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1. Geometrical calibration 

This section provides a visual representation of the workflow used to extract the geometrical 

parameters required for the image calibration required as input into the PlumeTraP program 

(Simionato et al., 2022), illustrating how image-based measurements are translated into input 

parameters.    

Using the minimum camera-image plane distance 𝛾𝑛𝑒𝑎𝑟, maximum camera-image plane 

distance 𝛾𝑓𝑎𝑟, horizontal Field Of View (FOV) 𝜃ℎ, vertical FOV 𝜃𝑣, and inclination of the 

camera 𝜙. The values of 𝜃ℎ, 𝛾𝑓𝑎𝑟 and 𝜃𝑣 were derived from Google Earth, as illustrated in 

Supplementary Figure S1A. The vertical field of view was then obtained from the horizontal 

field of view using: 

𝜃𝑣 = 𝜃ℎ
𝑁𝑖

𝑀𝑖
 , Eq. S1 

 

where 𝑁𝑖 and 𝑀𝑖 are the image height and width in pixels, respectively. The camera inclination 

was determined following the methodology of Snee et al., (2023): 

𝜙 = 𝑡𝑎𝑛−1 (
𝑧𝑟𝑒𝑓−𝑧𝑐𝑎𝑚

𝑑′
) + 𝑡𝑎𝑛−1 [(1 −

2𝑗𝑟𝑒𝑓

𝑁𝑖
) 𝑡𝑎𝑛 (

𝜃𝑣

2
)] , Eq.  S2 



 

where 𝑑′ is the horizontal distance between the camera and the reference point in the image 

frame (approximately the mean of  𝛾𝑛𝑒𝑎𝑟 and 𝛾𝑓𝑎𝑟); 𝑧𝑐𝑎𝑚 is the camera altitude derived from 

Google Earth; 𝑧𝑟𝑒𝑓 is the reference height, taken as the vent elevation; and 𝑗𝑟𝑒𝑓 is the pixel 

coordinate of the reference point Supplementary Figure S1B. All calibration parameters are 

reported in Table S1. 

 

Table S1 Geometrical parameters used as input in PlumeTraP for the three calibrations used in the 

present analysis. It includes the time interval for each calibration. 

Calibration 
Time 

(LT) 
𝛾𝑛𝑒𝑎𝑟 

(km) 

𝛾𝑓𝑎𝑟 

(km) 

𝑑′ 
(km) 

𝜃ℎ 𝜃𝑣 𝑀𝑖  𝑁𝑖 𝑧𝑟𝑒𝑓 

Cal-1 
06:39 -

08:24 
15.93 16.57 16.25 51.12 28.75 1920 1080 3.3 

Cal-2 
08:24 – 

09:13 
16.35 16.49 16.25 34.00 19.12 1920 1080 3.3 

Cal-3 
09:13 -

10:00 
15.31 16.63 16.25 55.90 31.44 1920 1080 3.3 

 

2. Disdrometer velocity calculations 

To ensure the reliability of the disdrometer measurements, raw particle detections were filtered 

to remove physically implausible signals. The filtering procedure follows the approach of 

Freret-Lorgeril et al. (2022) and is based on theoretical settling-velocity constraints. 

Figure S1 Geometrical calibration used for plume tracking  (A) Google Earth image of Etna illustrating 

the configuration involved in the calibration methodology of  Simionato et al., (2022)  to determine 

key geometrical parameters required as input for the PlumeTraP software, including the minimum and 

maximum camera-image plane distances (𝛾𝑛𝑒𝑎𝑟, 𝛾𝑓𝑎𝑟)  and the horizontal field of view (𝜃ℎ). (B) 

Schematic side view of the calibration approach illustrating the vertical field of view (𝜃𝑣), the camera 

inclination (𝜙), and reference geometry (𝑧𝑟𝑒𝑓, 𝑧𝑐𝑎𝑚, 𝑗𝑟𝑒𝑓 and 𝑑’). Sketch modified from Snee et al., 

(2023) 



First, margin fallers were identified and removed. These correspond to small particles (< 0.3 

mm) exhibiting anomalously high settling velocities, typically generated when particles 

partially intersect the laser beam near its edges, leading to an underestimation of particle size. 

Second, particles with unrealistically low settling velocities for their size were excluded. These 

detections fall below the minimum physically expected velocity derived from theoretical 

settling relationships and are therefore inconsistent with gravitational settling behavior. As 

illustrated in Figure S2, the application of these filters isolates a subset of particles that follow 

physically consistent size–velocity trends, forming the basis for all subsequent analyses. 

 

3. Total Erupted Mass (TEM) calculations  

Table S2. TEM estimates for the July 23, 2024 Mount Etna volcano eruption obtained using four 

different fitting methods: straight-line exponential (Pyle, 1989), two-segment straight-line exponential 

(Fierstein and Nathenson, 1992), power-law (Bonadonna and Houghton, 2005), and Weibull 

(Bonadonna and Costa, 2012) approaches. Values were derived from the integration of the measured 

tephra mass-loading dataset. 

Fitting method TEM (kg) 

Straight-line exponential 1.33 × 108 

Two segments straight-line exponential 1.14 × 108 

Power Law 1.07E × 108 

Weibull 1.25E × 108 

 

4. Density calculations using water pycnometry 

Table S3. Particle density measurements obtained from water pycnometry for selected grain size 

fractions from samples collected at location L1.  

Sample  # 
Size 

(µm) 

Calculated 

Density  

Uncertainty 

on the density  

Figure S2. Particle size versus settling velocity measured with the disdrometers at L1 location. Blue 

circles represent the clean-filtered dataset, bounded by the red and blue curves used as filtering 

thresholds. Red circles indicate margin fallers (particles detected at the edge of the sampling area), 

while black circles correspond to particles that have lower velocities than physically expected. 



(kg m-3) (kg m-3) 

B2 500 2528.95 12.49 

B2 500 2849.74 1.39 

B1 710 2225.94 22.97 

B1 710 2122.02 26.57 

B1 1000 1472.77 49.03 

T3 1000 1766.54 38.87 

 

5. Tephra 2 code modification and initial parameters 

 

    Continue → 



  

Figure S3. Excerpt from the part_fall_time function in the /common_src/tephra2_calc.c source file showing the 

implementation of ash-finger settling in TEPHRA2. The highlighted section (red box) contains the only modification 

introduced to the original code: whenever a particle size class is smaller than the critical diameter (𝑑𝑚𝑎𝑥), its individual 

terminal settling velocity is replaced by the measured ash-finger descent velocity (𝑉𝑓). The resulting settling velocity is 

subsequently used to calculate the particle fall time from the particle release height. 



Table S3. Input parameters used in the Tephra2 simulations for the 23 July 2024, Etna eruption. The 

table includes eruption source parameters, vent location and elevation, grain-size range, particle 

densities, column discretization settings, and diffusion-related parameters used to simulate tephra 

transport and sedimentation. Both the standard and modified ash finger simulations were initialized 

using the same input parameters. 

 

Input Value 

Plume height (m) 9233 

Eruption mass (kg m-2) 1.20 × 108 

Vent easting 500024.03 

Vent northing 4177699.5 

Vent elevation 3357 

Max grain size (𝜙) -6 

Min grain size (𝜙) 8 

Eddy const 4.00 × 10−2 

Lithic density (kg m-3) 2700 

Pumice density (kg m-3) 1024 

Col steps 100 

Part steps 100 

Plume model 2 

Alpha 3 

Beta 1.4 

Fall time threshold (s) 200000 

Diffusion coefficient (m2 s-1) 130 

 

 

6. Estimation of wind-driven organization timescales for ash finger formation 

To assess whether ambient wind may have contributed to the spatial organization of ash fingers 

during the 23 July 2024, eruption of Etna volcano, we applied the conceptual framework 

proposed by Freret-Lorgeril et al., (2020). In this framework, wind shear induces counter-

rotating rolls within the drifting ash cloud, locally enhancing particle concentration at the cloud 

base and promoting settling-driven gravitational instabilities. 

The characteristics timescale for wind-driven organization of the plume is defined as:  

𝑡𝑤 =
ℎ

𝑣𝑤
 , 

 

Eq. S3 

Where ℎ is the characteristic plume width and 𝑣𝑤 is the ambient wind speed at the altitude of 

finger formation. The parameter ℎ was estimated directly from the visible-wavelength image 

acquired during the finger-forming phase of the eruption (Figure S4), yielding ℎ ≈ 1385 m. 

Wind velocities were derived from WRF atmospheric profiles constrained to the altitude 

interval between the minimum and maximum plume height observed and the time when ash 



fingers were observed beneath the cloud. Because wind speed varied with altitude during the 

time interval, giving a representative value of  𝑣𝑤 = 16 ± 5 m s-1 was adopted.  

Using these values, the wind-organization timescale is: 

 

𝑡𝑤 =
1385

16
 ≈ 86s , Eq. S4 

 

 

Figure S4. Visible-wavelength image of the July 23, 2024 paroxysmal eruption of Etna at t= 08:24 

LT (UTC +2) illustrating the scaling analysis used to assess the potential influence of wind-driven 

organization on ash finger formation, following the conceptual framework of Freret-Lorgeril et al., 

(2020) 
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