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Abstract  14 

The resuspension of volcanic ash by wind is a significant source of hazard during and after volcanic 15 

eruptions. Parameterizing and modeling ash resuspension requires direct measurement of the 16 

minimum wind shear stress required to move particles, usually expressed as the threshold friction 17 

velocity U*th, a parameter that, for volcanic ash, has been measured only scarcely and always in the 18 

laboratory. Here, we report the first field measurements of U*th for volcanic ash, with a portable wind 19 

tunnel specifically developed, calibrated, and tested. Field measurements, performed on natural 20 

reworked ash deposits from Sakurajima (Japan) and Cordón Caulle (Chile) volcanoes, agree well 21 

with our laboratory determinations on ash from the same deposits, with values of U*th ranging from 22 

0.13 to 0.38 m/s. Our results show that the median grain size of the deposit and particle shape have a 23 

stronger control on U*th than the local substratum nature and deposit texture.  24 

1.  Introduction 25 

The resuspension of volcanic ash by wind following explosive eruptions is a well-known hazard 26 

(Arnalds et al., 2013; e.g., Hobbs et al., 1983; Miwa et al., 2018; Panebianco et al., 2017; Wilson et 27 

al., 2011). Besides the main control exerted by the local wind field, volcanic ash resuspension is also 28 

influenced by other factors, including: 1) atmospheric humidity; 2) features of the deposit (grain size 29 

distribution, particle morphology, sedimentary structures, etc.), and 3) features of the substrate (i.e., 30 

moisture, roughness) (De Vet et al., 2014; Del Bello et al., 2018; Douillet et al., 2014; Hadley et al., 31 

2004; Liu et al., 2014; Miwa et al., 2018). 32 

Volcanic ash resuspension is initiated when wind friction velocity overcomes the so called ‘threshold 33 

friction velocity’ U*th of a particle, detaching particles from a surface and emitting them into the 34 

atmosphere (Fécan et al., 1999; Greeley and Iversen, 1985; Iversen and White, 1982; Marticorena 35 

and Bergametti, 1995; Shao and Lu, 2000). Such parameter largely varies according to particle 36 



 

 

microphysical properties, like e.g., size, sphericity, and porosity, making the U*th of volcanic 37 

particles, typically vesicular and irregular in shape, very different from that of, e.g., well rounded 38 

sand particles (e.g. De Vet et al., 2014).  39 

U*th is a critical parameter to initialize numerical simulations that can forecast volcanic ash 40 

resuspension and dispersal in semi-real time during an eruption (Beckett et al., 2017; Folch et al., 41 

2014; Hammond and Beckett, 2019; Leadbetter et al., 2012; Reckziegel et al., 2016), but that requires 42 

emission schemes that are calibrated for volcanic particles.  So far, however, such models have relied 43 

on U*th parameterizations that are based on non-volcanic particles and often derived from idealized 44 

laboratory wind tunnel settings (i.e. Bagnold, 1941, Greeley and Iversen, 1985, Shao and Lu, 2000).  45 

Measurements of U*th for volcanic ash have only been performed in the laboratory and for a limited 46 

number of test cases and environmental factors (Del Bello et al., 2018; Etyemezian et al., 2019; 47 

Fowler and Lopushinsky, 1986). In contrast, studies on wind transport in general and U*th 48 

measurements - particularly for soils and sand deposits - have largely benefited from direct 49 

measurements in the field, using portable wind-tunnels or other devices (Macpherson et al., 2008; 50 

Mejia et al., 2019; e.g., Nickling and Gillies, 1989; Pietersma et al., 1996; Sirjani et al., 2019; 51 

Sweeney et al., 2008; Van Pelt et al., 2010; Van Pelt and Zobeck, 2013). For volcanic ash, in-situ 52 

effects on U*th like e.g., textural features of the ash deposit, nature of the substrate onto which the ash 53 

is deposited (either natural or anthropic), soil and environmental humidity changes, have not been 54 

parameterized and potentially affect how particles are detached from the ground and resuspension is 55 

initiated. To this end, field measurements are crucial to study such natural factors and to capture their 56 

heterogeneity through time and across space. 57 

In view of increasing the availability, accuracy, and precision of volcanic ash U*th measurements, 58 

and also in the perspective of quick response to future volcanic eruptions, we performed the first 59 



 

 

field-based measurements of the U*th of volcanic ash by wind by developing and testing a small-60 

scale, specifically designed, portable wind tunnel. The wind tunnel was calibrated in the laboratory 61 

and field tests were reproduced in the laboratory under controlled conditions.   62 

2. Threshold friction velocity 63 

U*th is typically studied within the framework of the particle saltation theory, where force balance 64 

models are used to quantify when wind-induced aerodynamic lift and drag forces exceed particles 65 

gravity and adhesion forces (e.g., Bagnold, 1941; Shao and Lu 2000, Merrison et al 2007). Based 66 

upon wind-tunnel experimental data where particle saltation threshold was measured (Greeley and 67 

Iversen, 1985; Iversen and Rasmussen 1999), Shao and Lu (2000) developed one semi-empirical 68 

force balance model to predict the size dependence of the threshold friction velocity using two 69 

empirical constants, one expressing the ratio between gravity and lift forces (An) and the other the 70 

ratio between adhesion and lift forces (γ ∙ An), i.e.     
      

     

  
 

 

    
 , where ρp and ρa are 71 

particle and air densities, g is gravity, r is the particle radius. The parameter values found for 72 

Terrestrial conditions using this model were   = 0.0123 and               , for sand (Shao 73 

and Lu, 2000) and ‘dry’ volcanic particles (Del Bello et al., 2018). In another force balance model, 74 

developed to fit specific experimental data (Merrison et al. 2007, Merrison et al. 2012), the forces of 75 

adhesion (            , gravity (   
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. Here, Cadh, CL and CT are the respective coefficients of adhesion, lift and 78 

effective size dependent torque coefficient. In the case of CT = 0 the Shao and Lu (2000) and 79 

Merrison et al. (2012) models become entirely equivalent with conversion of the relevant coefficients 80 



 

 

being An = 2π/3CL, γ = 6Cadh/π. The Merrison et al. (2012) model, as opposed to other force balance 81 

models (e.g. Greeley and Iversen, 1985; Shao and Lu, 2000) allows the individual contribution of 82 

each acting force coefficient relating U*th to volcanic ash grain size to be empirically derived. Based 83 

upon previous wind tunnel detachment experiments, this model better reproduced experimental data 84 

for volcanic ash in a variety of humidity conditions, using parameter values of; CL = 160, CT = 1.6 × 85 

10
6
 m

-1
 and Cadh varying from 1.8 × 10

-4
 to 1.1 × 10

-3
 N/m depending upon particle morphology (i.e. 86 

shape and porosity), and relative humidity (Del Bello et al., 2018). 87 

Experimentally, the threshold friction velocity is determined from detecting initial saltation of 88 

particles (e.g. Iversen and White, 1982). The onset of particle transport through saltation is 89 

characterised by a first regime of discontinuous saltation flux – or bursting – where particles are 90 

released in intermittent bursts due to the turbulent wind velocity fluctuating around the so-called 91 

fluid, or static, threshold (Bagnold, 1941). When particles subsequently collide with the bed and eject 92 

other grains, a cascading response is triggered until particle flux becomes continuous and the 93 

dynamic threshold is reached (e.g., Carneiro et al. 2015). 94 

3.  Materials and Methods 95 

3.1 Study cases 96 

Two study areas were selected: freshly erupted volcanic ash from multiple Vulcanian explosions at 97 

Sakurajima volcano (Japan), settled in proximal areas, and a distal volcanic ash deposit from the 98 

2011 Plinian eruption of Cordón Caulle volcano (Chile) (Fig. 1). Sakurajima volcano (hereafter SK), 99 

located in southern Japan, produces minutes-long explosions on a daily basis, with transient ash 100 

plumes 1 to 5 km high (Iguchi et al., 2013). The ash forms by fragmentation of a dense, largely 101 

crystallized andesitic magma plug (Iguchi et al., 2008), and the particles are mostly blocky in shape 102 



 

 

and poorly vesicular (Miwa et al., 2013). This ash is continuously resuspended by winds, causing 103 

trouble to people living in the surrounding villages, and, depending on the wind strength and 104 

direction, carried over into the nearby city of Kagoshima (Poulidis et al., 2018).  105 

The Puyehue-Cordón Caulle (hereafter CC) is a stratovolcano in the Southern Volcanic Zone of the 106 

Chilean Andes. A months-long eruption occurred at CC in 2011. In the first days of the eruption, the 107 

fragmentation of the rhyolitic magma generated vesicular volcanic ash that was injected up to 14 km-108 

high into the atmosphere (Bonadonna et al., 2015). The ash, dispersed mostly eastward by the 109 

prevailing winds, settled over a large area of the Argentinean Patagonia (Panebianco et al., 2017), 110 

and, resuspended by wind, caused great economic and environmental damage through the following 111 

years (Craig et al., 2016; Forte et al., 2018).  112 

All the tested ash beds were reworked deposits. The SK deposit was the result of ash accumulated 113 

over several days/weeks of volcanic activity whereas CC deposits were eight years old at the time of 114 

the experiments, and both have been repeatedly subjected to wind erosion and transport, and rain 115 

events. 116 



 

 

 117 

Figure 1. (a-b) Location (white dots and associated run names) and source volcanoes (red stars) of the test case 118 

volcanic ash deposits. SK test sites are located at 3-5 km from the source, an active vent of Sakurajima 119 

volcano (Japan), whereas CC one is located in the Patagonian Steppe (Argentina), 250 km away from the 120 

Puyehue-Cordón Caulle stratovolcano (Chile) 121 

3.2 Experimental setup and runs 122 

The Portable Wind tunnel for Ash Resuspension (PoWAR) is a custom-designed, small wind tunnel 123 

that generates a controlled wind flow within a 110x12x12 cm transparent test section open at the 124 

base, which can be placed directly on an ash test bed. PoWAR is conceived as a simple, low-budget 125 

prototype made of off-the-shelf materials. The Plexiglas ® test section is preceded by a cardboard 126 



 

 

inlet (also open at the base), and followed by a cardboard junction, in turn, connected to the airflow 127 

generator, a commercial leaf blower (Dream Power ® EB-26D) set in suction mode. Attached to the 128 

airflow outlet there is an ash sampler, i.e., a plastic cylinder with a funnel bottom and a collecting 129 

vial (Fig. 2). Wind speed is measured by a hot wire anemometer (PCE ® 423, precision ± 5% of 130 

reading, 1 Hz sampling rate) at the down-flow end of the test section and 5 mm above the testbed.  131 

Particle motion is documented using up to two high-speed (HS) cameras (Optronis ® CR600x2 and 132 

NAC ® HX6) and two high-definition (HD) camcorders (Sony ® FDR-AX 100E). The high-speed 133 

cameras recorded particles motion at high spatial (25 µm per pixel) and temporal (2000 frames per 134 

second) scales, either from the side or from the top of the transparent test section. The camcorders 135 

recorded at 60 frames per second, capturing images of the particles either at the wind tunnel inlet or 136 

from the top (Fig.2, Fig. 3a and e).  137 

 138 

Figure 2. (a) Sketch of the experimental apparatus and location of the high-definition (HD) and high-speed 139 

cameras (HS). 140 

To measure U*th, ramp-up experiments were performed by increasing the wind speed stepwise over 141 

time from a minimum of 1 m/s to a maximum of 6-9 m/s (with 2 cases up to 12.5 m/s). Step height 142 

and duration was 0.5 m/s and 2 minutes, respectively. During each experiment, lasting ca. 20-25 143 



 

 

minutes, wind velocity and HD videos were recorded continuously, and one (0.55 s long) HS video 144 

was recorded in the middle of each wind step. Resuspended ash was collected at every step for 1 145 

minute in a vial that was replaced between each step. It must be noted that this sampling 146 

methodology only allowed to collect the coarser particles of the resuspended material, the finest 147 

portion (roughly lower than ~30 µm) being transported and dispersed out by the airflow. For each 148 

step: 1) the average wind velocity (and its standard deviation) was calculated over the 2 minutes-long 149 

wind step window, 2) the mass of ash particles collected by the sampler was obtained by weighing, 150 

and proxies for the amount of moving particles were quantified from video analysis. For SK, the 151 

number of moving particles was estimated automatically for each frame of the HS videos after image 152 

subtraction and image thresholding, via the ‘analyse particles’ routine of the ImageJ freeware 153 

(Schneider, C. A., 2012) (see Video 1 for an example of HS video and particles count), and the 154 

cumulative number computed over 1000 frames. For CC, particle automatic detection was not 155 

possible due to the low contrast between CC rhyolitic ash particles and the background, so instead, 156 

HD videos were used. Grey tone changes were analysed within a region of interest by using the 157 

‘measure’ routine of ImageJ (see Video 2 for an example of HD video and grey tone measurement), 158 

and the average grey tone value computed over the ca. 2000 consecutive frames corresponding to 159 

each wind speed step. Sampled mass, particle count, and grey tone measurements are well 160 

reproducible within each experiment and are used only to identify the onset of U*th. During all 161 

experiments, environmental conditions, i.e., ambient temperature, humidity and wind speed and 162 

direction, were constantly recorded using a HOBO ® weather station at 1.5 m above the ground.  163 

 164 
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 166 

Video 1: Determination of the resuspension threshold friction velocity by high-speed imaging. The video is a 167 

montage of three short video sequences, each 0.55 s long, at three steps of increasing U* (0.22, 0.24, and 0.26 168 

ms
-1

) during run SK6. The left-hand panel shows the original high-speed video (image width is 62 mm), while 169 

the central panel shows the same video after image subtraction (mathematical subtraction of pixel values of 170 

one frame from the subsequent one, effectively removing the static background). In the right-hand panel, the 171 

cumulative number of particles counted in the image subtraction video over time, after arbitrarily setting a 172 

grey level threshold and a minimum number of pixel per particles. The sharp increase in the number of 173 

resuspended particles for increasing U* is evident. 174 



 

 

 175 

Video 2: Determination of the resuspension threshold friction velocity by high-definition imaging. The video 176 

covers the whole duration of experiment CC1 and is shown at 50 times the original speed. In the upper panel, 177 

the frontal view into PoWAR by high-definition video, showing the test bed (bottom, in the foreground) and 178 

the hot wire anemometer (7 mm across for scale, in the background). In yellow, the region of interest over 179 

which the mean grey tone is measured. In the bottom panel, changes in the mean grey tone over time. The 180 

vertical lines mark the time when U* was increased to the corresponding step value. 181 



 

 

The SK experiments were performed in January 2019 at two localities at about 3 and 5 km from the 182 

active vent. At the Kurokami branch of the Sakurajima Volcano Research Center, we performed runs 183 

SK1-3 consecutively on the same testbed, i.e., the ash-covered (thickness ca.1 cm) concrete parking 184 

lot, and runs SK 4 and 5 on two different grass-free land patches. At a parking lot between two local 185 

roads, we performed run SK6 on the asphalt covered by an ash layer (thickness ca. 1 cm, Fig 3a-b) 186 

with a ripple-like surface (Fig. 3c-d). Environmental conditions during the experiments were air 187 

temperature 10-14 °C, relative humidity (RH) 44-51%, wind speed 0.7-1.7 m/s. 188 

The CC experiments were performed in October 2019 around the city of Ingeniero Jacobacci in the 189 

Patagonian steppe of Argentina and about 250 km from the source volcano. There, the CC ash is 190 

present as meters-large, 3-5 centimeters thick patches mostly surrounded by sparse vegetation. CC1-3 191 

experiments were run consecutively on the same testbed, i.e., ash (thickness ca. 5 cm, Fig. 3e-f) 192 

covering a small, flat land patch. Environmental conditions during the experiments were air 193 

temperature 13-15 °C, and RH 22-23%, with no appreciable wind. 194 

Two laboratory resuspension experiments were performed at the Aarhus University Wind Tunnel 195 

Simulator II (AWTSII) using unsieved SK ash samples and following the experimental procedure of 196 

Del Bello et al. (2018), using 5% and 83-96 % RH ambient humidity, respectively. These controlled 197 

experiments (ramp-up, with 2 min width and 0.5 m/s height wind speed steps) investigated: i) the 198 

effect of ambient humidity on the U*th, and ii) any possible resuspension difference between an 199 

artificially prepared, homogeneously thick ash layer (5 mm) and the ash beds in the field,  i.e. subject 200 

to natural reworking processes. We also repeated a field SK experiment using PoWAR in the 201 

laboratory, on an ash sample collected before the SK-6 run and artificially prepared with a scraper 202 

into a homogeneously thick (3 mm) layer .  203 



 

 

 204 

Figure 3. Experimental procedure and ash sampling. (a-b) Apparatus deployment and post-test sampling of ash 205 

from the testbed after run SK6. (c-d) Example of an undisturbed pre-experiment and post-experiment testbed 206 

(run SK6), zoomed in the red inset. (e-f) Apparatus deployment before run CC1-3 and sampling of the CC ash 207 

near the CC1-3 site. Volcanic ash is the light tan patch near vegetation. Vertical ruler for scale (20 cm). 208 

3.3 Setup calibration 209 

PoWAR was calibrated at AWTSII using three independent methods to characterize airflow 210 

development as a function of airspeed as measured by the hot wire anemometer (Fig. 4). First, with 211 



 

 

PoWAR deployed as in the field, a Laser Doppler Anemometer (LDA, DANTEC ®) was used to 212 

measure the horizontal and vertical component of the wind speed along the centreline of the test 213 

section and 2 cm above the base, at different positions along the test section (15, 40, 60, 80 and 105 214 

cm from inlet side). In this case, the basal surface used for the calibration was glued with 200 µm 215 

sized sand particles. LDA measurements were converted to shear velocity, U* as per Del Bello et al. 216 

(2018). Secondly, using a Pitot tube the average horizontal velocity was measured in the test section 217 

over a sand and an ash bed at elevations of 3.5, 6, 9, 15 and 25 mm, and in the same position as the 218 

anemometer. This is within the zone where the turbulent boundary layer with constant bed shear 219 

stress has a log-linear segment (The Law of the Wall, White, 1991). This allowed U* to be calculated 220 

from a log-linear fit to the measured velocities and von Karman’s constant (k=0.4). Thirdly, in the 221 

laboratory, POWAR was applied (as in the field) on four different sand beds each composed of 222 

uniform samples (average particle diameters 125, 170, 240, 320 µm, respectively) having known U*th 223 

(Iversen and Rasmussen, 1994). For each bed the hot-wire signal was measured at saltation threshold. 224 

It should be noted that in two field experiments (SK5-6) the range of friction velocities exceeded the 225 

range used in the calibration (U* > 0.33 m/s ), and therefore, in this case, an extrapolation of the 226 

calibration curve has been made. 227 

 228 



 

 

Figure 4. Portable wind tunnel calibration. Relationship between the wind speed in the wind tunnel, measured 229 

by hot wire anemometer, and friction velocity (U*), obtained by i) Laser Doppler Anemometry, ii) Pitot tube 230 

profiling of the vertical wind flow, iii) U*th measurements of well-characterized sand material (Iversen and 231 

Rasmussen, 1994). Error bars are the standard deviation of the measured wind speed over the run duration (X-232 

axis) and the measurement variance of LDA and Pitot tube measurements (Y-axis). 233 

3.4 Ash samples characterization 234 

Ash samples were collected before, during, and after the experiments. Pre- and post-experiment 235 

samples were collected at the side of the testbed and from it, respectively (Fig. 3b, c). Ash particle 236 

morphology was characterized under a Field Emission Scanning Electron Microscope (FESEM, 237 

JEOL ® JSM 6500F) at INGV Roma, and particle size distribution of the samples was determined by 238 

laser diffraction granulometry (MALVERN ® 2000) at the Dept. of Science of the Università Roma 239 

Tre (Fig. 5).   240 

4. Results 241 

SK particles are mostly non-vesicular to poorly vesicular and blocky in shape, including a relatively 242 

large proportion of loose crystals. CC particles are largely vesicular, of ragged and irregular shape, 243 

and almost entirely composed of glass shards with very few loose crystals. The particle size 244 

distribution (PSD) of SK samples is relatively broad and strongly skewed towards the coarse 245 

fraction¸ while the PSD of CC samples is less skewed, much finer and better sorted. In all cases 246 

except one (SK5), the post-experiment samples tend to be depleted for particles in the size range 100-247 

500 µm relative to the pre-experiment ones. 248 
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Figure 5. Morphology and grain size distribution of ash samples. (a) FESEM images of representative ash 250 

particles from the SK and CC samples (left-hand and right-hand pictures, respectively). (b) Grain size 251 

distribution of the pre- (blue) and post- (red) experiment ash deposits. Each curve is the average of 30 252 

measurements, with the standard deviation in the error bars. Median (Md50) and modal values are also 253 

reported. Note that in the SK lab case, a post-experiment residual sample was not available due to total sample 254 

removal. 255 

The different methods used to detect particle detachments, i.e., video analysis and ash sampling, 256 

provided closely matching results (Fig. 6). In both SK and CC datasets, ash deposits with a coarser 257 

PSD show steeper curves, departing from zero at the lowest U* values in the two datasets. As the 258 

median grain size of the deposit decreases, the curve starts to depart from zero at higher shear 259 

velocities, i.e. at higher U* values.  260 



 

 

 261 

Figure 6. Results from field and laboratory U* ramp up tests. In each panel, different proxies for the amount of 262 

resuspended particles are plotted against the mean U*. (a-f) SK field experiments: sampled mass of 263 

resuspended ash collected in the ash sampler (white filled symbols), and number of resuspended particles 264 

crossing the field of view of the high-speed camera (grey filled symbols). (g) SK laboratory experiments: 265 

removed mass measured in dry (5 % RH, white filled symbols) and wet (83-96 % RH, black-filled symbols) 266 



 

 

environmental conditions. (h-j) CC field experiments: sampled mass (white symbols) and mean gray tone of 267 

the high definition camera video (after background subtraction). Note variable vertical axes scale. Horizontal 268 

bars are RMSE of the wind-speed-friction velocity calibration fit curves (0.02 m/s for field data and 0.08 m/s 269 

for lab data).  270 

In all methods, the threshold friction velocity U*th was visually determined to have occurred where 271 

the y-axis value of the data in Fig. 6 start to significantly depart from zero. The mean U*th is 272 

calculated taking the minimum and maximum U* values corresponding to the mean friction velocity 273 

of the wind steps preceding and following the threshold, respectively (Fig. 7a). The identified 274 

thresholds are confirmed from visual observation during the experiments, where the same U* 275 

intervals corresponded to the transition from intermittent to sustained bursting (Carneiro et al. 2015). 276 

For Cordón Caulle, U*th values calculated from the sampled mass of CC 1-3 show a clear increase in 277 

mean U*th with progressive run number, however, the values obtained from the greyscale analysis do 278 

not match in run CC3, showing a drop in mean U*th. For Sakurajima, the SK2 run exhibits a smaller 279 

mean U*th (but within min and max U*th range) than SK1, whilst run SK3 shows a clearly higher 280 

mean U*th, value (Figure 7a). 281 



 

 

 282 

Figure 7. U*th values for Sakurajima and Cordón Caulle ash. (a) U*th for each run as obtained from sampled 283 

mass (white boxes) and video analysis (grey boxes). Note that Runs SK 1-3 and CC1-3 are for three 284 

consecutive runs on the same testbed. Threshold is identified visually from the curve segments in Fig 6 were 285 

the y-axis value of the data significantly depart from zero. The boxes comprise the lower and upper U*th values 286 



 

 

(box height, corresponding to min and max U* of the curve segment, and the mean U* th value (red line). (b) 287 

U*th (obtained from sample mass) as a function of the median grain size distribution of our field experimental 288 

data (SK field and CC field), compared with our laboratory determinations (SK lab) and literature values (Del 289 

Bello et al. (2018) and Etyemezian et al. (2019)). Horizontal and vertical error bars are the 25
th
-75

th
 percentiles 290 

of the grain size distribution and the RMSE of the calibration fit curve (Fig. 4), respectively. Lines are force 291 

balance equation fits (Merrison et al., 2007) to SK (red) and CC (blue) ash deposits considering three fitting 292 

parameters (see text). Inset shows closer view of the central part of (b). Runs SK2 and CC2 are not shown, as 293 

no grain size data were collected in the middle of the repeated runs on the same testbed. 294 

Mean U*th values for CC data, in the range 0.13-0.19 m/s for median diameter values of 89-81 m, 295 

are remarkably lower than SK ones, ranging from 0.19 to 0.38 m/s for median diameter values 211-296 

110 m. Comparing field results with laboratory experiments on the SK ash provide constraints in 297 

terms of humidity effects (Fig. 7). In particular, the laboratory experiments performed at dry 298 

condition (5% RH) both in the environmental chamber and in PoWAR provided mean U*th of 0.25 ± 299 

0.03  m/s, matching well the field derived values with similar median size at RH conditions of 45-300 

50%. Conversely, for the same median grain size, the environmental chamber experiment at RH 83-301 

96 % provided a higher value of mean U*th (0.31 m/s). 302 

Our field-based data are compared with published laboratory determinations from Del Bello et al. 303 

(2018) and Etyemezian et al. (2019), on volcanic ash from the following eruptions: Eyjafjallajökull, 304 

2010 (EY, Iceland); Campi Flegrei Pomici Principali Layer A, 10 ka (CF, Italy), Novarupta, 1912 305 

(VTTS, USA), and Mount St. Helens, 1980 (MSH, USA). For all these literature data, we report data 306 

for dry (RH < 16%) and wet (RH> 82%) experimental conditions (Fig. 7b). We applied to our data 307 

the force balance model of Merrison et al. (2007, see section 2) to model the U*th dependence on 308 

median grain size. We considered a particle density ρp =2400 kg/m
3
 (Suh et al., 2019) and 1400 309 

kg/m
3
 (Pistolesi et al., 2014) for SK and CC field data respectively, and applied a nonlinear least-310 



 

 

squares method using Matlab Curve fitting toolbox, imposing non-negativity bounds on the three 311 

fitting parameters (Cadh, CL, and CT). In this case the Merrison model provided the best fit to the 312 

observed SK and CC data (R
2
 0.79 and 0.42, respectively), and the resulting values of the fitting 313 

parameters were Cadh= 2.4 x10
-3

 N/m and 2.5 x10
-4

 N/m, CT =1.0 × 10
7
 m

-1
  and 9.9 × 10

6
 m

-1
, 314 

respectively. When Cadh  is considered as the fitting parameter, and the two other coefficients are 315 

assumed constant (CL = 160 CT = 1.6 × 10
6
 m 

-1
, as per other volcanic particles, Del Bello et al., 316 

2018), a poorer fit is obtained (R
2
 0.53 and 0.11, respectively) and the resulting values of the fitting 317 

parameters are Cadh= 7.4 x10
-4

 N/m and 9.7 x10
-5

 N/m for SK and CC, respectively. Overall, all data 318 

follow a common trend of decreasing U*th with increasing median size. Wet conditions always result 319 

in higher U*th with respect to dry ones, more markedly for the smaller grain sizes. Ash samples from 320 

individual eruptions display clear specificities. The ‘dry’ EY and CF ash experimental data align on 321 

the modelling fit for CC data. Conversely, the ‘wet’ EY and CF ash experimental data are placed 322 

within the SK and CC modelling fits. VTTS and MHS ash data are not described by any of the two 323 

modelling curves. 324 

 5. Discussions 325 

5.1 The variability of threshold friction velocity of volcanic ash 326 

A noticeable difference appears in the field-measured U*th values of CC and SK ash deposits, the 327 

former being more easily remobilized by wind. Factors that may explain this difference include 328 

variations in i) the grain size distribution of the two deposits, ii) particle morphology and vesicularity, 329 

and iii) texture and substratum of the ash deposits. 330 

Concerning the grain size distribution, the larger range of U*th values measured for SK with respect 331 

to CC is consistent with the broader range of median particle diameter of the different testbeds of SK. 332 



 

 

However, differences in the median diameter fails to explain the differences between CC and SK. In 333 

fact, the finest SK and the coarsest CC samples have similar median particle diameter (~100 µm) but 334 

the former has a higher U*th. The former ash is also significantly less sorted than the latter (Fig. 5 and 335 

horizontal error bars in Fig. 7), but this cannot explain the different U*th. In fact, poorer sorting 336 

should result in larger availability of larger particles and thus in lower U*th (see below). 337 

Vesicularity plays a central role in the lower U*th of CC with respect to SK ash particles, the former 338 

being highly vesicular and of irregular shape, the latter being an extreme case - in volcanic products - 339 

of low- to non-vesicular particles of blocky shape. In the CC case, high vesicularity implies a low 340 

bulk density, reducing the gravitational force, and a very irregular particle shape (Fig. 5a), which 341 

decreases the effective contact radius and thus adhesion force (Goldasteh et al., 2012; Johnson et al., 342 

1971). A parametric analysis using the force balance model shows that density differences between 343 

SK and CC cause a negligible change in U*th, while the shape-related adhesion coefficient, one order 344 

of magnitude lower in CC relative to SK samples, is the dominant factor explaining the 345 

remobilization of CC ash at such low friction velocities. 346 

Textures and substratum of the ash deposits do not seem to play a crucial role in controlling U*th. 347 

Runs performed on paved surfaces covered with ripple-like ash beds (SK1-3, Fig. 3e) do not show 348 

significant variations from runs performed on ash-covered soils (SK 4-5), both groups not deviating 349 

significantly from the size-dependent trend predicted by the force balance model (Fig. 7). 350 

Furthermore, the deviation of the data points from the model is within the range established by 351 

varying humidity during laboratory determinations of U*th on the same SK ash samples, suggesting 352 

that substratum nature and deposit structure contribute only secondarily to influencing resupension 353 

threshold. 354 

The results of our field experiments are in line with previous laboratory determinations of U*th (Fig. 355 



 

 

7). The SK ash field experiments highlight the control of the grain size distribution on U*th in the 356 

investigated size range, and lie on the upper end range of the behaviour of EY and CF ash samples in 357 

wet laboratory conditions (Del Bello et al., 2018). The CC ash model curve reveals that CC, EY and 358 

CF ash samples in dry laboratory conditions follow a common trend. CC ash samples display the 359 

lowest U*th ever measured so far for volcanic sediments, as a result of their very irregular particle 360 

morphology. However, it should be noted that the measured value is within the uncertainty of the 361 

corresponding value of Campi Flegrei in dry conditions. This very low U*th contributed to exacerbate 362 

the effects of wind resuspension in the Argentinean Patagonia after the CC eruption (Dominguez et 363 

al., 2020). 364 

5.2 Threshold friction velocity and ash deposit evolution over time 365 

With the exception of SK5,  after all experiments, we observed depletion of the ash deposits for 366 

particles in the size range ca. 100 - 500 µm, with SK1-3 and SK6 residual samples showing clear 367 

relative enhancement of particle fractions greater than 500-600 µm. We also observed, at least in the 368 

CC sampled mass case, a shifting of U*th to higher values when runs were repeated on the same 369 

testbed. We interpret this as being a result of the easier removal of coarse particles. As predicted by 370 

the force balance model, and assuming spherical particles and constant density, particles with larger 371 

diameter are more prone to be detached due to their gravity force and aerodynamic drag dominating 372 

over cohesive force and aerodynamic lift (see Merrison, 2012 for a review). Furthermore, larger 373 

particles likely protruded from the undisturbed test bed, thus triggering bursting events and favouring 374 

early resuspension (i.e., at low U*th) in the very first runs. The increase of U*th over repeated runs on 375 

the same testbed was also observed in the laboratory by Etyemezian et al. (2019), and attributed to 376 

the removal, in the first run, of ‘most readily suspendable material’ resulting from artificial testbed 377 

preparation. Since our field experiments were performed on natural surfaces, increasing U*th over 378 



 

 

repeated wind erosion events may be a natural evolution in ash deposits. Our field testbeds have been 379 

subjected to complex reworking by wind and water for a time span variable from days-weeks at SK 380 

and to years at CC. In particular, at the SK6 site, we witnessed wind-induced ash resuspension and 381 

ash-devils during our field campaign, the ash cover in the parking lot shifting its position from day to 382 

day. Wind resuspension is likely to act on dominantly reworked deposits even in the immediate 383 

aftermath of an eruption, as the top surface of any deposit is often affected by wind and water even 384 

during eruptions, as a function of local climate and depositional rates from the eruption plume 385 

(Dominguez et al., 2020; Forte et al., 2018; Thorsteinsson et al., 2012). 386 

5.3 Field vs. laboratory resuspension experiments 387 

Field measurements of U*th have several advantages over laboratory ones, such as investigating the 388 

effect of local factors, e.g., small-scale variations in grain size distribution and textural features of the 389 

deposits, local environmental conditions, and the presence of small-scale vegetation and slope. 390 

Recently, field-based measurements have been performed for dust emission studies of sand dunes, 391 

using a portable device that estimates both the U*th and the emissivity, i.e. the removed mass of soil 392 

per unit surface and time (Mejia et al., 2019; Sweeney et al., 2008). In our study, we solely focused 393 

on U*th measurements and not on emissivity, that is also important for hazard assessment in the case 394 

of volcanic ash resuspension (Etyemezian et al., 2019). U*th data from PoWAR could be used within 395 

existing empirical models to predict emissivity values once specific deposit characteristics are known 396 

(e.g., Gillette and Passi, 1988; Etyemezian et al., 2019), or, in the future PoWAR could be combined 397 

with a PM10 detector to directly measure the emissivity dependence upon U* in the field. The 398 

transparent test section of PoWAR gives visual access to the detachment dynamics. Although not 399 

reported here, our high-speed cameras filmed, in nature, the fine details of particle motion in 3-D, 400 

including rocking, rolling, detachment, splash, saltation, and ripple-like structure formation. Finally, 401 



 

 

PoWAR measurements are relatively fast, taking about an half-hour including setup, without the use 402 

of electrical power. The use of a commercial camcorder or even a simple ash sampler is shown to 403 

effectively determine U*th (Fig. 6), making PoWAR a rather inexpensive but effective apparatus. 404 

Calibration remains the most demanding task but needs to be performed only once. 405 

The study we performed is the first attempt to parameterize the wind-induced resuspension threshold 406 

of volcanic ash directly in the field, in two very different areas heavily affected by wind-induced ash 407 

resuspension. The PoWAR proved to be a well-calibrated, inexpensive and yet effective tool that can 408 

expand our ability to investigate resuspension processes. Within the limited number of sites tested in 409 

this pioneering study, it appears that, in nature, the median grain size of the deposit and the 410 

differences in particle shape have a first-order control that can mask second-order effects induced by 411 

local substratum and deposit textures. 412 

Conclusions 413 

This study provides the first systematic attempt to parameterize how naturally reworked ash can be 414 

resuspended by wind. Our calibrated small, portable wind tunnel provided an easy and efficient way 415 

to quantify the threshold friction speed for initiation of volcanic ash particle motion, directly in the 416 

field. Our field-based measurements agree well with measurements performed in the laboratory, 417 

showing the interchangeability of field-and laboratory-based measurements. We also show that ash 418 

layers from different eruptions are resuspended differently by wind, depending less on the 419 

heterogeneity of the deposit and the variability of the substratum on which they rest and more on the 420 

size, density, and shape of the particles. 421 
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