actively remove suspended particles from the chamber air. The fil-
tration system consisted of an electric vacuum that was fitted with a HEPA rated filter. The vacuum end was
attached to a shroud that was hung from the ceiling. The exhaust from the HEPA filter was routed through a
perforated manifold along one wall of the chamber so that filtered air was introduced diffusely over the
length of the chamber. The air filtration system was used in two ways. First, it served to remove suspended
dust fromwithin the chamber by effectively filtering the air in order to keep airborne particle concentrations
at a manageable level. Second, it served as a dilution device for PI‐SWERL suspended ash as described in the
next section.

All electronic instruments within the chamber were connected to a central data logging and control compu-
ter that recorded data at 5‐s intervals and also controlled the operation of the water bath heater, water bub-
bler, molecular sieve dryer pump, the wall heater units, and the air filtration system.

3.5. Ash Particulate Matter Threshold and Emissivity Testing

Particle entrainment threshold shear velocity, u*t (m/s), and particle emission flux, F (mg·m−2·s−1) were
determined using the PI‐SWERL instrument (Etyemezian et al., 2007, 2014) (Figure 4). Briefly, the PI‐
SWERL consists of a cylindrical chamber (0.30‐m diameter) that is open on one end. The open end is placed
on top of the test surface and is sealed against the surface with elastomeric foam. An annular blade is sus-
pended from the top cylinder approximately 0.05 m above the test surface and connected to a motor at the
top of the cylindrical chamber, which is controlled through software interface. When the motor spins the
blade, shear stress is created on the test surface (Etyemezian et al., 2014) by the rotation of the annular blade.
Clean air is injected into the cylinder at a flow rate of 100 liters per minute (lpm); it mixes with the dusty air
inside and then it is exhausted out of a port at the top of the chamber. A small port at the top of the chamber
is connected to a dust monitor (DustTrak 8530, TSI, Inc.) so that the concentrations of particulate matter
within the chamber are measured once per second. The dust monitor is equipped with a size cut device so
that it measures particles ≤10‐μm aerodynamic diameter (PM10).

Two types of test programs were used in each testing cycle, the “Ramp 3000” test to determine u*t and the
“Hybrid 3500” test for developing the emission flux relationship: F=u*

n. The Ramp 3000 cycle (Figure 5)
begins with a 60‐s clean air flush in which the clean air blower is operating, but the annular blade is still
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so that particles that may have become suspended within the chamber during the placement of the PI‐
SWERL on the test surface are flushed out. Thereafter, the annular blade rotation is linearly increased
from 0 revolution per minute (RPM) to 3,000 RPM over the course of six minutes (500 RPM/minute).
Once the rate of rotation reaches 3,000 RPM or the operator stops the test, power to the blade is cut and
clean air is flushed through the chamber for 90 s to clear out particles suspended within.

For the Hybrid 3500 program (Figure 6), 60 s of clean air flush is followed by an increase of the blade rotation
from 0 to 1,500 RPM over the course of 60 s (1,500 RPM/minute). The rotation rate of 1,500 RPM is held con-
stant for 90 s, followed by an increase in rotation to 2,000 RPM over 60 s (500 RPM/minute). The rotation rate
is held at 2,000 RPM for 90 s before it is increased to 2,500 RPM over 60 s (500 RPM/minute). This is repeated
until the rotation rate is 3,500 RPM or the operator stops the cycle at which time the power to the blade is cut
and the cylindrical chamber is flushed for 90 s.

Resuspended ash was collected from the PI‐SWERL exhaust manifold for analysis of its particle size charac-
teristics. This was accomplished with a Very Sharp Cut Cyclone (VSCC; Kenny et al., 2000) particulate mat-
ter sampler (Figure 4). A battery operated pump and mass flow controller aspirated 16.7 lpm, the design
flowrate for the VSCC, out of the PI‐SWERL exhaust through the inlet line of the apparatus. When in use,
the sampler was configured to turn on at the beginning of the PI‐SWERL test and automatically turn off
at the end. It was used to collect VTTS resuspended material over multiple PI‐SWERL tests. Subsequently,
the hopper was emptied into a labeled container. The sampler was then used over multiple PI‐SWERL tests
to collect resuspended MSH material into the hopper.

Figure 4. (top) Flow schematic for PI‐SWERL dilution tests. Blue arrows schematically represent flow of air, and brown
arrows schematically represent flow of particles. (bottom left) PI‐SWERL on Q1 test quadrant with exhaust shroud (gray).
The orange box was used to collect bulk suspended material for size analysis in a subset of tests. (bottom middle)
Placement of second DustTrak and sample line connection into exhaust filtration duct. (bottom right) Example photo-
graph at the end of (post) testing of Box 7 at 75% RH showing the area tested with the PI‐SWERL (inside circular pattern
above white board). RH = relative humidity.
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It is important to note that, due to the rotational nature of the flow within the cylinder, the PI‐SWERL
behaves somewhat like a cyclone separator. This has the effect of imposing an effective size cutoff on the par-
ticles that are entrained within the PI‐SWERL chamber; smaller particles follow the airflow out of the instru-
ment while larger particles stay inside the chamber. Although systematic measurements have not been
conducted to characterize this effect, it is expected that the cyclonic effect begins affecting particles' ability
to leave the PI‐SWERL starting with particles at around 5 μm in diameter; the effect increases with particle
size so that particles larger than 20 μm in diameter are severely restricted from leaving (we estimate coarsely
5–30% success rate) the PI‐SWERL through the exhaust port and particles larger than 80 μm are unable to

Figure 5. Example PI‐SWERL ramp test used for estimation of threshold for emissions and scaling of PI‐SWERL and dilu-
tion DustTrak instruments. Because of linear scaling of the y axis, it is difficult to see that at 230 s into the test, the PM10
concentrations begin to rise consistently in response to the blade rotation (i.e., threshold had been achieved). Inset
shows the DustTrak 1 signal on a log scale which makes threshold easier to identify.

Figure 6. Example estimation of PM10 emissions at varying levels of u*. Gray‐shaded regions indicate periods when
averages of PM10 concentrations were calculated. PM = particulate matter; RPM = revolution per minute.
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exit the PI‐SWERL chamber altogether. When the cyclonic effect of the PI‐
SWERL is considered in combination with the effect of the VSCC cyclone,
we expect that size distribution analyses conducted on material collected
in the hopper underrepresent particles smaller than 2.5 μm and particles
larger than about 20 μm.

In‐lab PI‐SWERL testing occurred during three time periods. The first
testing period was between 15 March 2017 and 28 April 2017. Samples
were conditioned in the environmental chamber until the embedded tem-
perature and RH sensor indicated that the sample temperature had not
changed more than 1 °C and that the RH had not changed more than
5% in the prior 24 hr. When a sample box was undergoing PI‐SWERL test-
ing, it was moved to the area of the chamber near the air filtration instru-
mentation. The PI‐SWERL was placed on one of the four quadrants of the
test box that had not undergone previous testing (To avoid repeated test-
ing, sample material was reraked and releveled approximately every three
test dates). The exhaust shroud was moved atop the PI‐SWERL exhaust
(Figure 4) prior to commencing tests. Each sample box was tested once,
and two sample boxes were chosen at random for replicate testing on a
quadrant that had not undergone previous testing. Following the comple-
tion of PI‐SWERL testing, the sample box was replaced on the condition-

ing stack and another box was selected for testing. Photographs were obtained prior to and after testing of
each box (Figure 4) to document the appearance of the surface.

During this first testing period, it was discovered that dust concentrations measured in the PI‐SWERL cham-
ber were much higher than anticipated and would frequently exceed the measurement range of the
DustTrak instrument, in some cases very early during a test. These tests were conducted at nominal RH set-
tings of 15%, 25%, 50%, 75%, and 90%. The intent was to obtain measurements over the entire range of RH
levels that are encountered over the course of a typical year (Figure 7). Note that the RH can vary consider-
ably over the course of 1 day or even a few hours. However, ash on the ground would require several hours to
days to react to dramatic changes in RH, so that it is appropriate to consider longer‐term averages of ambient
RH in determining an appropriate range for ash resuspension testing.

The tests conducted during this first period were useful for collecting information on u*t and its relationships
with bulk density and soil moisture in response to changes in RH. However, estimates of PM10 emissions
from these tests are not reported because of the large temporal gaps in the DustTrak data (due to instrument
overranging). The experience of testing during the first period prompted a revision of the testing procedures
for acquisition of data to generate the emission rate data.

Figure 7. Monthly average relative humidity for each of the 30 years
between 1980 and 2010 at the Hanford Washington Station (46.57°N and
119.6°W) as calculated from surface observations of temperature and dew
point derived from the Integrated Surface Database (Smith et al., 2011).

Figure 8. (left panel) Application of water prior to third testing period. (right panel) Masonry block atop wetted surface to
simulate light compression.
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Figure 9. Scanning electron micrographs of MSH volcanic ash used in experiments. (a) Bulk, unwashed sample shows
fresh glass with adhering fines (1) and precipitates coating some surfaces (2). (b) Washed, sieved sample shows unal-
tered, vesicular glass and crystals. Images are from sample MSHB1. MSH = Mount St. Helens.

Figure 10. Scanning electron micrographs of fragments bulk, unwashed particles from VTTS ash used in experiments,
sourced from (a) VTTS3, showing adhering fines; (b) VTTS1, pointing out a crystal; and (c) VTTS3, showing a surface
with alteration and/or precipitate coating. (d) Washed, sieved particles from VTTS2a, highlighting vesicular glass,
including some with elongate bubbles. VTTS = Valley of Ten Thousand Smokes.
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During the second and third testing periods, a means to dilute the concen-
tration was employed based on using a second DustTrak instrument that
sampled the PM10 concentration in the exhaust filtration manifold sus-
pended above the PI‐SWERL (Figure 4). Ramp 3,000 tests were used to
obtain a linear scaling relationship (Figure 5) between DustTrak 1 on
the PI‐SWERL and DustTrak 2 on the filtration manifold, which was sam-
pling particle‐laden air that was exhausted from the PI‐SWERL chamber
and diluted with chamber air. The two vertical marks in Figure 5 along
the horizontal axis show the starting points and endpoints where data
were extracted to obtain a scaling relationship between DustTrak 1 and
DustTrak 2. The criteria for the starting point were that the concentration
of DustTrak 1 had to be above 3mg/m3 and the concentration of DustTrak
2 had to be above 0.1 mg/m3. The criteria for the endpoint were usually
the end of the PI‐SWERL test. In some cases, concentrations of
DustTrak 1 exceeded the 200 mg/m3 upper limit. In those cases, the end-
point was chosen to be the last data point before the concentration of
DustTrak 2 exceeded the limit. The average concentration of DustTrak 1
between the starting points and endpoints was divided by the average con-
centration of DustTrak 2 between the starting points and endpoints. In
Figure 5 those averages were, respectively, 46.8 and 0.57 mg/m3, giving
a dilution factor multiplier (Df) of 82. Dilution multipliers were calculated
for each of the two Ramp 3000 tests during a test cycle. The average of the
two multipliers (88.5 ± 8.6 for the test example) was used as the dilution
multiplier for ensuing Hybrid 3500 tests.

Following the two Ramp 3000 tests, two Hybrid 3500 tests were executed. In these tests, DustTrak 1 was
turned off very early in the test (first few seconds) to avoid overloading the instrument unnecessarily.
Using data from DustTrak 2, average PM10 concentrations in the dilution line were calculated over periods
of constant RPM (see Figure 6). The dilution correction multiplier was then used to estimate PM10 concen-

trations inside the PI‐SWERL chamber (multiplier of 88.5 in the example
shown in Figure 6 based on the preceding two Ramp 3000 tests in the test
cycle). These were then used to estimate PM10 emission factors (EF10,
mg·m−2·s−1) at specific RPM values

EF10i ¼ CPM10;i·FR·0:0000167
Aeff

; (6)

where CPM10,i refers to the average concentration of PM10 inside the PI‐
SWERL chamber over the duration of step i, FR is the flow rate through
the chamber in liters per minute (100 lpm for all tests reported here),
the constant multiplier is a unit conversion adjustment, and Aeff is the
PI‐SWERL effective area (Etyemezian et al., 2014).

The second testing period was intended to elucidate the major effects of
ambient RH on the PM10 emissions. Testing was conducted on samples
conditioned at a temperature of 29 °C and RH values of 50% (6/7/17),
25% (6/14/17), and 75% (6/19/17). The range of RH conditions tested
was reduced during the second testing period as compared to the first
but still covered most of the range of conditions that are likely to be
encountered at Hanford (Figure 7).

The third testing period was intended to elucidate the effect of wetting and
surface crust formation on particle emissions. On 29 September 2017,
deionized water was applied to all sample boxes with a hand sprayer
(Figure 8) to provide water equal to 5 mm of precipitation. The volume
was added incrementally over the course of more than 100 sweeps

Figure 11. Particle size distributions of bulk ash from VTTS and MSH and
resuspended ash from PI‐SWERL experiments. For the resuspended ash,
note that particles <2.5 μm > 5–80 μm were preferentially removed by
processes in the system and are therefore underrepresented in these data.
However, there is a nonnegligible proportion of resuspended particles larger
than 10 μm. Vertical black line shows the lower size limit of resuspended
particles that could be sampled (2.5 μm). Shaded gray box represents the
increasingly efficient removal of ash 5–80 μm by cyclonic action of the PI‐
SWERL instrument. MSH = Mount St. Helens; VTTS = Valley of Ten
Thousand Smokes; VSCC = Very Sharp Cut Cyclone.

Figure 12. Averages of RH from embedded sensors and indicated nominal
RH set points in the environmental chamber. Data shown are for tests
prior to application of liquid water. Vertical bars represent minimum and
maximum individual sample averages. Temperature in chamber and test
boxes was constant at 29 ± 0.5 °C. RH = relative humidity.
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across the surface with the sprayer nozzle. Once the application of water was completed, wax paper was placed
on one of the quadrants of each sample box and overlain with a PVC plastic square (0.43 m × 0.43 m), onto
which a masonry block that weighed 22.2 kg was placed. This provided a light, compressive pressure of
1,170 Pa. All sample boxes were conditioned at 29 °C and 50% RH for the duration of the third testing
period. Testing was completed 5 days after water application (4 October 2017), 10 days after water
application on the compressed surface (9 October 2017), and 12 days after water application (11
October 2017).

3.6. Bulk Density and Moisture Content

Samples of ash were collected to quantify bulk density (kg/m3) and moisture content (%) from each sam-
ple holder box at the end of PI‐SWERL tests for that box. Samples were collected using a stainless steel

Figure 13. Summary of moisture content and bulk density. Vertical dashed lines indicate sample value during testing at
RH = 50% prior to adding water. The horizontal lines show composite Std. dev.s obtained from averaging the standard
deviations of replicate measurements for each of the sourcematerials. (top) Moisture content. (bottom) Bulk density. MSH
= Mount St. Helens; VTTS = Valley of Ten Thousand Smokes; RH = relative humidity.

10.1029/2018JD030076Journal of Geophysical Research: Atmospheres

ETYEMEZIAN ET AL. 9548



scoop (16.5 cm3 of volume per level scoop). The hemispherical scoop was lowered to the surface and
rotated into the surface to cause minimal disturbance of the material and its packing. The scoop was
slightly overfilled, but then carefully leveled to the full mark using a metal straight edge, again to
minimize affecting the packing of the material. Using this technique, two scoops were collected from a
portion of the test surface that was covered by the PI‐SWERL during testing and were placed in a
preweighed metal tin with a cover. Two additional scoops were collected from a portion of the test
material that was not subjected to testing and were placed in a separate preweighed metal tin. The
metal tins were weighed to a precision of 0.001 g (Denver Instrument, Bohemia, New York, Model
APX‐153) within 1 min of sample collection to ensure that the weight reflected the material prior to
evaporation of any water. The metal tins were placed in the oven (149 °C) with loose covers and
allowed to dry for 24 hr prior to being reweighed. Moisture content was taken as the mass of water in
the sample divided by the mass of the sample. Bulk density was calculated as the mass of the collected
material (including moisture) divided by the collected volume.

4. Results
4.1. Particle Characteristics

Using a scanning electron microscope, images of the MSH particles reveal abundant fresh, vesicular glass
fragments (Figure 9) with angular, irregular shapes, and outer surfaces dominated by bubble outlines.
Most surfaces appear fresh (lacking signs of clay alteration or weathering), with small adhering particles
(Figure 9a‐1), although a few surfaces are coated with precipitates (Figures 9a‐2).

Table 1
Threshold Friction Velocities From First and Second Ramp Tests

RH or
wetness condition

RH
15%

RH
25%

RH
50%

RH
75%

RH
90%

Rain + 5
days

Rain + 10
days

Rain + 12
days

Oceano sand
First ramp
Threshold u* (m/s) 0.50 0.51 0.48 0.46 0.47 0.55 0.53 n/a
Std. dev.a 0.05 0.05 0.05 0.05 0.05 0.05 0.05 n/a
n 1 2 2 2 1 1 1 0
Second ramp
Threshold u* (m/s) 0.38 0.40 0.39 0.40 0.41 0.39 0.38 0.42
Std. dev.a 0.03 0.04 0.04 0.04 0.04 0.03 0.03 0.04
n 1 2 2 2 1 1 1 1
VTTS
First ramp
Threshold u* (m/s) 0.24 0.27 0.27 0.30 0.31 0.35 0.44 0.38
Std. dev. 0.03 0.03 0.03 0.04 0.03 0.04 0.09 0.06
n 2 6 6 6 3 3 3 3
Second ramp
Threshold u* (m/s) 0.37 0.37 0.36 0.33 0.36 0.31 0.33 0.32
Std. dev. 0.03 0.03 0.04 0.03 0.08 0.03 0.03 0.03
n 2 6 6 6 3 3 3 3
MSH
First ramp
Threshold u* (m/s) 0.26 0.29 0.31 0.35 0.35 0.35 0.30 0.34
Std. dev.a 0.03 0.03 0.04 0.03 0.03 0.03 0.04 0.03
n 4 8 8 7 4 4 4 1
Second ramp
Threshold u* (m/s) 0.37 0.37 0.39 0.40 0.43 0.43 0.41 0.44
Std. dev.a 0.03 0.03 0.05 0.04 0.06 0.04 0.04 0.04
n 4 8 8 8 4 4 4

Note. Two consecutive ramp tests were conducted on each test surface. The results from these two tests were sufficiently
different to warrant separation.
aWhere the number of replicate measurements was fewer than two, standard deviations were estimated as the average
of standard deviations among samples where there were sufficient replicates to calculate standard deviations. RH =
relative humidity; VTTS = Valley of Ten Thousand Smokes; MSH = Mount St. Helens; n/a = not applicable.
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The ash collected from the VTTS is more variable than MSH ash and
reflects both the different depositional environment and ageing since
the eruption. Microscopically, the dominant fragments are angular parti-
cles of bubble‐rich glass with adhering fines (Figure 10a) and crystals
(Figure 10b). Many of the fragments have fuzzy surface coatings suggest-
ing alteration or precipitates on their surfaces (Figure 10c).

4.2. Particle Size Distribution of VTTS and MSH Bulk and
Resuspended Samples

Figure 11 shows the particle size distribution of bulk ash samples from
VTTS and MSH, as well as the resuspended fraction collected from multi-
ple PI‐SWERL tests. The resuspended particles were collected from the
hopper under conditions of u* from 0.39 to 0.85 m/s during PI‐SWERL
testing. Keep in mind that the sample of resuspended ash underrepresents
the real abundance of particles smaller than 2.5 μm and particles larger
than about 20 μm due to the system design (section 3.5). This is illustrated
in Figure 11 with a “cutoff” at 2.5 μm (vertical black line) and a shaded
box from 5 μm (particles least impacted by cyclonic action) to 80 μm (all
particles removed by cyclone). Despite the limitations of our sampling sys-
tem, the observations are interesting—the resuspended material contains
a surprising amount of particles >10 μm (17–25 vol% in these analyses).
Notice the striking similarity in size distributions of resuspended ash from
VTTS and MSH deposits in Figure 11, despite very different parent
deposits. It is unclear if this similarity is partially an artifact of the
sampling process or related to similarities in the size distribution of
“resuspendable ash” in the parent deposits. Characterizing the size distri-
bution of resuspendable ash from different types of deposits should be a
topic for future experimental work. A final consideration in viewing the
data from Figure 11 is that the resuspended ash was collected very near
the deposit surface. It is unknown from these experiments how the size
distribution would evolve in a lofted cloud over the minutes and hours
following resuspension.

4.3. Ash Moisture and Bulk Density

The sample material (internal) RH essentially matched the set point tar-
gets in the environmental chamber (15%, 25%, 50%, 75%, and 90%) prior

to testing (Figure 12). The change in moisture in the samples, expressed as the mean percent moisture con-
tent, is shown for MSH, VTTS, and Oceano Dune sand in Figure 13. Prior to the addition of liquid water, the
moisture contents were extremely low for all three materials even under conditions of RH of 90%, with all
values of moisture content <0.6%. Under the same RH conditions, Figure 13 shows that the bulk density
was not sensitive to RH. The mean bulk densities and associated standard deviation of the mean for all
RH conditions combined for the MSH, VTTS, and Ocean Dunes sand were, respectively, 1,338 kg/m3

(±36 kg/m3), 1,505 kg/m3 (±32 kg/m3), and 1,939 kg/m3 (±68 kg/m3).

After the MSH 18 May eruption, the bulk density of the fall deposit was measured at varying distances from
the volcano (Figure 339 of Sarna‐Wojcicki et al., 1981). Before the first rainfall, it was very loosely packed,
with bulk densities generally <1,000 kg/m3, and in some cases much lower. After the first rainfall, the bulk
density increased at least twofold due to compaction. Based on this, bulk densities replicated in the labora-
tory studies presented here are a reasonable match to MSH ash fall deposits that have been exposed for a few
days and subjected to rain.

4.4. Threshold Shear Velocity

Threshold shear velocity (u*t) of each ash deposit was calculated from the data obtained during the Ramp
3000 tests (See Table 1). An example of the output of this type of test is shown in Figure 5. In the example
shown, u*t was visually determined to have occurred where the vertical dashed line crosses the x axis

Figure 14. Threshold shear velocity, u*t. Data are segregated by thresholds
calculated from the first Ramp 3000 and second Ramp 3000 tests. Vertical
bars represent standard deviations based on replicate measurements where
available (shown only for second Ramp 3000 tests for clarity). (a) Threshold
and RH. (b) Threshold after surface wetting and in 50% RH environment.
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230 s into the test. At this point in the test, the annular blade was rotating at 1,411 RPM. Although this visual
identification is somewhat subjective, when viewed on a logarithmic scale, it is generally easy to identify the
point at which the PM10 concentrations measured by the DustTrak begin to rise consistently with the
increasing rate of blade rotation. The threshold RPM is converted into a u*t value using the relationship
from Etyemezian et al. (2014)

u* ¼ C1 α4 RPMC2=α (7)

where C1 is a constant (=0.000683), C2 is a constant (=0.832), and α has the assigned value of 0.90 for all
surfaces tested (based on the surface roughness designation), giving an equivalent u*t of 0.37 m/s in the
example shown in Figure 5.

The first of the two successive Ramp 3000 tests in nearly all cases provided
a lower u*t estimate than the second for MSH and VTTS samples. We attri-
bute this to the test surface being initially overly prone to particle entrain-
ment because of the mixing and smoothing during preparation. Following
the first test, themost readily suspendable material would be removed and
unavailable for the second test. In contrast, for Oceano Dune sand, the
first Ramp 3000 test consistently gave a higher u*t than the second test.
A possible explanation is that the flattening of the sand surface during
sample preparation increased the threshold. However, once sediment
transport initiates, the surface rapidly assumes an uneven form with rip-
ples and other regular features. These features apparently reduce the
threshold for transport on sandy surfaces. In all cases, we propose that
the threshold measured during the second Ramp 3000 test is more mean-
ingful as it more closely represents a surface that has been exposed to
environmental conditions.

For the u*t values (from second Ramp 3000 tests) shown in Figure 14a, the
ranges of u*t over the RH range of 15% to 90% are 0.37 m/s (±0.03 m/s) to
0.43 m/s (±0.06 m/s) for the MSH samples, 0.33 m/s (±0.03 m/s) to 0.37

Table 2
Summary of Emissions From Resuspension

RPM 1500 2000 2500 3000 3500
u* (m/s) 0.39 0.50 0.62 0.73 0.85

EPM10 Std. dev. EPM10 Std. dev. EPM10 Std. dev. EPM10 Std. dev. EPM10 Std. dev.
Oceano sand
RH 25%, n = 2 0.02 0.00 0.06 0.01 0.15 0.01 0.40 0.04 0.99 0.06
RH 50%, n = 2 0.04 0.01 0.10 0.02 0.26 0.05 0.62 0.04 1.8 0.1
RH 75%, n = 2 0.04 0.00 0.06 0.01 0.12 0.02 0.37 0.05 0.85 0.03
Rain + 5 days, n = 2 0.04 0.00 0.08 0.02 0.17 0.01 0.57 0.00 1.4 0.2
Rain + 10 days, n = 2 0.10 0.03 0.12 0.03 0.26 0.03 0.69 0.15 1.4 0.2
Rain + 12 days, n = 2 0.08 0.02 0.10 0.01 0.21 0.04 0.38 0.05 0.69 0.18
VTTS
RH 25%, n = 6 1.7 0.5 9.1 2.4 18 4 34 8 70 18
RH 50%, n = 6 2.7 1.2 9.6 2.8 20 5 42 10 82 18
RH 75%, n = 6 1.1 0.4 3.1 0.8 6.6 1.5 13 3 26 5.8
Rain + 5 days, n = 6 0.97 0.28 2.9 0.6 6.1 0.8 13 1 30 3
Rain + 10 days, n = 5 0.72 0.38 2.4 1.0 5.1 1.9 11 4 25 8
Rain + 12 days, n = 6 1.9 0.7 4.7 1.5 9.7 2.4 20 5 43 10
MSH
RH 25%, n = 8 11 4 67 10 180 10 350 10 530 10
RH 50%, n = 8 6.0 2.4 36 11 110 20 280 30 430 40
RH 75%, n = 8 3.6 1.2 17 4 60 8 130 10 250 20
Rain + 5 days, n = 7 5.4 2.8 26 9 98 21 230 20 360 30
Rain + 10 days, n = 8 4.4 1.8 20 7 69 16 170 20 280 20
Rain + 12 days, n = 8 6.9 3.7 22 9 70 20 150 30 230 30

Note. RPM = revolution per minute; RH = relative humidity; VTTS = Valley of Ten Thousand Smokes; MSH = Mount St. Helens.

Figure 15. PM10 resuspension emissions at RH of 50% for the three samples
tested. The dashed lines are power law regression fits (equations omitted
for clarity). Vertical bars are standard errors and represent the precision
of the measurement. RH = relative humidity; VTTS = Valley of Ten
Thousand Smokes; MSH = Mount St. Helens; PM = particulate matter.
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m/s (±0.07 m/s) for the VTTS samples, and 0.38 m/s (±0.03 m/s) to 0.41
m/s (±0.04 m/s) for the Oceano Dunes sand. Linear regression shows that
with increasing humidity, u*t, increases slightly forMSH and Oceano sand
but decreases slightly for the VTTS sample. However, we suggest that the
relationship between humidity and threshold shear relationship is modest
at best, due to the high standard deviations and the subjective identifica-
tion of u*t from PI‐SWERL tests (see section 3.5).

Figure 14b shows the u*t values measured 5, 10, and 12 days after wetting
the sample with the equivalent of 5 mm of rain. Note that the deposit 10
days after wetting also experienced compaction from the masonry block
over the 10‐day period. These measurements were not found to differ sys-
tematically from the wetted‐only surfaces, and any additional compaction
offered by the block is hereafter assumed to have had a negligible effect.

From these tests simulating the effects of light rainfall, we again saw a
notable difference between u*t from the first and second Ramp 3000 tests.
For MSH, u*t is higher for the second test (consistent with the experiments
varying humidity), indicating that the surface initially releases some read-
ily suspended particles. In contrast, the VTTS samples have a higher u*t for

the first test. The application of liquid water may result in the formation of a protective crust, perhaps due to
the more altered state of the VTTS ash with more abundant clay and/or precipitates (refer to SEM images
and particle description). Once destroyed by the first test, the crust no longer provides protection.

An overall finding is that the differences in u*t from simulated rainfall are essentially the same as those
observed from varying the RH. Therefore, if there is an effect of wetting (such as by formation of a thin crust
in the VTTS sample), it is not one that endures under active wind erosion conditions Moreover, the RH sen-
sors embedded in the test boxes were measuring RH in excess of 95% up to 10 days after wetting. The RH in
the environmental chamber was set at 50% and prior experience indicated that the RH within the test boxes
would equilibrate with chamber RHwithin 10 hr or so. The near 100% RH 10 days after wetting indicates the
continued presence of liquid water in the sample boxes. Even during the testing conducted 12 days after wet-
ting, the RH in only four of the test boxes had dropped below 95% (ranging from 70% to 85%), indicating the
presence of at least some amount of liquid water in the sample box. This suggests that the proximity of liquid
water (at least 3 cm below the surface) to the surfaces tested did not have an impact on u*t.

4.5. Particle Emission Rates

The PM10 emission rates for ash by resuspension as a function of u* are summarized in Table 2. They are
compared among the VTTS, MSH, and Oceano samples at an RH of 50% in Figure 15. For comparable u*
values, resuspension emissions from VTTS ash are almost 2 orders of magnitude greater than from
Oceano Dune sand. MSH ash emissions are another half an order of magnitude higher. In all cases, the dif-
ferences are greater than measurement uncertainty, expressed as standard errors (standard deviation
divided by the square root of the number of samples less one).

It is helpful to compare the range of u* that was simulated in the laboratory setting with the actual setting of
the ash deposits. Direct measurements of u* are not routinely reported from surface meteorological monitor-
ing networks, but numerical weather predictionmodels such as the weather research and forecasting (WRF)
model do provide forecasts of wind speeds as well as u*. The output of the WRF model for Hanford as
described in Ngan and Stein (2017) from 1980 to 2010 was available for this type of analysis. Between
1980 and 2010, wind speeds estimated by the WRF model (with 27‐km resolution) at about 8 m AGL ranged
from 0 to about 18 m/s. The link between wind speed and u* (see equation (5)) is provided by an assumed
gross aerodynamic roughness height (z0). In WRF, the area around Hanford is classified mostly as shrub
land (z0 = 0.01–0.05 m), dry crops (z0 = 0.05–0.15 m), and irrigated crops (z0 = 0.02–0.1 m) with some grass-
land (z0 = 0.1 to 0.12 m). Shear velocities as high as 1.4 m/s were computed over the same period, although
the majority were under 0.6 m/s (Figure 16). Shrub land, which has lower aerodynamic roughness lengths,
had, on average, higher wind speeds but lower u* values.

Figure 16. Distribution of u* values when u* >0.30 m/s from weather
research and forecasting model output for 1980–2010 for Hanford,
Washington. Solid gray is for areas of shrub land, and the black line is for
areas of dry crop land.
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It is important to note that the shear stress that is imparted onto the
gross landscape is not equal to the shear stress (same for u*) that is
experienced by the deposited ash that is in between surface physical
roughness elements such as shrubs, where it is reasonable to expect that
the overwhelming majority of deposited ash will be. Given that the rela-
tionships developed in the present work are for a bare surface, it is
appropriate to consider a shear stress partitioning scheme (e.g., Gillies
et al., 2007; Raupach et al., 1993; Shao & Yang, 2008), whereby the shear
velocity provided by an NWP model for the gross landscape is adjusted to
account for the protection that is offered from roughness elements.
Pierre et al. (2014) and King et al. (2005) provide useful comparisons of
drag partition schemes. The Marticorena and Bergametti (1995) relation-
ship adapted by MacKinnon et al. (2004) is useful as it only requires
knowledge of the aerodynamic roughness length, which can be supplied
by the NWP model. Assuming an aerodynamic roughness of 0.001 m for
a bare ash surface, the Marticorena and Bergametti (1995) relationship
used in Pierre et al. (2014) gives a shear stress adjustment factor of
0.74 for gross landscape roughness of z0 = 0.01 m (shrub land) and
0.44 for z0 = 0.15 m (dry crops). Noting that u* is proportional to the

square root of the shear stress and that the highest value of u* achieved
during in‐lab testing (corresponding to 3500 RPM) was 0.85 m/s, then it
can be estimated that the measurements reported here are directly
applicable to gross landscape u* values up to 1.0 m/s for shrub land
and 1.3 m/s for dry cropland. These are comparable to the top end of
the values shown in Figure 16, indicating that the measurements con-
ducted in the lab occurred over a range of u* values that is relevant for
in situ conditions.

Numerical weather model predictions of u* were not as readily available
for VTTS. Similar shear stress partitioning considerations would apply

as for the Hanford location when translating u* provided at some height
above the surface at VTTS (e.g., by a numerical model or meteorological
tower) into the shear that is experienced by the wind‐erodible portion of
the ash, the portion that was subjected to testing in the laboratory mea-
surements described here.

Changes in emission rates due to changes in ambient humidity are
shown in Figure 17. Overall, the effect of humidity is modest compared
to differences between samples. The Oceano Dune sand does not show
a clear trend, perhaps related to a smaller number of samples (one sam-
ple box compared to three from VTTS and four from MSH). We note
that the magnitude of emissions is in line with what Etyemezian and
Gillies (2016) reported for in situ measurements conducted in the field
at the Oceano Dunes (median values of 0.05, 0.6, and 1.4 mg·m−2·s−1 at
equivalent u* of 0.50, 0.73, and 0.85 m/s, respectively—when a value of
α = 0.90 is used for conversion between PI‐SWERL RPM and u*, as was
done in the present work).

The VTTS and MSH samples both show a decrease in emissions at the highest RH of 75% (Figure 17). These
effects are significant even considering the variability of the measurements, which are expressed as the stan-
dard error of sampling in Figure 17.

Consistent with prior work (e.g., Ishizuka et al., 2014), the general relationship between particulate matter
emissions and u*, for the ash and sand materials, appears to be well represented by a power law equation of
the type (see also equation (4))

Figure 17. PM10 resuspension emission with varying shear velocity and
RH. Vertical bars are standard error of the mean emission rate based on
replicate sampling. (top) Oceano sand, (middle) Valley of Ten Thousand
Smokes ash, and (bottom) Mount St. Helens ash. RH = relative humidity;
PM = particulate matter.
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EF10 ¼ cua* (8)

where the coefficients c and a are obtained by fitting the PI‐SWERL data as shown in Figure 17. This fit is
more straightforward to conceive of as a linear fit to the log transform of equation (8)

Log10 EF10 PM10 mg m−2s−1
� �� � ¼ aLog10 u* m=s½ �ð Þ þ b (9)

A summary of the parameters a and b for the data collected during this study is provided in Table 3.

Figure 18 shows the effect of simulated rain followed by drying at RH of 50% for 5, 10, and 12 days of elapsed
time from sample wetting. Results are compared with emission factors measured without the addition of
water (also at 50% humidity). The VTTS samples appear to be affected by the addition of water, with emis-
sion factors lowered by a factor of approximately 3 for 5 and 10 days following the application of simulated
rain (10 days following application is when testing on the slightly compressed quadrant was completed). By
the twelfth day after water application, emission factors remained statistically below but were returning to
prewetted values. The effect is more subtle for the MSH samples. Generally, the wetted surfaces had slightly
lower emissions than the unwetted surface, but there does not seem to be a relationship between the time
that the surface was allowed to dry and the emission factors (e.g., emission factors 12 days after water appli-
cation appear to be slightly lower than 5 days after water application, which is not what is expected). In any
case, differences in emissions were comparable to the standard errors of the measurements and it is unclear
if such differences could be considered statistically significant. The sample from the Oceano Dunes does not
exhibit a consistent relationship between days after application of water and magnitude of emission factors.
Again, this may be because of the comparatively small sample size.

5. Discussion
5.1. Threshold Shear Velocity

The estimated mean values for u*t (and the associated standard deviations) for the MSH, VTTS, and Oceano
Dune sand samples over the range of RH conditions tested are, 0.39 m/s (±0.03 m/s), 0.40 m/s (±0.01 m/s),
and 0.36 m/s (±0.02 m/s), respectively. The data shown in Figure 14 suggest that the effect of RH on u*t for

Table 3
Fitting Parameters to Equation (9)

Source material
RH

condition

Emission function parameters

Emission function
parameter uncertainties for
log‐transformed parameters

a b a b

VTTS 25% 4.53 2.18 0.32 0.08
50% 4.30 2.21 0.11 0.03
75% 3.94 1.66 0.11 0.03

Rain plus 5 days 50% 4.26 1.72 0.21 0.05
Rain plus 10 days + light compression 50% 4.41 1.67 0.18 0.05
Rain plus 12 days 50% 3.94 1.86 0.20 0.05
MSH 25% 4.91 3.18 0.43 0.11

50% 5.53 3.13 0.34 0.09
75% 5.48 2.85 0.19 0.05

Rain plus 5 days 50% 5.51 3.05 0.31 0.08
Rain plus 10 days + light compression 50% 5.40 2.90 0.23 0.06
Rain plus 12 days 50% 4.63 2.75 0.20 0.05
Oceano 25% 4.83 0.27 0.29 0.07

50% 4.89 0.50 0.37 0.09
75% 3.85 0.07 0.66 0.17

Rain plus 5 days 50% 4.68 0.36 0.55 0.14
Rain plus 10 days + light compression 50% 3.55 0.30 0.61 0.15
Rain plus 12 days 50% 2.90 ‐0.02 0.39 0.10

Note. RH = relative humidity; VTTS = Valley of Ten Thousand Smokes; MSH = Mount St. Helens.
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these ash samples is limited. In the case of the MSH samples from the pre-
sent work, increasing the RH from 15% to 50% increased u*t by 7%.
However, crust formation did not appear to be a relevant process based
on the observation that surface emissions were unchanged after simulated
rainfall (Figure 18). For comparison, Ravi and D'Odorico (2005) reported
for mineral soils in California's Mojave Desert and the Canyonlands
region in Utah a relative increase in threshold wind speed measured at
3 m AGL (resulting in the same relative increase in u*t; see equation (5)),
between 12% (Crucero, CA site) and 24% (Soda Lake, CA site) for the
change from <10% RH to ≈35%. Del Bello et al. (2018) reported an
increase in u*t by ≈50% for sieved particles (<63 μm) from ash from the
Campi Flegrei region of Italy and ≈130% for the same size range for ash
from the 2010 Eyjafjallajökull eruption in Iceland. Little or no change in
u*t was observed for larger particle size fractions (63–125 and 125–250
μm) from those two sources as a result of varying the RH between 10%
and 90%.

VTTS samples showed a more ambiguous relationship to humidity.
Increasing the RH from 50% to 75% lowered the threshold for the deposit
slightly (c.f., Ravi & D'Odorico, 2005), but the difference was of compar-
able magnitude to the uncertainty of the measurements.

For other locations where u*t for volcanic ash deposits has been estimated
from available wind data, or modeled, the range of reported values is quite
restricted. Folch et al. (2014), Leadbetter et al. (2012), and Liu et al. (2014)
report values of 0.4 m/s for u*t for deposits in Argentina and Iceland.
Thorsteinsson et al. (2011) report a u*t of 0.42 m/s for ash deposits in
Iceland, matching closely the model‐derived value of Liu et al. (2014).
These values are consistent with our results (0.39 and 0.40 m/s for MSH
and VTTS, respectively). Compared to threshold wind speeds suggested
by Fowler and Lopushinsky (1986) of (2.5–3 m/s), our results support
higher threshold wind speeds that are close to 8 m/s at 10 m AGL, assum-
ing a surface aerodynamic roughness of 0.005 m, which corresponds to a
relatively smooth, non‐egetated surface. Although Sehmel (1982) also
supported the lower threshold wind speeds for MSH that were estimated
by Fowler and Lopushinsky (1986), it was also suggested that their field
measurements could have been biased by emissions from an area upwind.

5.2. Particle Emission Rates

Resuspension of volcanic ash by wind has been recognized to be a
potentially significant source of regional atmospheric particle loading
(Hadley et al., 2004; Leadbetter et al., 2012, among others), and this is
strongly supported by our experimental measurements. Ash deposits
from VTTS and MSH are among the highest emitting sources
ever measured.

Our resuspension relationships for the VTTS and MSH samples
(Figure 17) are compared to the range of emissions for mineral dusts
made during various field studies in Figure 19. The lower gray‐shaded

area bounds the range of emissions reported from six field studies (Gillette, 1979; Gomes et al., 2003;
Nickling & Gillies, 1993; Nickling et al., 1999; Sow et al., 2009) as compiled by Kok et al. (2012). The
upper shaded area bounds the range of emissions reported for the Slims River delta sediments in the
Yukon Territory of Canada, by Nickling (1978). Emission rates from these deltaic sediments (Nickling,
1978), which were composed of ≈53% medium to very fine sand (500‐ to 62.5‐μm diameter), ≈45% silt
(4–62 μm), and 2% clay (≤2 μm), are, to our knowledge, among the highest reported in the literature

Figure 18. PM10 resuspension emissions 5, 10, and 12 days after the addi-
tion of water equivalent to 5 mm of rainfall. Vertical bars are standard
error of the mean emission rate based on replicate sampling. (top) Oceano
sand, (middle) Valley of Ten Thousand Smokes ash, and (bottom) Mount St.
Helens ash. RH = relative humidity; PM = particulate matter.
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for wind erosion. These latter rates reported by Nickling (1978) appear
to envelope the VTTS (≈74% sand, ≈24% silt, ≈1% clay) and MSH
(≈29% sand, ≈71% silt, <1% clay) emissions data. Note that the MSH
and VTTS emissions are reported for PM10 and those measured by
Nickling (1978) likely included larger particles. The emission rates of
VTTS and MSH would increase if the measured airborne particle size
range was modified to include the particles >10 μm in aerodynamic dia-
meter. We estimate that the emission rates could be 20% higher based
on the size distribution of resuspended ash in Figure 11 but even this
is probably an underestimate because the PI‐SWERL imposes its own
particle size cutoff on larger particles.

The measurements made in this study show that fresh ash deposits
(simulated by reconditioned VTTS and MSH samples at bulk densities

of 1,200–1,350 kg/m3) are extremely emissive and highly susceptible to
resuspension. The potential emissions from resuspension of ash deposits
similar to VTTS and MSH samples would represent a significant risk to
human health for people in the vicinity of such emissions. An important
caveat to this is that the emissions reported are for relatively smooth, non-
vegetated surfaces. The presence of vegetation and other nonerodible
roughness within the terrain could significantly reduce resuspension.
Increasing amounts of nonerodible roughness elements will require
higher regional wind speeds to reach the threshold shear velocity
(Gillies et al., 2007; Raupach et al., 1993; Shao & Yang, 2008).

Direct measurements of emissions are needed to validate estimates
derived from physical models of resuspension potential (e.g., Folch
et al., 2014), inferred emissions and thresholds based on ambient concen-
trations of ash particles (e.g., Lui et al., 2014; Thorsteinsson et al., 2012),

and/or measurements from analog experiments (e.g., present study; Fowler & Lopushinsky, 1986; Bristow
& Moller, 2018).

6. Conclusions

This study characterizes volcanic ash resuspension from two of the twentieth Century's most significant
volcanic eruptions in North America—MSH 1980 and Katmai 1912 in the VTTS, Alaska. Laboratory tests
conducted with a portable wind tunnel and environmentally conditioned samples of ash from these
eruption deposits indicate a threshold shear velocity for ash mobilization that is not very sensitive to
RH and with a value of ≈0.4 m/s, which is in line with previous studies from field measurements
and modeling.

The relationships between particle emission rates and shear velocity indicate that the MSH and VTTS ashes
are some of the most erodible deposits yet quantified. Over the u* range of 0.4 to 1 m/s, the emission of PM10

ranges from 10 to >100 mg·m−2·s−1. These emission rates have the potential to adversely impact human,
animal, and possibly plant health due to extremely high mass concentration levels of airborne particulate
matter under elevated wind shear conditions. The resultant concentrations of airborne ash may also reach
levels that threaten the capacity of air handling systems in industrial facilities. The actual severity will be
dependent upon the duration of the elevated shear stress conditions.

Among the deposits tested, at constant RH (50%), MSH resuspension emissions at comparable shear veloci-
ties were a factor of 3 or so higher than VTTS, which were in turn 2 orders of magnitude higher than PM10

emissions from a control dune sand sample. At higher RH (75%) resuspension emissions of VTTS and MSH
were attenuated (by a factor of 3 or so) compared to lower RH levels (25%, 50%). Wetting of the samples to the
equivalent of 5 mm of rainfall followed by subsequent drying at RH of 50% showed that MSH was virtually
unaffected by liquid water once the surface was dry (<5 days). Wetting of VTTS appeared to attenuate resus-
pension emissions for a longer duration (at least 12 days).

Figure 19. Emissions of dust measured using the PI‐SWERL for the VVTS
and MSH samples compared with available field data reported for surfaces
emitting mineral dust. The VTTS andMSH emissions are represented by the
best fit lines from Figure 17. The lower gray polygon bounds emissions
measurements reported in six studies from various locations around the
globe (as summarized by Kok et al., 2012). The upper gray polygon bounds
the emission data of Nickling (1978) as reported by Kok et al. (2012). The
hatched lines with triangle symbols represent emissions measured using
PI‐SWERL by Sweeney et al. (2016) for coppice dune areas in China. The
solid lines with circle symbols represent emissions measured using
PI‐SWERL in the Nebraska Sand Hills (brown, solid circles) by Sweeney and
Mason (2013) and in Mojave Desert coppice dune areas (purple, open
circles) by Sweeney et al. (2011). The symbols represent data from Owens
Lake as determined from sun photometry data by Niemeyer et al. (1999).
VTTS = Valley of Ten Thousand Smokes; MSH = Mount St. Helens.
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