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mined. In this study, tephra sedimentation samples were taken and disdrometer measurements were made si-
multaneously for more than 100 eruptions at Sakurajima volcano. Collected tephra samples were sieved and
classified into two groups, larger than or smaller than 0.25 mm, the assumed detection threshold of the
disdrometer used in this study. A comparison between disdrometer observations and collected samples revealed

?Z;;V:ards' that particles smaller than 0.25 mm were detected when they formed aggregates or when many particles fell
Volcanic ash close enough together to be falsely registered as a single particle, even though they were individually smaller
Disdrometer than the detection threshold. Two particle groups can be distinguished by their effective densities (assuming
Sakurajima spheroid particles). Using samples collected during 44 collection periods (which could each consist of multiple
Calibration eruptions), the tephra deposit load per particle for each combination of diameter and settling velocity classified
Sedim?“““tio“ by the disdrometer was calculated using multivariate linear regression. Compared to simpler approaches the con-
Sampling version formulas presented here were found to lead to more accurate estimates. The tephra deposit load values
estimated using this method for real-time simultaneous observations were constrained to be within two and six
times the sample load. Although the formula is developed based on data from Sakurajima volcano, it can be ap-
plied to other volcanoes with similar activity and expected tephra morphology and the methodology presented

here can be replicated to produce a tailored formula given enough input data.
© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).
1. Introduction are difficult to apply to vulcanian eruptions with low plume heights

and relatively small amounts of tephra, as the deposits can be swept

Obtaining ground samples after an eruption is one of the most im- away by wind and rain or can mix with other deposits released during

portant ways to obtain information for volcanic hazard assessment. Spa-
tial distribution and tephra deposit load values can be used to constrain
eruptive source parameters such as the ejected mass and plume height
of an eruption, as well as the location of vents and direction of prevailing
winds (e.g. Walker, 1971; Sparks et al., 1981, 1997; Rossi et al., 2019).
These can be used as input parameters for tephra transport and deposi-
tion simulations which are of primary interest to relevant authorities to
aid in hazard management (Mastin et al., 2009; Folch, 2012).
Conventionally, deposits are measured by collecting samples during
or just after eruptions or by measuring the thickness of tephra layers.
These methods are useful for large eruptions (Volcanic Explosivity
Index; VEI > 3; Newhall and Self, 1982). However, common methods
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preceding or later events (Poulidis et al., 2019a). As such, an automated
in-situ high-temporal-resolution method needs to be established for
observing tephra fall events in real time.

Optical disdrometers are laser-based devices that measure the num-
ber and aerodynamic characteristics of precipitation particles. Due to
their relative ease of installation and maintenance, disdrometers are be-
coming more frequently used to observe tephra sedimentation (Kozono
etal, 2019; Suh et al., 2019; Freret-Lorgeril et al., 2020). Results suggest
that disdrometer measurements can provide valuable information
about the quantitative features of tephra fall. Automated high-
temporal-resolution observations can produce a time series of tephra
deposit load (e.g. Poulidis et al., 2021a, 2021b; Takishita et al., 2021)
and a network of disdrometers can contribute to the interpretation of
tephra dispersal in both a temporal and spatial manner.

A limiting factor in the use of disdrometers for tephra observations is
the lack of a formula to convert from measured diameter and settling

0377-0273/© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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velocity distributions to tephra deposit load, verified by physical sam-
ples. Originally, disdrometers were designed for precipitation measure-
ments, such as rain (Tokay et al., 2014), snow (Battaglia et al., 2010),
and hail. The shape of liquid particles is uniform and almost spherical,
so rainfall can be calculated precisely for the measured diameter. In con-
trast, the shape of solids varies even when they have the same diameter,
especially among tephra particles (Suh et al., 2019). Furthermore,
tephra can aggregate, creating new particles with densities much
lower than that of single particles with no cavities (Brown et al., 2012;
Bagheri et al., 2016). The presence of aggregates in disdrometer obser-
vations has been shown in many cases at Sakurajima volcano, Japan
(Poulidis et al., 2019a; Poulidis and Iguchi, 2021). Optical disdrometers
detect particle width as diameter, so the measured diameter depends
on the aerodynamics and the particle orientation. This variety of shapes
complicates the measurement of the shape parameter of volcanic ash
particles and, by extension, the determination of a tephra deposit load
formula.

In this study, we measured tephra sedimentation using disdro-
meters and collected samples of particles at the same location. We
then devised an empirical formula to relate the distribution of diameter
and settling velocity measured by the disdrometer and the tephra de-
posit load, and used it to study the time series of the tephra deposit
load. The paper is structured as follows. We introduce the volcanic activ-
ity of Sakurajima, Japan in Section 2. The methodologies used for the
disdrometer observations and calibrations, sample collection, effective
density estimation, and development of the conversion formula are pre-
sented in Section 3. The detection accuracy of the laboratory experi-
ments, intensity threshold required to detect particles, and sample
characteristics are reported in Section 4. Then, particles are classified
into two groups and two independent formulas are obtained. The two
formulas are then used to calculate the temporal evolution of the tephra
deposit for two isolated eruptions. The accuracy of disdrometer obser-
vations and the impact of our findings in the context of tephra sedimen-
tation monitoring and the limitations of the formula are discussed in
Section 5. Section 6 summarizes the main conclusions of the study.

2. Regional setting

The study focuses on Sakurajima volcano (Fig. 1a, b), one of the most
active and closely monitored volcanoes in Japan (Iguchi et al., 2019).
Eruptive activity has occurred continuously at the Minamidake crater
(Fig. 1c) since 1955 with varying levels of activity. The volcano has
one dormant crater (Kitadake) and two active craters, Minamidake
and Showa. The latter is a parasitic crater formed in 1939 and was the
center of activity between 2006 and 2016 (Poulidis et al., 2019b).
Minamidake is further divided into two nearby craters (A and B) and
has been the center of activity since October 2017.

The majority of explosive activity from the volcano since 1955
has been ash-rich vulcanian eruptions, occurring after increasing
pressure causes the brittle plug over the vent to destabilize (Iguchi
et al., 2008). The duration of such eruptions is commonly limited,
lasting from a few minutes up to an hour (Poulidis et al., 2019b).
During recent years, plumes from Sakurajima have, in extreme
cases, reached up to 9.5 km in height above ground level (agl)
(Meteorological Research Institute, 2020); however, plume heights
(Hp) are commonly constrained within 500-5000 m (Poulidis et al.,
2019b) with the number of eruptions decreasing exponentially
against H,, (Fig. 2a). Note that eruptions with plume heights lower
than 1000 m are excluded because such eruptions are neglected by
JMA unless a certain intensity of infrasound is produced.

The cumulative spatial distribution of the total tephra deposit load
from 2009 to 2019 around the volcano is shown in Fig. 2b, based on
data collected by the Kagoshima prefectural government. On the
volcano, the cumulative mass ranges between 30 kg/m? near the
northwestern coast up to 250 kg/m? south of the vent.
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Fig. 1. (a) Location of Sakurajima (red triangle) and large cities within Kagoshima
prefecture. (b) General view of Sakurajima, and (c) Locations of Minamidake craters A
and B and the Showa crater around the summit of Minamidake. Both axes of (b) are
based on the Minamidake-A crater. The rectangle in (b) indicates the range of inset (c).
(For interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)

3. Methodology
3.1. Observational equipment

All optical disdrometers used in this study were OTT's Parsivel?
model, which simultaneously measures the diameter and settling veloc-
ity of particles passing a horizontal strip of light produced by a laser sen-
sor (Loffler-Mang and Joss, 2000; Tokay et al., 2014). As a particle passes
through the beam, the disdrometer measures the output voltage reduc-
tion, which is used to calculate the particle diameter, while the particle
velocity is estimated from the duration of the signal. The shortest possi-
ble choice of sampling duration is 10 s, but a 1 min interval was chosen
in this study to keep the database manageable. Particle diameters were
classified into 32 classes, but only 30 of these (from 0.25 to 26 mm) are
used operationally (Kozono et al., 2019), while the settling velocity is
classified into 32 classes, all under 22.4 m/s. Detailed classification by di-
ameter and settling velocity is included as Supplementary Material
(Table S1).

3.2. Main sampling strategy

Tephra samples from volcanic plumes of Sakurajima volcano were
collected using 3 different methods: i. deployment of a 0.134 m?
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Fig. 2. (a) Frequency distribution of plume height (H,,) for eruptions at Sakurajima during 2009-2019. Parameters x, y, and R in the approximation equation are Hy, eruption frequency, and
correlation coefficient, respectively. (b) Distribution of cumulative tephra load (L,) at stations within 20 km from the Minamidake crater.

sampling box for several days, ii. collection of particles on solar panels or
a stainless steel lid (0.06-1 m?), and iii. in-situ measurement on a sam-
pling plate (approximately 0.1 m? in area) during tephra fall events. The
sampling periods were fixed for the third method, but varied for the first
and second.

Collected samples were sieved using a 2¢ (0.25 mm) sieve. The mass
of each fraction was measured with a 10> g accuracy weighing scale.
The sieving process followed the Japan Industrial Standards methodol-
ogy (JIS, 8815-1994) and the amount of sample lost during sieving
was less than 2% by weight in all samples. In this study, particles smaller
than 0.25 mm are referred to as “sub-2¢ particles” and particles larger
than 0.25 mm are referred to as “super-2¢ particles”.

Tephra samples were collected within 30 m from the disdrometers
for a total of 44 collection periods at 13 sites on the flanks of Sakurajima
(Fig. 3). A collection period may include multiple events at the same
sampling site. We observed tephra sedimentation mainly from discrete
vulcanian eruptions, but some continuous tephra emissions are also in-
cluded. Details on the ash sample collection dates, locations, and
methods are summarized in Table 1. Note that even in the case of events
with a dominant sub-2¢ fraction (e.g., #22, 43) a large number of parti-
cles smaller than the disdrometer classification size were detected.

3.3. Secondary sample collection and calibration sampling and methodology

Aside from the 44 main collection periods, additional sampling was
carried out in order to estimate the threshold of tephra fall intensity

-6-4-20 2 4 km

Fig. 3. Disdrometer observation network. Station KNZ is the site where the tephra deposit
load time series was measured in Section 4.3.

needed for the disdrometer to register tephra particles. We collected
tephra deposits on a 0.1 m? plate next to the disdrometer at intervals
of less than 30 min. A total of 29 samples from 9 eruptions were used
in the study.

Finally, aside from the collection of field samples, a small number of
laboratory experiments were carried out in order to verify the validity of
the particle size measured by the disdrometer. We sieved tephra sam-
ples at Sakurajima into three particle size groups: 0.25 mm to 0.5 mm,
0.5 mm to 1 mm, and 1 mm to 2 mm, and then dropped each size
group over the disdrometer. A portion of each particle size was ex-
tracted and the average weight per particle was determined by dividing
its weight by the number of particles it contained. Then, the number of
particles in the whole particle group was estimated from the total
weight, and compared with the number of particles detected by the
disdrometer.

3.4. Effective density estimation

The terminal velocity of a particle depends on a number of
factors such as diameter, the presence of cavities, sphericity,
and particle density, among others. In this study, we assume the
tephra particles to be spheroids, and the diversity of particle
roughness and cavities is reflected in effective density. The rela-
tionship between the terminal velocity v, (m/s) and the density of
tephra pp (kg/m?) is represented by the following set of equations
(Suzuki, 1983):

~ |4e0(p—p) _ [agDp, 0
3Cpp, 3Cop,
Co=— 22+ 2V107—F )
RoF O
_ pthD

R, 3)

"a

Here, Cp is the drag coefficient, R, is the Reynolds number, g is the
gravitational acceleration (9.81 m/s?), D is the particle diameter (m),
1. and p, are the viscosity (Pa-s) and density of the surrounding
medium (atmosphere), and F is the shape parameter of the particles.
Substituting Eqs. (2) and (3) into Eq. (1), we obtain:
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Table 1
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Location, collection period, number of Vulcanian eruptions (Ng), method of sampling, collected tephra deposit load (L), total duration of disdrometer observations during the period, and
total number of particles detected (Np) for each of the 44 tephra fall events. The locations of the sites are shown in Fig. 2. Collection methods 1-3 are detailed in Section 3.2. There were

continuous tephra emissions in the collection period where N = 0 and in some other collection periods.

# Site Collection period Ng Method L (kg/m?) Disdrometer Observation
Start End sub-2¢ super-2¢ Total Duration (min) Np
1 HAR 2017/5/18 11:00 2017/5/22 10:35 3 1 0.1082 0.0017 0.1099 37 7940
2 HAR 2017/5/22 10:35 2017/5/24 9:40 3 1 0.0412 0.0003 0.0416 14 1004
3 FUT 2017/5/18 10:30 2017/5/24 10:05 6 1 0.0237 0.0007 0.0244 3 298
4 KUR 2017/5/18 11:00 2017/5/24 10:40 6 1 0.1031 0.0043 0.1074 32 1920
5 KUR 2017/6/1 14:35 2017/6/5 10:45 4 1 0.0900 0.0014 0.0914 2 203
6 FUR 2017/6/1 15:10 2017/6/512:00 4 1 0.2813 0.0057 0.2871 35 1529
7 SBT 2017/6/1 15:50 2017/6/5 12:45 4 1 0.0686 0.0002 0.0687 35 2424
8 KOM 2017/6/5 10:20 2017/6/6 10:50 2 1 0.1047 0.0594 0.1642 17 4390
9 FUT 2017/6/5 10:00 2017/6/6 11:15 2 1 0.0418 0.0044 0.0463 4 614
10 HAR 2017/6/5 9:25 2017/6/6 13:10 2 1 0.1473 0.1736 0.321 29 11,697
11 KUR 2017/8/17 11:50 2017/8/17 14:05 0 1 0.0579 0.0746 0.1325 10 3867
12 KUR 2017/9/6 11:30 2017/9/6 15:00 1 1 0.0257 0.0280 0.0537 2 918
13 KUR 2017/9/6 15:12 2017/9/6 15:28 1 3 0.0050 0.0477 0.0527 1 429
14 KUR 2017/9/8 11:25 2017/9/10 14:06 7 1 0.1024 0.0234 0.1258 2 235
15 KOM 2017/9/8 11:50 2017/9/11 14:55 6 1 0.3787 0.0029 0.3817 22 3213
16 SBT 2018/6/15 12:00 2018/6/16 9:05 1 2 3.0609 0.9242 3.985 52 15,841
17 AKA 2018/6/15 12:00 2018/6/16 9:24 1 2 1.3404 0.5946 1.935 57 72,947
18 HAR 2019/3/9 13:37 2019/3/9 13:51 2 3 0.1319 0.0696 0.2007 17 4891
19 MAT 2019/5/12 6:00 2019/5/12 9:00 1 2 0.1760 0.0110 0.1863 51 9735
20 URA 2019/6/11 14:30 2019/6/11 17:30 1 2 0.0777 0.0033 0.081 10 2569
21 KOM 2019/7/28 6:00 2019/7/29 12:00 2 2 0.1708 0.0780 0.2488 6 1311
22 SBT 2019/9/16 5:00 2019/9/16 10:10 2 2 0.6909 0.0020 0.7022 42 42,297
23 FUR 2019/9/16 12:45 2019/9/18 17:50 19 1 1.3160 0.3993 1.693 71 39,808
24 SBT 2019/9/17 11:20 2019/9/18 18:30 18 2 0.3922 0.0249 0.4172 25 8632
25 SBT 2019/9/18 18:30 2019/9/19 10:05 2 2 0.2429 0.0202 0.2631 18 2160
26 HKU 2019/9/20 16:15 2019/9/20 17:26 2 2 0.4923 0.0860 0.6187 58 24,534
27 AKA 2019/10/8 6:00 2019/10/9 13:50 1 2 0.0766 0.0024 0.0789 28 3012
28 HKD 2019/10/8 6:00 2019/10/11 11:20 3 2 0.1356 0.0010 0.1462 17 921
29 AKA 2019/10/9 13:50 2019/10/11 11:50 2 2 0.1971 0.0178 0.2149 58 5492
30 SBT 2019/10/8 6:00 2019/10/11 13:15 3 2 0.4128 0.0463 0.459 96 7908
31 AKA 2019/10/11 11:50 2019/10/16 10:20 19 2 0.5747 0.0345 0.6092 12 1651
32 SBT 2019/10/11 13:15 2019/10/16 10:40 19 2 0.7515 0.1274 0.8789 75 16,463
33 FUR 2019/10/9 14:30 2019/10/16 11:10 21 1 0.8812 0.1016 0.9829 62 6240
34 KUR 2019/10/9 12:00 2019/10/16 11:45 21 2 0.3849 0.0465 0.4314 45 18,797
35 HAR 2019/10/11 11:00 2019/10/16 14:45 20 1 0.4612 0.0140 0.4744 89 6929
36 KUR 2020/4/2 14:45 2020/4/3 13:55 6 1 0.0359 0.3858 0.4217 47 10,903
37 JIGK 2020/4/2 0:00 2020/4/3 14:30 8 2 0.2225 1.0242 1.2467 65 20,487
38 KOM 2020/4/2 0:00 2020/4/3 15:15 8 2 0.2519 0.0261 0.278 21 862
39 URA 2020/4/2 0:00 2020/4/3 15:40 8 2 0.1100 0.0017 0.1117 7 166
40 FUR 2020/4/2 14:00 2020/4/6 14:00 15 1 0.0181 0.2458 0.2639 14 3339
411 SVO 2020/5/8 7:00 2020/5/8 8:00 2 2 0.0119 0.1875 0.1994 15 4596
42 FUR 2020/5/19 14:00 2020/5/26 10:00 23 1 0.6472 0.2965 0.9437 120 28,745
43 HAR 2020/6/5 5:55 2020/6/5 14:00 3 1 0.3018 0.0049 0.3067 93 22,013
44 HAR 2020/6/23 15:00 2020/6/24 10:30 2 1 0.4067 0.1744 0.5811 411 19,831
2 30 32
v = ppgD @y L= L aNib ©)

_ N 3
9n,F 032 4 \/ 81m2F 084 4 EpappgD3\/1.O7—F

For v¢ and D, we assumed the settling velocity and particle
size observed by the disdrometer, respectively, and used values
for the atmosphere at 20 °C for 1, and p, (1.8 x 107> Pa-s and
1.205 kg/m?3). Then, based on the diagram of the diameter and
shape parameter F of the tephra at Sakurajima volcano (Eq. (8) of
Suh et al., 2019), the shape parameter F is calculated using the
following equation:

F = 0.94—0.25 exp (—1.90 x 1000D) (5)

In this study, the tephra deposit load L is calculated by multiplying
the number of particles for each of the 960 categories of 30 diameter
and 32 settling velocity intervals, Nj;, by the tephra deposit load per
unit area corresponding to the detection of a single particle, 6y, as
follows

where indices i and j represent the diameter and settling velocity class,
respectively. Assuming that the particles are spheroids, 6 should be
substituted for 6s, where the components of 65 are calculated by the
following equation:

47(0.5D;)* py;
BSU = 3Al . (7)

Here, p is effective density (kg/m?) calculated from Eqgs. (4) and (5),
Ais the detection area (5.4 x 10~3 m?), and indices i and j are the same
as in Eq. (6).

3.5. Multivariate linear regression

Linear regression is an important and useful tool in many statistical
analyses for studying the relationship among predictor variables and a
response variable (Eck, 2018). In multivariate linear regression analysis,
formulas predicting the output value from several variables take the fol-
lowing form:
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h(-)(X) =0p +01X1 + ...+ OpXxp (8)

In this study, the vector of the number of detected particles for each di-
ameter and settling velocity interval corresponds to the predictor variable
vector X, and the tephra deposit load corresponds to the response variable
hy. Substituting observations for each event into Eq. (8), we obtain

hio 1 ... X\ [0
hm9 1 ... Xmn On

or using matrix and vector notation,

hy = X0 (10

Eq. (10) can also be rewritten to find an unknown 6, which is given
by

o (XTX)_leho (11)

When input data are relatively few compared to the derived param-
eters, using Eq. (11) directly can lead to a solution with large bias,
i.e., the formula will be heavily influenced by the training data set and
cannot be generalized. Large bias can be suppressed by introducing a
regularization parameter \ as follows:

0= (XTX—)\I)_]XTho (12)

A is determined by grid search. A bootstrap approach (Efron, 1983) is
used to separate a subset of the samples to train the model and ensure
that the evaluation can take place using the data that were not used to
calculate the formula. A ratio of 60/20/20% is commonly used to split
the data: of the 44 samples taken, 24 were used to calculate 6, 10
were used to calculate the residuals of 6 to determine the optimal A,
and 10 were used to evaluate the accuracy of the obtained 0 using the
optimal A. The combination of the 24 and the first 10 were chosen 25
times and 6 was calculated every time.

The root mean square ratio (RMSR), which is indexed by the logarithm
of the calculated and observed values, is used to evaluate the residuals:

RMSR = \/Zl]\lol w (13)

The minimum value of the regularization parameter A, for which the
RMSR is sufficiently small, is searched for every half unit between 10°
and 10°. Data with negative loads are excluded from the RMSR calcula-
tion. The number of samples used is varied from 1 to 24 in order to en-
sure that 24 is sufficient to calculate 6.

0 is compared to 2 simpler approaches used in other studies: (i) s,
the load calculated by Eq. (6) and (7) assuming the particles are
spheroids (Poulidis et al., 2019a, 2021b; Poulidis and Iguchi, 2021),
and (ii) 6g, the load calculated assuming the particle density of a
raindrop, 1000 kg/m?>, for all particles (Iguchi et al., 2019; Tanaka and
Iguchi, 2019). In the latter approach, the load is calculated combining
Eq. (6) and the following equation to obtain 6Og:

4000m(0.5D;)*

Orij =34

(14)

where D; and A are the same as in Eq. (7), and c is the calibration
coefficient given as follows:

1 H 4000m(0.5D;)*
C=exp| 5, Z IOg Z # - lOg Lobs,event (]5)
34 event=1 ij 3A
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Fig. 4. Disdrometer measurement of particle diameter (d;) distribution of tephra with
known diameters. The colored rectangles represent the expected diameter range for
each particle group of the same color as the plot, and the legends represent the actual
diameter of the particles deposited.

Here, the 34 events to be analyzed are chosen by the bootstrap ap-
proach described for obtaining 6.

4. Results
4.1. Characteristics of disdrometer tephra observations

4.1.1. Accuracy of size categorization in laboratory experiments

The tephra particle size distribution observed using the disdrometer
in the laboratory experiments described in Section 3.3 is shown in Fig. 4.
In all particle groups, 80% of the dropped particles were detected within
the expected size range, indicating that the detected particle size was
appropriate when super-2¢ particles were used. Of the particles used
in the experiments, which were separated into 0.25-0.5, 0.5-1, and
1-2 mm samples, 4%, 12%, and 5% were detected as smaller and 12%,
8%, and 17% were detected as larger than the actual size, respectively.
The disdrometer measures particle sizes ranging between 0.5 and 2
times the expected tephra diameter values.

4.1.2. Tephra fall intensity threshold

Fig. 5 shows the relationship between the tephra sedimentation rate,
as load per minute, and the detection efficiency, which is the ratio of the
time during the collection period when a particle was detected in a
tephra fall event to the observation period as described in Section 3.3.
The ratio is calculated as the minutes of disdrometer detections divided
by the intervals of the in-situ sampling.

The results revealed a detection threshold between 1 g/mz/min and
10 g/m?/min. Below the former, disdrometers only occasionally register
tephra fall, while above the latter, disdrometers were seen to consis-
tently capture events. This result is consistent with comparisons be-
tween rainfall observation data obtained by the tipping bucket rain

1 .a oo
0.8 - ¢
0.6 -
&
0.4 A . .
0.2 ~ o
0 oo "'.'l" : T
0.01 100

0.1 1 10
Rys (8/m?2/min)

Fig. 5. Relationship between tephra sedimentation rate (Rs) and detection efficiency (eq,
the ratio of the period when the disdrometer detected particles to the observation period).
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Fig. 6. (a) Diameter (d},) versus settling velocity (v;) distribution of the number fraction of tephra detected during 44 discrete collection periods. The contours indicate empirical effective
particle density (in kg/m?). (b) Effective particle density (p) distribution of tephra deposit load (L) and an approximation obtained by adding two normal distributions. The 34 events to be

analyzed were chosen by the bootstrap approach described in Section 3.5.

gauge in the Automated Meteorological Data Acquisition System
(AMeDAS) of the Japan Meteorological Agency (JMA) and the data
obtained by the disdrometer. The comparison showed that a rainfall
intensity of 0.5 mm/h (equal to 8.3 g/m?/min) was sufficient for
the disdrometers to consistently register rainfall (see Supplementary
Material; Fig. S1).

4.1.3. Combined tephra sample characteristics

Fig. 6a shows the cumulative diameter-settling velocity distribution
in a total of 44 collection periods and effective density estimated as
shown in Section 3.4. The load distribution of effective density in the
44 events is shown in Fig. 6b. All combinations of 30 diameter and 32
settling velocity intervals are classified based on their effective density
in 10%1% intervals from 10° to 10%°. The load of each class is calculated
from the combination of Eq. (6) and (7).

In Fig. 6a, the majority of detected diameters (97.1%) were below
1 mm and the settling velocity ranged from 0.6 m/s to 3 m/s. The ob-
served diameter-settling velocity distribution largely follows the slope
of the estimated density contours, highlighting the possibility of using
effective density as a means of differentiating particles. This total distri-
bution can be interpreted as the superposition of the distributions of
sub-2¢ particles and super-2¢ particles. As the distribution in Fig. 6b
is bimodal, we classify particles with high effective densities as particle
group A and particles with low effective densities as particle group B.
The diameter-settling velocity distributions for events during which
super-2¢ particles are dominant (greater than 80% of the samples in
the load) and events during which sub-2¢ particles are dominant
(greater than 90% of the samples in the load) are shown in Fig. 7a and
b respectively. Among particles of the same size, particles with higher
settling velocities were dominant in the super-2¢ dominant events,

and in contrast, particles with lower settling velocities were dominant
in the sub-2¢ dominant events.

It is inferred that group A consists of super-2¢ particles with low po-
rosity and that group B consists of aggregates and multiple particles reg-
istered as a single particle. We found two types of aggregated particles
in the samples as described in Bagheri et al. (2016): particle clusters
(aggregates consisting of fine particles; Fig. 8a) and cored clusters
(aggregates where fine particles bond to a coarse particle; Fig. 8b).
The former is expected to have a significant impact on disdrometer
observations as the number of fine particles registered is smaller,
while the impact of the latter can be expected to be secondary.

In Fig. 6b, the distribution was approximated using a combination of
two normal distributions as follows:

0.197

— 2
+1.085 exp<_ <W> >

The distribution of particle group A has a larger median
(10>1° =~ 1.55 x 10% kg/m?), a smaller amplitude (0.961) and smaller
standard deviation (10%'%7 = 1.57 times). The distribution of particle
group B has a smaller median (10>7° = 5.62 x 10? kg/m?>), a larger am-
plitude (1.085) and larger standard deviation (10%442 =~ 2.77 times).
The density of group A is closer to the commonly used reference value
of 2600 kg/m?> (Sparks et al., 1997). Discrepancies occur due to the dif-
ference between assumed and actual particle shape or settling position.
The density distribution of group B is consistent with the density

_ 2
L(p) = 0.00430 + 0.961 exp (— <M> )

(16)
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Fig. 7. Particle diameter (d,,) and settling velocity (v;) distributions for (a) sub-2¢ particle-dominant events and (b) super-2¢ particle-dominant events.
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Fig. 8. Optical microscope images of two types of aggregate particles (#21 in Table 1): (a) particles consists of agglomerated finer particles, (b) particle where fine particles bond to a coarse

particle. Photos were taken by optical microscopy (KEYENCE VHX-8000).

estimated from the samples, 200-2000 kg/m?>, as observed by Brown
et al. (2012) and Gabellini et al. (2020).

4.2. Conversion of disdrometer observation to tephra deposit load

As seen in Section 4.1.3, disdrometers can detect the diameter of sin-
gle super-2¢ particles accurately but detect the diameter of clusters of
sub-2¢ particles as virtual single super-2¢ particles. Due to the large
fraction of sub-2¢ particles in the tephra deposits, sub-2¢ and super-
2¢ particles should be treated separately. Thus, we obtained two sepa-
rate conversion formulas, for super-2¢ particles and sub-2¢ particles,
associating groups A and B in Fig. 6b respectively, with them.

We used multivariate linear regression to obtain equations to con-
vert disdrometer data to tephra deposit load. The tephra deposit load
L is calculated by Eq. (12). For the two groups, we obtain 6,4 and 603 to
be substituted into Eq. (12) independently. The following criteria are
set up to refine the target particles for calculation: (i) the difference of
log10pj; with the median within 1.5 times the standard deviation in
each group, expressed by the two terms in Eq. (16), and (ii) the
number of detected particles N exceeds 0.1% of the total. These
criteria are expressed as follows:

3.06 x 10° > p; > 7.84 x 10*(A)
2.59 x 10° > p; > 1.22 x 10*(B)

(17)

The diameter and velocity intervals filtered by the above criteria are
shown in Fig. 9.

A total of 31 and 92 combinations of diameter and settling
velocity class, respectively, were used to calculate the load of sub-
2¢ and super-2¢@ particles. The diameters ranged from 0.25 to
2 mm and the velocity ranged from 0.4 to 4 m/s. By renumbering
each of the intervals, Eq. (6) can be expressed as the following
determinant:

Ly Nia1 N1a31 01
Lag Nyg a1 Nag 31 0a31 (18)
Nip1 Nipo2 01
+ : : :
Naapi Nagpoz ) \ 0oz
or using matrix and vector notation
L=Lp +Lg — NGy + Ng0g (19)

Here, the indices A and B denote each particle group. The com-
mon equation for both A and B, expressed without indices, is
shown below. Substituting N and L into X and hy in Eq. (12)
respectively, we obtain

-1
0= (NTN—M) N'L (20)

The RMSR distributions of 6 calculated for each number of samples

and A are shown in Fig. 10a-b. The minimum RMSR occurred around

Aa = 107 and A = 10%. As the number of samples increased, the
change in RMSR tended to be minimal, or showed only a slight decrease

v; (m/s)

0.11

10.0%
3.0%
1.0%
0.3%
0.1%
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0.01%
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4 025

. T 0.0%
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Fig. 9. Particle diameter (d,,) and settling velocity (v;) interval registered as particle groups (a) A and (b) B. The fill colors indicate the number fractions of detected particles. The colored
area meets the criteria for number of particles, and the area surrounded by dashed lines meets the criteria for both number of particles and effective density.
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distributions of diameter and settling velocity are shown in Fig. 11a.
Each component of the obtained 6 is shown in Table S2, included as
Supplementary Material. Fig. 11b shows the ratios of 6,, 6, and
Oa + 04 to Bs. The ratio of 64 to 65 ranged from 2.4 x 1073 to 5.1
and from —0.10 to —0.39. The ratio of both 63 to s and 65 + 65 to
s ranged from 1.5 x 1073 to 20. The relationships between
calculated and observed loads for 64, 05, and 64 + 65 are shown in
Fig. 11c. For every formula, the load was calculated to be within 3
times the residual in approximately 2/3 of all events. There were
very few events in which the load exceeded 10 times the residual
(4, 3, and 0 times out of the total 44 events for 6, 0, and 04 + 6p
respectively).

As for 65 and g, the RMSR was 0.50 for the method using s and 0.53
for the method using 6. The calibration factor and RMSR before calibra-
tion were, respectively, 4.17 and 0.89 for 65 and 2.52 and 0.71 for 6y

10 15 20 25 30 35 40
logio(o (kg/m3))

Fig. 13. Effective density distribution of Ls + Lg, Ls, Ly over the total of 44 events.

(Fig. 12), indicating the importance of calibration in calculating the
entire load.

The RMSR for 6, + 65 is almost the same as the RMSRs for 6 and
0s, but the effective particle density distribution is quite different.
Fig. 13 shows the cumulative Lo + Lg, Lz and Ls among the 44
collection periods. Particle density, on the horizontal axis, is that
adopted in Ls in all the conversion formulas. The total sub-2¢ particle
load was 21.2 kg/m? and the super-2¢ particle load was 5.0 kg/m? in
La + Lg. The distribution of Ls with calibration was approximated in
the same way as when obtaining Eq. (16). The total sub-2¢ particle
load was 23.6 kg/m? and the super-2¢ particle load was 9.3 kg/m?.
The effective density distribution of Lz was not bimodal from the
outset. In terms of samples collected, the total loads of the sub-2¢
and super-2¢ particles were 15.7 kg/m? and 5.4 kg/m?, respectively.
The combination of L, and Lg was the most accurate formula of the
three for calculating the loads of sub-2¢ and super-2¢ particles.
The approximate shape of the distribution agrees well with the par-
ticle number distributions for the predominant events of particle
groups A and B shown in Fig. 7, suggesting that the more frequently
detected particles generally contribute more to the calculated tephra
deposit load.

4.3. Temporal evolution of deposit load

The empirically calculated tephra deposit load was also validated
against high temporal resolution sampling. Fig. 14a shows the time se-
ries of tephra fall load from an eruption on June 1, 2020, observed at sta-
tion URA, and Fig. 14b shows the time series from an eruption on
September 18, 2019, observed at station KNZ. In the first case, the
ratio of estimated to observed values no more than 2, while in the sec-
ond case it was no more than 6.
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Fig. 14. Time series of the total tephra fall load derived from 64 and 6g (Lca) and the tephra fall load determined by sample collection (Lobs). (a) Results at station URA for the 13:37 JST
eruption on 1 June 2020, and (b) results at station KNZ station for the 11:31 JST eruption on 18 September 2019.

The time series of the tephra deposit load for each settling velocity in
the same event as Fig. 14a is shown in Fig. 15. It shows that particles
with a settling velocity above 2.0 m/s began to be detected simulta-
neously at about 13:54, while particles with a settling velocity below
2.0 m/s began to be detected simultaneously at about 14:00.

5. Discussion
5.1. Detection of super-2¢ particles

The laboratory experiments revealed that disdrometers detect most
of the super-2¢ particles with accurate diameters. Some super-2¢ par-
ticles are detected with an uncertainty from half to twice the actual size.
The discrepancies noted possibly result from the position of the falling
particles with respect to the laser beam. Assuming that detected ash
particles tend to fall perpendicularly to the plane defined by their max-
imum (L) and intermediate (I) axes (Bagheri and Bonadonna, 2016a,
2016b), the disdrometer should measure sizes ranging between L and
[ (Freret-Lorgeril et al,, 2019). Particle sizes measured by sieving may re-
flect their short axis, so particle sizes measured by disdrometers are po-
tentially larger than those measured by sieving. Additionally, particle
size is underestimated when particles pass through the edge of the
laser strip. Such position and border effects are consistent with sugges-
tions from snow observations, where the particles are generally flat
(Battaglia et al., 2010). On the other hand, size is overestimated when
multiple particles pass at one time and are recognized as one large par-
ticle. This is strongly affected by the concentration of the falling parti-
cles. Such a concentration effect is consistent with reported rain
observations (Thurai et al,, 2011).

Sieving inaccuracy is another source of misestimation. Particles pass
the sieve when the length of the shortest axis is smaller than the

0.5
0.4 1

0.0 y T ;
13:50 13:55 14.00 14.05

03 06 09 14 20 32 438
v; (M/s)

Fig. 15. Time series of the total tephra deposit load (Lc,) at station URA from the 13:37 JST
eruption on 1 June 2020 for each settling velocity (v;). Each curve represents the total load
for particles slower than that settling velocity, distinguished by color.
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diagonal of the upper mesh size, and occasionally the particle may be
longer in another dimension than the upper sieve limit (Freret-
Lorgeril et al., 2019; Buckland et al.,, 2021). This causes the load of
super-2¢ particles to be underestimated and the load of sub-2¢ parti-
cles to be overestimated among the sample loads used to verify the em-
pirical formula. These inaccuracies also affect the categorization of sub-
2@/super-2¢ particles.

5.2. General estimation accuracy of the empirical formula

The various calibration factors in 6s and 6g suggest that the extent to
which the disdrometer underestimates tephra fall as compared to
sample collection results (the inverse of the factor) is greater than the
extent to which the disdrometer underestimates rainfall as compared
to tipping bucket type rain gauge data (0.7; Supplementary Material;
Fig. S1). This is likely because the threshold of detectable tephra fall
intensity differs between disdrometer measurements and sample
collection. Disdrometers cannot readily detect tephra fall when the
sedimentation rate is less than 10 g¢/m?/min and sample collection has
no intensity detection limit. For rainfall, on the other hand, the
thresholds of detectable rainfall intensity for the disdrometer and the
tipping bucket type rain gauge are almost the same (Section 4.1.2).

5.3. Events with large errors

One limitation of 6, and 0y that needs to be considered is the
applicable particle size range. The size of the particles to be calculated
is smaller than 1.125 mm for 6, and 2 mm for 6. Therefore, events
with a large number of particles bigger than 1.125 mm may not be
accurately evaluated. Another limitation is the low concentration of
fallout, which is mainly composed of sub-2¢ particles. It has been
shown that the disdrometer can detect sub-2¢ particles, but only at rel-
atively high concentrations. If low-concentration fallout continues for a
long period, the disdrometer cannot detect the tephra fall and may un-
derestimate the tephra fall load. This effect is partially mitigated by
overestimating the sub-2¢ particles over the theoretical load
(Fig. 11b) but is not completely canceled out. Such inconsistencies at lo-
cations with low tephra fall rates have been noted in a previous study at
Sakurajima (Poulidis and Iguchi, 2021). Thus, when validating the
model's predictions of tephra sedimentation based on disdrometer ob-
servations, it is necessary to consider the threshold of the tephra sedi-
mentation intensity.

The diameter and settling velocity distributions for events with large
errors verify these limitations. Fig. 16a is an example where both the
sub-2¢ and super-2¢ particle loads were underestimated. The calcu-
lated sub-2¢ particle load was 0.12 times the observed load and the cal-
culated super-2¢ particle load was 0.060 times the observed load. Many
super-2¢ particles were detected but they were out of the calculation
target range, which led to the underestimation. Fig. 16b is an example
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overestimated. The numbers in the titles of the subplots represent the eruption numbers in Table 1. The contours in the figures are effective particle densities assuming spherical

particles. The dashed border is the region to be calculated.

in which only the sub-2¢ particles were underestimated. The calculated
load of the sub-2¢ particles was 0.11 times the observed load and the
calculated super-2¢ particle load was 1.2 times the observed load.
Since the number of detected particles is small and the super-2¢ parti-
cle load is properly evaluated, the underestimation is likely due to the
low concentration of sub-2¢ particles in the deposited tephra.

Other errors occur when many sub-2¢ particles are registered as
super-2¢ particles as shown in Fig. 16¢ for example, or when many
super-2¢ particles are registered as sub-2¢ particles as shown in
Fig. 16d. In the former case, the calculated sub-2¢ particle load
was 2.7 times the observed load and the calculated super-2¢ parti-
cle load was 27 times the observed load. In the latter case, the calcu-
lated sub-2¢ particle load was 13 times the observation and the
calculated super-2¢ particle load was almost the same as the ob-
served load. This problem can occur when the diameter-density dis-
tribution of sub-2¢ particles overlaps with that of the super-2¢
particles, and it is difficult to completely solve this problem using
disdrometers only.

5.4. Effect of using the empirical equations

The empirical equations provided information about settling veloc-
ity in the tephra load observation as shown in Section 4.3. The simulta-
neous arrival of particles with a wide range of settling velocities
suggests that the sedimentation of tephra particles is constrained not
only by the terminal velocity of individual particles but also by interac-
tions between particles and between the particles and the fluid through
which they are settling. Such mechanisms include “finger sedimenta-
tion” (Manzella et al., 2015), which has been confirmed both in labora-
tory experiments (Del Bello et al., 2017) and in combinations of Doppler
radar and disdrometer observations (Freret-Lorgeril et al., 2020), forced
deposition due to atmospheric gravity waves (Poulidis et al., 2021a), or
possibly a combination of both.

The settling velocity reflects complicated particle characteristics
such as size, shape parameter, and aggregation. As such, tephra fall
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observations that reveal settling velocity enable extraction of particle
transport effects. Thus, disdrometer observations enable the assessment
of tephra fall simulations that take such interactions into consideration
and will contribute to the quantitative argument about the dynamics of
wind-driven transport of tephra clouds. In addition to such processes,
measuring tephra sedimentation time series with disdrometers can
make a significant contribution to the discussion of the advection, diffu-
sion, and sedimentation processes of tephra particles with respect to
time.

The conversion formula has only been based on data from Sakurajima
and as such, it can be considered biased towards typical activity from
that volcano and towards its typical tephra characteristics. The pro-
perties of particle size, cavities, and shape parameters vary depending
on the volcano, eruption style, and distance from the vent among other
factors (Mastin et al,, 2009; Eychenne et al.,, 2012; Cashman and Rust,
2016). The tephra fall events studied here primarily involved particles
with diameters less than 2 mm and the majority of particles were smaller
than 0.25 mm. The conversion formula obtained in this study might
apply to tephra falls with similar properties such as particle size distribu-
tion, aggregation, and porosity, even if the eruption is not located on
Sakurajima.

6. Conclusions

From simultaneous observations of tephra deposits by sample col-
lection and disdrometer measurement, we obtained empirical equa-
tions for calculating the tephra deposit load for two size fractions from
the disdrometer observations. Compared to conventional sampling,
66% of the loads obtained by the two empirical equations were within
a factor of 3 for both super-2¢ and sub-2¢ particles, while 91% of the
super-2¢ loads and 93% of the sub-2¢ loads were within a factor of
10, indicating that disdrometer measurements can supplement conven-
tional sample collecting for in-situ tephra fall observations. When the
tephra fall intensity was less than 1 g/m?/min, the disdrometers were
seen to not consistently detect tephra sedimentation, especially for
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sub-2¢-dominant events. Due to the characteristics of the tephra from
Sakurajima, the applicable particle size range for the formulas is below
2 mm. Some of the issues encountered in this study are likely linked
to the elimination of disdrometer data during the linear regression
methodology that was applied. As more data are accumulated, the linear
regression can be periodically reused and adapted.

The empirical equations provided information about settling
velocity in the observed tephra load, contributing to the quantita-
tive argument about wind-driven transport of tephra clouds. In
addition, measuring tephra sedimentation time series with dis-
drometers can make a significant contribution to the discussion of
the advection, diffusion, and descent processes of tephra particles
with respect to time.
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