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ARTICLE INFO ABSTRACT

Keywords: The traditional genetic algorithm and simulated annealing methods have been widely used in geophysical
Calbuco volcano modeling. However, these nonlinear inversion methods require a lot of calculations, many control parameters
Mogi model and are unstable. In this paper, a particle swarm optimization algorithm combined with black hole strategy (BH-
gl:?)];o PSO) is proposed to solve these problems. The comprehensive experiments show that the BH-PSO method
CDM consumes less time than the simulated annealing (SA) method and has a higher accuracy than the genetic al-

gorithm (GA). It is more applicable to the inversion of parameters of volcanic magma chamber, and easier to be
generalized to other kinematic source parameters inversion. Based on BH-PSO method, Sentinel-1 data, com-
posite dislocation model (CDM), Yang model and Mogi model, the magma chamber parameters of Calbuco
eruption in 2015 were retrieved. The results show that the RMSE of CDM model is 1.1 cm, which can better fit
the surface deformation than the Mogi model and Yang model. The final results show that the magma chamber is
located about 0.8 km northeast of the crater, about 9 km below the surface, and the total volume of the erupted

volcanic material obtained with the CDM Model is of 0.209 km?, without considering dense rock equivalent.

1. Introduction

The Calbuco volcano (Fig. 1) is one of the most dangerous Chilean
volcanoes (Lara et al., 2011). This volcano is located in the Andes
Mountains, southern Chile, at the coordinates 41°19'48” S, 72°37'06"
W, with an elevation of 2003 m. (Stern, 2004; Siebert et al., 2011). This
volcanic area is active, with more than 12 volcanic eruptions in history.
The largest eruption occurred between 1893 and 1895, and two smaller
eruptions occurred in 1961 and 1972 (Selles et al., 2011). After 43-years
of silence, this volcano produced a new round of eruptions beginning on
April 22, 2015 without any warning. These eruptions greatly affected
the local environment and the personal safety and property of the resi-
dents. At the same time, the volcanic ash and harmful gases emitted
during the eruption also spread globally as a result of atmospheric ac-
tivities. Studies have shown that both Africa and Antarctica were
affected by the harmful gases emitted by the eruption (Sangeetha et al.,
2018; Stone et al., 2017; Zhu et al., 2018; Ivy et al., 2017). Therefore,
this eruption of the Calbuco volcano had a substantial impact not only

on local areas, but also on the global air quality. It is of great practical
significance to study the Calbuco volcano and explain its eruption
mechanism.

After the eruption of the Calbuco volcano in April 2015, a number of
researchers and research institutes conducted a multifaceted study on
this volcano. Among them, Matoza et al. (2018) determined the location
of the earthquake source associated with the volcanic activity. Liu et al.
(2017) studied the effects of this volcanic activity on the atmospheric
ionosphere. Romero et al. (2016) studied the state of volcanic ash de-
posits. Ebmeier (2016) studied the effects of this volcanic eruption on
the regional surface deformation. Eaton et al. (2016), Romero et al.
(2016); Pardini et al. (2018), and Castruccio et al. (2016) analyzed the
volume of volcanic material eruptions. Arzilli et al. (2019) estimated the
pre-eruptive pressures, temperatures and depths of the Calbuco 2015
eruption using petrological data,and investigated the triggering mech-
anism of the eruption. Morgado et al. (2019) estimated the location of
the magma chamber between 5.5 and 9.5 km depth using petrological
data. Namur et al. (2020) agree with Arzilli et al. (2019) in terms of the
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triggering mechanism and the location of the main magma chamber
which is located between 8 and 11 km depth. Namur et al. (2020), on the
basis of petrological data, invoked a migration of the magma into a
subsurface storage region a few weeks to months before the eruption.
Delgado et al. (2017) inverted the pressure source parameters of this
volcanic event; this was achieved by using the single-source Mogi model.
Delgado et al. (2017) also noted that the quality of their data may be
problematic, and the shapes of the magma chamber of the InSAR data
may be disturbed, so the inversion results may be biased. The results
obtained by the single source model inversion of the pressure source do
not effectively explain the surface observation variables in the far field
(Delgado et al., 2017). Rather, their single source model inversion of the
pressure source mainly estimates the deformation near the crater; un-
fortunately, volcanic ash affects the observations, causing the estimates
to deviate from the actual values.

Many inversion methods are available, including the genetic algo-
rithm (GA) and its improved algorithms (Tiampo et al., 2000; Nunnari
et al., 2005; Gambino and Guglielmino, 2008) and the improved simu-
lated annealing (SA) algorithm (Shirzaei and Walter, 2009). However,
the SA and GA have many design control parameters. They also suffer
from a low computational inversion efficiency, and are difficult to
obtain the global optimal value quickly and effectively in practical ap-
plications (Shi and Wang, 2008). The particle swarm optimization (PSO)
(Eberhard and Kennedy, 1995) algorithm is a fast and effective
geophysical inversion method, which does not dependent on the initial
model and can search for the global extrema. The PSO has been widely
used in many fields, such as mechanical design (He et al., 2004), shop
scheduling (Sha and Hsu, 2008), complex network clustering (Gong
et al., 2014), image segmentation (Ghamisi et al., 2014), and inversion
of fault parameters (Feng and Li, 2010; Wang et al., 2017), due to its
small number of control parameters and strong search capabilities.
However, the PSO algorithm needs to be improved when overcoming
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local minima during the inversion search process. The black hole elim-
ination strategy (Hatamlou, 2013) can help solve the problem of local
optimality and global optimization. Here, we propose a BH-PSO algo-
rithm to invert for volcanic magma chamber parameters that considers
both the advantages of both methods for the inversion of source pa-
rameters. We apply the BH-PSO method to invert for volcanic magma
chamber parameters of Calbuco.

To date, the most commonly used model in volcano research is the
Mogi model, which can be traced back to 1958. In that year, Japanese
scholar Kiyoo Mogi proposed a pioneering model based on the Yama-
kawa theory (Mogi, 1958). This model relates the magma pressure
source parameters to the volcanic surface deformation using a specific
functional relationship (Mogi, 1958). Because the model formula is
simple and easy to calculate and has broad applicability, it has been
widely used since its introduction, for example, for the Tianchi volcano
in China (Chen et al., 2008; Wang and Yu, 2018), Russia’s Karymsky
volcano (Ji et al., 2018), Mount Sinabung in Indonesia (Hotta et al.,
2017) and the volcanoes in the Alaska region, (Wang et al., 2018c). The
compound dislocation model (CDM) was proposed by Nikkhoo et al. in
2017 for the inversion of volcanic pressure source parameters (Nikkhoo
et al., 2017). Compared with the Mogi model, the advantage of this
model is that the shape of the model is not unique. A spherical shape, an
ellipsoidal shape and an irregular spatial shape can be obtained through
adjusting the parameters, and thus, the shape can be more universal, i.e.,
closer to the real conditions of underground magma chambers. At the
same time, the Mogi model can also be considered as a special existence
of the CDM. (Nikkhoo et al., 2017).

The structure of this paper is organized as follows. First, the advan-
tages and disadvantages of the BH-PSO algorithm are analyzed. Then,
the radius selection strategy of the black hole algorithm is combined
with the PSO algorithm to obtain the BH-PSO algorithm. And the BH-
PSO algorithm is applied to the inversion of the Mogi model, Yang
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Fig. 1. The topographic structure of the study area.
Red triangle represents the top of the Calbuco volcano.
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model and CDM. Through a simulation experiment, the applicability of
the proposed method to the volcano Mogi model, Yang model and CDM
is verified, and compared with the applicability of both the GA and the
SA algorithm commonly used at this stage. Finally, the Calbuco volcano
is studied by the Mogi model, Yang model and the CDM, by comparing
the inversion results with different observation data. A more suitable
inversion model is determined, and pressure source (magma chamber)
parameters are obtained with a superior accuracy.

2. Black hole particle swarm optimization method
2.1. Black hole algorithm

The black hole algorithm (Hatamlou, 2013), is an algorithm for
solving cluster analysis problems. The idea of the algorithm as follows:
to find the optimal solution for the objective function, the various
parameter sets involved in the calculation of the objective function are
used as the planet (for example, the volcanic magma pressure source
parameters (xo , Yo ,D ,AV) in the Mogi model), and the initial calcu-
lation is performed by referring to the attraction and phagocytosis of the
black hole to the planet. First, randomly, one of parameters (m;) in the
initialization is used as a black hole (impy), all values are attracted by the
black hole and move towards the black hole. If some particles appear
within the absorption radius of the black hole, these particles will be
absorbed by the black hole; and that particles, outside the absorption
radius of the black hole, are not absorbed. If a new solution (m;.; cor-
responding to the fzy) occurs during the operation, the new adaptive
solution is treated as a new black hole (mpg), and all particles (except
the black hole) are moved to the updated black hole. The black hole
continually engulf particles and updates itself (Hatamlou, 2013) until
the maximum number of iterations is reached or all particles are
absorbed by the black hole, and the black hole parameters (m;(t+ 1)
corresponding to (xp, Yo , D, AV)) that are finally output under the
cutoff condition are the optimal solution parameters. The main calcu-
lation formula of the algorithm are as follows:

mi(t+ 1) = m(t) + r x (mpy — m(1)) (@D)]
R— f::i’ )
2]‘}

where m;(¢) and m; (¢ + 1) are the positions of the i th star at iterations t
and t+ 1, respectively, mpy is the position of the black hole, r is a
random number in the domain [0, 1], R is the radius of the black hole
(the radius here is used to adjust the size of the black hole search space,
radius can be used to adjust the search step size(w), when applied to the
particle swarm algorithm), fgy is the target fitness value of the black
hole, obtained by the fitness function (in this paper, it is obtained by Eq.
(3)), f; is the fitness value of the i th star, and N is the total number of
stars.

2.2. Inversion of the BH-PSO algorithm based on the CDM

The PSO algorithm (Fig. 2) has been verified as fast and effective in
geophysical inversion problems (Shi et al., 2009). However, the PSO
algorithm easily falls into the local minima during the optimization
process, which leads to deviations from the global optimum. In response
to this problem, Zhang et al. combined a particle swarm optimization
algorithm with a random black hole strategy (Zhang et al., 2008). This
combined algorithm speeds up the convergence; however, it is also
quick to cause premature convergence and premature loss of the di-
versity of the solution.

This paper finds that the method of improving in the algorithm
problem of Zhang et al. (2008) is mainly to perform a random black hole
search under globally optimal conditions. The black hole position is set
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Fig. 2. Iterative diagram of particle swarm algorithm.

by using random numbers, and the extreme value is determined within
the radius of the random black hole. However, this method has the
following defects:1, The global search cannot be performed well. 2,
There is almost no relationship between the magnitude of the random
number and the current number of iterations, and the generated black
hole cannot solve the relationship between the global optimum and local
optima. 3, Because the black hole is random, there is no guarantee that a
quick search will be performed at the early stage of the search process,
slow searches at the middle and late stages.

To solve the above problems, this paper combines the radius selec-
tion strategy of black hole algorithm (Hatamlou, 2013) with the weight
of the particle velocity adjustment in the PSO algorithm (Shi and
Eberhart, 1998). In addition, mpy in the black hole algorithm is
considered to be the global optimal value (fg.s) of the PSO, while m;(t) is
regarded as the local optimal value (fypes), and the speed of the search is
controlled by the ratio of the fg., and the fp.s (the radius in the black
hole algorithm). When using BH-PSO algorithm to search parameters,
the search process is controlled by gradually adjusting the weight of

search speed. When the ratio (represented by the ]f%) is large (indicating

that the quality of the current global optimal result is poor), the speed
weight becomes larger, and the search range is increased to find a better
global solution. When the ratio is small (indicating that the current
global optimal result is good), there is no need to perform a large-scale
search at this time, and the search range is reduced; If the ratio exceeds
the known optimal weight [0.4, 0.9], the weight is artificially adjusted
to ensure that it is within the optimal range ([0.4, 0.9]). Afterward, the
above strategy is adjusted to ensure that the global optimal solution can
be obtained at the end of the iteration.

When the BH-PSO algorithm is combined with the CDM or Mogi
model for an inversion of volcanic pressure source, the algorithm can be
rewritten as follows

Zij(e1) = Zijt) T O X Vi 1 X 11 X (fopesitry — Zijte)) + €2 X 12 X (fopest(n)
= Zij() 3

where, Zj,.1) and Zj represent the results for the t + 1 th and ¢ th it-
erations respectively (where, Z represent the volcanic source parameter
to be sought in the CDM: xo, Yo, D,@q,®p,®.,a,b,c; or the volcanic source
parameters to be sought in the Mogi model namely, xo,yo,D, AV), iis the
i th particle, j is the j th parameter, o is the velocity weight, v is the
particle motion velocity, cit and cot are the acceleration factors (the
specific values are determined by Egs. (10) and (11), respectively), r
and rp are random numbers within [0, 1], fypesr) is the individual
optimal value of the t th iteration, and fy.s(y is the global optimal value
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of the t th iteration (determined by Eq (3)). The speed weight and ac-
celeration factor are selected as follows:

Juves 4 et g
o= pbest [txbest j f (4)
0.9—0.5 x — 0.4 >t Jebeit o ) g
M Jobest Sobest
1
¢ = (15— €1e) XMJ’_CM 5)
t
o = (Cog — C2e) X i + ce (6)

where, M is the maximum number of iterations, 15 = €2 = 1, €1 = Co5 =
2.05. ¢t and cot change with the number of iterations t. Eq. (4) is the
ratio of the fitness of the global optimal value to the individual optimal
value as the criterion for adjusting the particle; thus, the speed weight »
changes due to changes in the individual optimal value and the global
optimal value. At the same time, a change interval is set to ensure that
the change in the speed weight is within the known optimal change
interval [0.4, 0.9]. Egs. (5) and (6) use the acceleration factor control
idea of Ratnaweera et al. (2004). When fypes() is greater than fepes (),
their positions are exchanged to ensure that the final result is globally
optimal, and the final output Z is the optimal solution of the volcanic
pressure source.

3. Volcanic source models: Mogi, Yang and CDM
3.1. Mogi model

Mogi (1958) pointed out that when the radius of the magma pressure
source is much smaller than the source depth, the magma pressure
source is placed in an elastic half space, and the crust is considered as a
homogeneous elastic medium, the activity of the volcanic magma can be
regarded as an equivalent spherical source (Mogi, 1958). Under this
condition, the volcanic magma pressure source parameters (xo, Yo, D,
AV) and the surface shape variables can be related by a specific func-
tional relationship (the Mogi model is shown in Fig. 3(a)):

(UmUth) :Mmogi(x07y0)D7 AV7”7K) (7)

where, Uy is the displacement (deformation) in the x direction, Uy is the
displacement (deformation) in the y direction, U, is the vertical
displacement (deformation), (x¢, yo) are the projection coordinates of
the pressure source in the ground plane, D is the depth of the source, AV
is the magma volume increment, y is the shear modulus, K is the bulk
modulus of elasticity(usually considered K =3 x), and Mg represents
the Mogi model.

When using InSAR observations, the following relationship exists
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between the observed deformation and the deformation simulated by
the Mogi model.

Dlm = Uh X a((l) + UX X a(ﬁ) + U\' X 3(5) (8)

where, Dj,; denotes the InSAR data, d(a) is the conversion coefficient
between the surface vertical deformation and InSAR observed defor-
mation, d(f) is the conversion coefficient between the x direction hori-
zontal deformation and InSAR observed deformation, d(5) is the
conversion coefficient between the y direction horizontal deformation
and InSAR observed deformation.

In the inversion of volcanic pressure source parameters based on the
Mogi model, the most commonly used evaluation criterion is the fitness
function of the best fit between the model analog values and the
observed values:

_ 2
f — HDobs - Dlns H (9)

where, n is the number of observations, D, is the observd surface
deformation, and D is the simulated value under the Mogi model,
which is consistent with Eq. (8).

3.2. Yang model

Yang et al. (1988) proposed this model in 1988 for inversion of
volcanic pressure source parameters (Yang et al., 1988). This model is
based on the model of Mogi, and Fialko et al. (2001) modified this model
in 2002 (Fialko et al., 2001). This model can be used to describe an
ellipsoidal underground magma chamber. There are eight parameters
related to the magma chamber in this model, which can be used to
describe the underground magma chamber. However, this model cannot
directly invert the eruption volume of the magma chamber and needs to
be calculated again. In this paper, the Yang model is used to relate the
pressure source parameters to the surface deformation by the following
formula (the Yang model is shown in Fig. 3(b)):

(Uxa U_v7 Uh) = CYang(x07y0707P7arb>Plungev Trend) (10)

where, Uy, U, and Uy, are the observed shape variables, x, yo and D are
the pressure source parameters; the definitions of which are consistent
with those of the parameters in the Mogi model. a, and b represent the
lengths of the two rotating axes of the Yang; Plunge and Trend indicate
the angles of the rotation of the magma chamber (Fialko et al., 2001).
Cyang represent the Yang models used to integrate the surface deforma-
tion and magma source parameters. Under the condition where the
surface deformation is known, the pressure source parameters can be
obtained by inversion through the Yang model.

a
(@ () y
-~
R
A 4nR?
¥==3
Mogi model Yang model CDM

Fig. 3. Schematic diagram of three models.(c) from Nikkhoo et al. (2017).
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3.3. Compound dislocation model

Nikkhoo et al. (2017) proposed the CDM in 2017 and applied it to the
inversion of volcanic magma chamber parameters. Compared with the
Mogi model, the calculation of the CDM is more complicated, and the
CDM has no advantage in its inversion efficiency. However, the theo-
retical basis of the CDM is more complete than that of the Mogi model,
and it boasts a more common pressure source. The commonly used Mogi
model and the Yang model can be considered as the special cases of the
CDM. The CDM can describe pressure sources with a more general shape
or irregular shape. Therefore, it is considered that the CDM has an
advantage regarding the shape of the pressure source. However, Nik-
khoo et al. (2017) also noted that the volume of the magma source
obtained by CDM refers only to the volume of new magma that can
accommodate intrusion from the outside and does not represent the
actual amount of erupted material, whereas the amount of erupted
material predicted by the Mogi model refers to the actual eruption
volume. Therefore, the amount of erupted magma simulated by the CDM
may be less than the actual amount of erupted material. In this paper,
the CDM is used to relate the pressure source parameters to the surface
deformation by the following formula (the CDM is shown in Fig. 3(c)

(Ux, Uy, Uy, AV) = Ccpu (%0, Y0, D, @, 0, 9, a, b, €) an

where, Uy, Uy and Uy, are the observed shape variables, AV, D, xo and yo
are the pressure source parameters; the definitions of which are
consistent with those of the parameters in the Mogi model. a, b and ¢
represent the lengths of the three rotating axes of the CDM; the origin of
the rotating shaft is located at the center point of the magma chamber,
and a spatial rectangular coordinate system is established with the
center point of the magma chamber as the origin. ¢,, ¢, and ¢, indicate
the angles of the rotation of the magma chamber around the a, b and c,
respectively (Nikkhoo et al., 2017). C¢pm represent the compound
dislocation models used to integrate the surface deformation and
magma source parameters. Under the condition where the surface
deformation is known, the pressure source parameters can be obtained
by inversion through the CDM. Different from the Mogi model, AV is not
an independent variable in the CDM; instead, AV needs to be obtained
by the CDM under the condition that the other nine parameters are
known.

In Fig. 3, (a) represents the theoretical shape of the Mogi model, and
A V is usually used to represent the volume of magma during inversion;
(b) represents the theoretical shape of Yang model. In inversion, the long
axis a and short axis b are usually used to calculate the volume of
magma; (c) represents the theoretical shape of CDM (from (Nikkhoo
et al., 2017)). In inversion, three coordinate axis lengths a, b and c are
usually used to calculate the volume of magma, and the results calculate
the specific lengths of a, b and c.

3.4. Inversion process: taking the CDM as an example

1 Utilize the prior information to determine the interval of values
(information can be obtained from previous studies) for each
parameter (xo,Yo,D, ¢4, ®p, ¢c, a,b, c) to be sought. (when using the
Mogi model, the input consists of only xg,yo,D,AV).

2 Run the BH-PSO search algorithm to obtain the initial solution space
of the parameters (Z) (determine the solution space by means of
random generation).

3 Substitute the initial solution into the CDM and perform the calcu-
lation (using Eq.(11)) to obtain the theoretical shape variables (Djys)
and use Eq.(8) to obtain the corresponding InSAR-observed defor-
mation. (when using the Mogi model, Eq.(7) must be used to calcu-
late the isotropic deformation components).

4 Calculate the fitness values (f by using Eq.(9)) between the theo-
retical deformation variables (D;,s) obtained by different parameters
and the original InSAR-observed deformation variables Dj;.
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5 Select the optimal parameters to be set in the current solution space
(the lowest value of f corresponds to xo,Yo,D, ¢q, ¢, ¢, a,b,c) and
update the solution space of the parameters (randomly selected in
the first iteration, for the second use Eq. (3)-(6)).

6 Determine whether the threshold is reached or whether the
maximum number (M) of iterations is reached (the selection of the
threshold is related to the accuracy requirements of the inversion).

7 If either the threshold or the maximum number of iterations is
reached, the optimal parameter is output and the parameter is used
as the optimal solution (Zj). If not, the process returns to step 3.

If the Mogi model or Yang model is used, the search parameters and
the external conditions should be reset up, while the BH-PSO algorithm
itself is unchanged.The specific process is shown in Fig. 4.

4. Synthetic experiment
4.1. BH-PSO + Mogi

To verify the effectiveness of the inversion method used in this paper,
the following simulation experiment was carried out: a volcanic erup-
tion event was simulated on a domain of 20 km x 20 km with the vol-
canic eruption as the origin at its center. The preset true values of each
parameter are shown in Table 1. These parameters are substituted into
the Mogi model of a single pressure source for forward modeling. The
displacement obtained after the forward modeling is transformed into
deformation observation data in the InSAR direction (observation azi-
muth of ascending orbit is —10°, radar wave incidence angle of 23°) and
combined with the InSAR data characteristics, to which error following
a normal distribution is added (mean of 0, magnitude of 0.5 cm).The
values after the error is added, represent the theoretically true obser-
vations (Fig. 5).

Fig. 5(a) indicates that that the InSAR-observed deformation values
are no errors under the preset true values, (b) indicates that the InSAR-
observed deformation values are obtained after adding error of 0.5 cm,
(c) is the simulation result using the SA method, (d) is the GA method
simulation result (e) is the PSO method simulation result (f) is the BH-
PSO method simulation result. (i) is the residual of PSO method inver-
sion. The results are the most obvious, and the residual is mostly 1—2
cm. The residuals and original observations of (g), (h) and (j) are small.
However, there is difference between (g) and (h), especially where the
coordinate is (0,0).

As shown in Fig. 5 the pattern after adding the error (d) shows a large
deviation from the original pattern (a), and smooth deformation is not
formed well; that is, the added error has a great influence on the
observation data. Combined with the model characteristics of the
simulation experiment, the Mogi model of a single pressure source is
employed, and the SA, the GA, the PSO and the BH-PSO, are used to
invert for the pressure source parameters. The parameter search interval
of the particle swarm algorithm is shown in Table 1, and the simulation
results of different methods are recorded in Fig. 5.

The inversion results in Table 1 show that the BH-PSO algorithm can
effectively calculate the pressure source parameters when performing
the pressure source parameter inversion. The difference between the
inversion result and the true value is smaller than the differences in the
existing PSO and GA, indicating that the results of the BH-PSO are more
accurate than those of these other algorithms. The inversion results of
the BH-PSO and the SA are numerically inconsistent, but the difference
between the two norms of the two methods reaches the fourth digit after
the decimal point, indicating that the accuracy of the BH-PSO is slightly
superior. Since the difference between the two norms of the BH-PSO and
the SA is very small, this paper considers that these two algorithms are
equivalent, the reason why these two methods are equivalent is that the
theoretical basis of both of these two methods is to find the optimal
solution within the solution space. Although the theoretical basis of the
optimization process is different, the iterative method of optimization,
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Fig. 4. Flow chart of BH-PSO + CDM inversion.

Table 1
Search intervals of input parameters (Mogi) and inversion results using different
methods.

X/km Y/km D/km AV/km® time/s RMSE
/cm
Truth 0.00 0.00 5.00 0.01 / /
SA —-0.07 —0.04 5.05 0.0101 942 0.52
GA 0.13 —0.02 4.95 0.0098 161 0.52
PSO 0.21 0.17 5.10 0.0099 385 0.57
BH-PSO 0.06 —-0.02 4.98 0.0099 278 0.50

the step selection of optimization, and the spatial optimization process
are all similar. In other words, these algorithms both perform a global
search in a certain space and gradually reduce the range during the
search process, while gradually tending towards the optimal value.
Regardless whether the form of the solution is for a reduction in tem-
perature or for a bird looking for food, these algorithms can be sum-
marized as the macroscopic form of space mobile optimization. The
difference is that these two methods are based on different physical
theories, different specific functions, different search processes, and
different parameter controls.

Comparing the computational times used in the above four methods,
it can be found that the GA takes the least amount of time, while the SA
takes the longest amount of time. Although the BH-PSO requires less
time than the PSO, it still does not reach the efficiency of the GA. When
taking into account the differences in results and truth values of different
methods, the BH-PSO can obtain more accurate results than the GA, and
the time taken is shorter than that taken by the SA. An overall analysis of
the BH-PSO indicates that it is more conducive to practical operations.
At the same time, the several inversion algorithms mentioned above can
obtain the solutions of the approximate true values to some extent,
which indicates that the above algorithms all have the ability to resist
errors and are suitable for inverting volcanic pressure source parame-
ters. By comparison, it can be found that the accuracy of the BH-PSO
algorithm is higher than that of the PSO algorithm, which indicates
that the improved strategy in this paper is correct and reasonable.
Introducing the radius of the black hole into the PSO helps to improve

the ability of PSO to overcome local minima, and thus, the search speed
depends on intelligent changes of during the actual search process. The
intelligent changes to the actual process reduce the possibility of falling
into local minima and improve the success rate of the inversion. This is
in accordance with the original intention of introducing the black hole
strategy to PSO in this paper and achieves the intended purpose of
improving the PSO algorithm.

4.2. BH-PSO + Yang

In the simulation experiment of the Yang model, a volcanic eruption
event was simulated on a domain of 20 km x 20 km with the center of
the volcanic eruption projected onto the surface of the Earth as the
origin. The preset true values of the simulated parameters are shown in
Table 2. The displacements obtained after the forward modeling are
converted into deformation observation data in the InSAR viewing di-
rection (observation azimuth of ascending orbit is —10°, radar wave
incidence angle of 23°) and its observations are inverted by adding er-
rors following a normal distribution (with a mean of 0 and a magnitude
of 0.5 cm). To verify the effectiveness and efficiency of the proposed
method, the SA, GA, PSO and BH-PSO methods are also used to invert
the above Yang model observations with different errors.

Fig. 6(a) indicates that that the InSAR-observed deformation values
are no errors under the preset true values, (b) indicates that the InSAR-
observed deformation values are obtained after adding error of 0.5 cm,
(c) is the simulation result using the GA method, (d) is the SA method
simulation result (e) is the PSO method simulation result (f) is the BH-
PSO method simulation result. (g) is the residual of SA method inver-
sion, (h) is the residual of GA method inversion, (i) is the residual of PSO
method inversion, (j) is the residual of BHPSO method inversion

The results of this experiment show that the results obtained by BH-
PSO is the best under the RMSE index, followed by the SA, and the worst
by the GA. The simulation results show that the reliability of the GA
method is poor when using Yang model for volcanic inversion. At the
same time, in the simulation experiments, this paper finds that when
Yang model is solved, the selection of pressure parameters has a great
impact on the results. Therefore, in actual operation, geological infor-
mation should be combined to determine the correct and suitable
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Fig. 5. Simulation experiment observation chart of Mogi model.

Table 2
Search intervals of input parameters (Yang) and inversion results using different methods.
X/km Y/km D/km a/km b/km Plunge/(°) Trend/(°) RMSE
cm

Truth 0 0 5 1 0.5 45 45 /
GA 0.01 0.00 5.05 1.07 0.53 44.14 44.59 0.50
SA 0.05 —0.03 5.07 1.03 0.52 43.28 44.31 0.82
PSO 0.01 —0.01 5.02 0.96 0.47 44.80 45.96 0.68
BH-PSO 0.01 0.01 5.00 0.97 0.49 44.54 45.17 0.36

Note: In this model, the Poisson’s ratio is 0.25, the shear modulus is 5 GPa. In this experiment, the pressure-related parameter P is set to a fixed value (in Eq.10), and it is

treated as a constant in the inversion.

pressure parameters, and substitute them into the Yang model as a fixed
solution. Through this simulation experiment, the applicability of the
method in this paper is verified.

4.3. BH-PSO + CDM

In the simulation experiment of the CDM, a volcanic eruption event
was simulated on a domain of 20 km x 20 km with the center of the
volcanic eruption projected onto the surface of the Earth as the origin.
The preset true values of the simulated parameters are shown in Table 3.
The parameters are substituted into the CDM of a single pressure source
for forward modeling. The displacements obtained after the forward
modeling are converted into deformation observation data in the InSAR
viewing direction observation azimuth of ascending orbit is -10°, radar
wave incidence angle of 23°) and its observations are inverted by adding
errors following a normal distribution (with a mean of 0 and a magni-
tude of 0.5 cm). To verify the effectiveness and efficiency of the pro-
posed method, the SA, GA, PSO and BH-PSO methods are also used to
invert the above CDM observations with different errors.

Fig. 7(a) indicates that that the InSAR-observed deformation values
are no errors under the preset true values, (b) indicates that the InSAR-
observed deformation values are obtained after adding error of 0.5 cm,
(c) is the simulation result using the SA method, (d) is the GA method
simulation result (e) is the PSO method simulation result (f) is the BH-

PSO method simulation result. (g) is the residual of SA method inver-
sion, (h) is the residual of GA method inversion, (i) is the residual of PSO
method inversion, (j) is the residual of BHPSO method inversion.

The results recorded in Table 3 show that under the more compli-
cated CDM. The SA, GA, PSO and BH-PSO algorithms, solutions close to
the true value can be obtained to a certain extent, but none of these
algorithms can obtain the optimal values of all 9 parameters simulta-
neously. When the RMSE is used as the criterion, the BH-PSO algorithm
has the best effect. However, the RMSE alone cannot be used to identify
which algorithm has the highest accuracy. This paper considers that the
CDM contains both angle unit parameters and length unit parameters,
and the units of these two parameters are inconsistent. If the units are
compared, problems will arise. Therefore, this paper designs an exper-
iment to investigate the parameter sensitivity in the CDM. The experi-
mental results are as follows:

Through experiments, this paper believes that in the CDM, the in-
fluence of the error in the angle is small, while the length error of a, b
and c axes with strong correlation with volume has a great influence on
the inversion result. Finally, this paper believes that the inversion results
and the true values of the BH-PSO algorithm deviate to some degree, but
the residuals reflected by the RMSE have a certain relationship with the
magnitude of the error. The position and size of the magma source ob-
tained by the algorithm and the volume of the magma source thus ob-
tained are basically consistent with the real situation (the deviations
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Table 3
Search intervals of input parameters (CDM) and inversion results using different methods.
X/km Y/km D/km ©,/° @p/° @./° a/km b/km c/km RMSE
cm
Truth 0 0 7 20 -15 45 0.3 1.2 0.8 /
GA 0.08 -0.10 6.97 20.75 —15.43 44.85 0.31 1.17 0.82 0.51
SA 0.05 0.16 6.92 18.95 —14.75 44.90 0.32 1.12 0.85 0.52
PSO 0.10 0.22 7.08 7.17 —14.80 44.97 0.32 1.15 0.87 0.57
BH-PSO 0.02 —0.03 6.99 21.82 —14.83 44.85 0.30 1.19 0.81 0.50

Data

Model
prediction

Residual

X/km

Fig. 7. Simulation experiment observations of CDM.
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from the true values are small), and the shape of the chamber may have a
small influence, but the result of the algorithm is still more realistic than
the results of the Mogi model and the Yang model with only a single
shape. Therefore, the BH-PSO method can be used for the parameter
inversion of the CDM.

5. Inversion of the Calbuco volcanic pressure source parameters
5.1. Processing the InSAR data

InSAR has become an important means of acquiring observations of
the Earth due to its many advantages, its high resolution and high pre-
cision under any weather condition, its wide coverage and its ability to
discern vertical deformation compared with traditional GPS measure-
ments. Because the deformation observations of volcanoes and earth-
quakes are often dynamic and large in scale and require a high precision,
InSAR is one of the most commonly used sources of data to invert for the
geometry and location of the magma chamber, the magma volume, the
magma transport characteristics, and the magma eruption extent during
volcanic activity (Dvorak and Dzurisin, 1997; Dzurisin, 2003; Dzurisin
and Lu, 2007; Pinel et al., 2014; Xu et al., 2017). This article, considers
the first eruption of the Calbuco volcano at 18:04 on April 22, 2015, the
second eruption at 01:08 on April 23, and the third eruption on April 30.
Therefore, the data used for this sequence of eruptions are InSAR data
recorded on ascending and descending tracks after April 30 (after the
volcanic eruption). In this paper, two partial images that effectively
reflect the deformation due to the volcanic eruption are obtained by
interferometry, and differentia and shear processing, as shown in Fig. 8.

It can be seen from Fig. 8 that there are deformation changes in the
vicinity of the crater in both the ascending and the descending data,
especially the LOS-A image, which clearly reveals the circular gradient
of deformation. Compared with the descending data, the deformation
revealed by the ascending data in the far field (for example, in the
longitude range (-72°36’ ~ -72°24’), and the latitude range (—41°12' ~
-41°00") in subgraph a) is significantly reduced. However, the defor-
mation in the LOS-D image near the crater is obviously weak, and thus, it
is impossible to form a significant circular gradient of deformation.
Since the cropped image still has a relatively large number of points
(more than six million points), the inversion requires a considerable
amount of time and a high computational complexity, and there are
many interference points in the two subgraphs that are not conducive to
the calculation. Therefore, this paper uses MATLAB software to process
the raw image data on the quad-tree downsampling method (Jonsson
et al., 2002; Wang et al., 2018a, b; Wang et al., 2019). This processing
method not only can effectively preserve the deformation details, but
also avoid far-field data redundancy. The quality of the downsamped
results is effectively improved, the number of observation points is
<3000 after resampling, and both images maintain the characteristics of

-73°00' ~72°48"' -72°36'

a) Asc. data
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the originals after downsampling. Therefore, the following work in this
paper will be carried out on the downsampled results.

5.2. Calbuco volcanic pressure source parameter inversion

In this paper, the characteristics of the deformation distribution in
Fig. 8 are analyzed. A large deformation disturbance is considered in the
far-field data of LOS-A image (the deformation variable is 0—1 cm at 20
km on the left side of the crater and >35 km on the right side of the
crater). The magnitude of deformation reaches 4 cm, which is too large,
and is inconsistent with the theoretical deformation of volcanic erup-
tions, moreover, the same position in the LOS-D image does not show
such large deformation interference. Fig. 8 shows that the near-field
deformation in the LOS-A image is significantly greater than that in
the LOS-D image. However, LOS-D data are needed to constrain the far-
field effect. If an inversion is performed for only the LOS-A data, the
advantage would be that the crater position deformation could be fit-
tied, but the effect may be poor for far-field data, and the single-source
model may not be able to explain the far-field deformation in LOS-A
image. Similarly, if only the LOS-D data are inverted, the effect may
be more scattered and not well constrained. Therefore, to obtain more
reasonable pressure source parameters, while balancing both the far-
field and the near-field deformation, the Mogi model and CDM of a
single pressure source are used to simultaneously reverse the deforma-
tion obtained after downsampling the LOS-A and LOS-D data. Using the
Mogi model as an example, Eq (12) is employed

Dyoy = Diog-a + Dios—p (12)

where Dy,;_4 and D,s_p represent the simulated deformations in the LOS-
A and LOS-D data, respectively, generated under a single-source Mogi
model, and obtained by Egs. (7) and (8); the standard used to evaluate
the inversion results is Eq. (9), where Dy, in Eq. (9) is the original LOS-A
and LOS-D combined observation. When the result obtained by Eq. (9) is
the smallest, the corresponding parameter values in Eq. (1), are sought
as the solutions of the Mogi model.

5.2.1. Inversion results based on a single-source Mogi model
Under the Mogi model, the parameter interval of Table 4 is selected

Table 4
Parameter search intervals and the inversion results using single Mogi pressure
source.

X/km Y/km D/km AV/km? RMSE(all)
cm

Lower limit 30 25 6 0.03 /

Upper limit 50 45 12 0.8 /

LOS-A +D 40.951 30.056 8.627 0.345 1.80

-73°00' -72°48' -72°36' -72°24' -72°12'

- 3 u

-41°12'
—41°24'

Fig. 8. (a) Unwrapped ascending and (b) descending interferograms showing the LOS ground deformation associated with the 2015 Calbuco eruption.
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using the BH-PSO algorithm to perform the inversion. The obtained
results are forward-calculated (using the Mogi model), the obtained
shape variables are converted into InSAR data shape variables according
to Eq (2), and the transformed shape variables and original observation
shape variables and residuals are plotted in Fig. 9.

As shown in Table 4, the position of the volcanic pressure source
obtained by the inversion is (X: 40.951 km, Y: 30.056 km), the position
of the crater is (X: 47 km, Y: 35 km), and the position of the obtained
magma chamber is near the crater within 5—7 km, at depth of 8—9 km
below the surface. The results of this paper are consistent with those of
Delgado et al. (2017), which means that the depth of the magma
chamber is similar numerically. Which is different from the petrological
and geochemical methods used by Arzilli et al. (2019) and Namur et al.
(2020), the data used in this paper and Delgado et al. (2017) are
geodetic data and the mogi model. The comparison between the results
of this paper and Delgado et al. (2017) is to verify that the accuracy of
BH-PSO method is higher than that of GA and SA methods. Different

-73°00' -72°48' -72°36' -72°24' -72"12'

-41°12'

-41°2¢4'

—41°12'

-41°724'

-41°12

-41°24'

~73°00' -72°48' -72°36' -72°24' -72"12'
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from Arzilli et al. (2019); Namur et al. (2020) and Morgado et al. (2019),
geodesy inversion method is used in this paper. Although this method is
different from petrology and geochemistry in theory, the results of
different literatures are all around 8 km. Therefore, the results of this
paper have credibility. At the same time, in Table 7, the research results
are discussed in detail in this paper. After a comparative analysis, this
paper finds that the single pressure source model can better invert the
Ascending deformation data than the other algorithms. The direct result
is that the model shape variable in Fig. 8 is close to the Ascending shape
variable. Except for the large residuals of 3—4 cm in the far field, the
residuals of the near-field data are +2 cm, and the RMSE = 1.7 cm;
however, the residuals in the Descending data indicate that difference
between the model and data is large. The original Descending image
contains a shape variable of -5 cm near the crater, and the residual of the
inversion result is 6 cm. This produces a simulation result far exceeding
the original shape variable, which indicates a single pressure source
simulation, and the RMSE = 1.9 cm. The result of the model in the

-73°00' -72°48' -72°36' -72°12'

-72°24'

o —41°12'

—41724'

-72°36'

-73°00' -72°48' -72°24' -72"12'

Fig. 9. Comparison of LOS ground deformation and the modeling results using a single the Mogi model. (a) and (b) represent the observed ascending and descending
LOS deformation maps, respectively. (c) and (d) model predictions for panel (a) and (b) with the surface projection of the source indicated by a yellow star. (e) and (f)

represent the Residuals.
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Descending image is inaccurate, indicating that the Descending inver-
sion results of the single-source Mogi model in is not ideal are not ideal.
The mogi model is a widely used model, and the uncertainty of its results
comes from two aspects: 1, The model is relatively simple, which sim-
plifies the magma chamber to a standard sphere, which may be incon-
sistent with the actual situation; 2, the uncertainty of inversion methods,
inversion accuracy of different methods is different. However, the
BH-PSO method has been proved to have a relatively high accuracy in
the simulation experiments. Therefore, the uncertainty in this paper is
more caused by the model. Compared with parts 5.2.2 and 5.2.3, the
CDM model can be more consistent with the actual distribution of the
magma chamber.

5.2.2. Inversion results based on Yang models

Based on the above analysis, this paper use Eq. (12) and the Yang
model to simultaneously invert the deformation obtained by Ascending
and Descending in Fig. 8. The specific parameter search interval of the
inversion is shown in Table 5. The BH-PSO algorithm proposed in this
paper is adopted, and the obtained parameter results are recorded in
Table 5. The parameter values of the different inversion results are
forward-calculated based on the Yang model, the shape variables ob-
tained by the forward calculation are converted into InSAR data ac-
cording to Eq.(8), and the transformed shape variables (the inversion
results), the original observation shapes variables and residuals are
plotted in Fig. 10.

The results in Table 5 show the position of pressure source (X: 44.871
km, Y: 37.830 km) obtained under the dual pressure source model, and
the buried depth is D: 8.151 km. This result is similar to the results in
Table 7. These inversion results are consistent with the results of Del-
gado et al. (2017), indicating the correctness of pressure source. The
depth before magma eruption has been more discussed in petrology and
chemistry, for example in Arzilli et al. (2019); Namur et al. (2020);
Morgado et al. (2019). Geodetic data are obtained from the deformation
before and after eruption, under which it is difficult to infer the mech-
anism of the magma chamber before eruption. The depth discussed here
is derived from a combination of geodetic deformation and magmatic
models. The heating, supply, and pressure changes of the magma before
the volcanic event are difficult to reflect in the InSAR data. Therefore,
this paper agrees with the explanations of Arzilli et al. (2019); Namur
et al. (2020); Morgado et al. (2019); Pardini et al. (2018) for the tem-
perature change, pressure change and magma chamber heating mech-
anism before the occurrence of volcanic. In Fig. 10, the pressure source
of Yang Model can better reflect the deformation of the descending rail,
but the deformation of the ascending rail is not improved. The
descending residual in Fig. 10 indicates that the simulated value near the
crater is close to the original derailment data, with a residual of 0—2 cm,
which is much smaller than the 6 cm residual in Fig. 9 (and significantly
more improve). However, there is still a 4 cm deviation in the area away
from the crater in the ascending rail, the fitting result of the ascent is not
good enough, and the RMSE is still large. Combining the two images
data, the results of the Yang model are better than the Mogi model, and
the derailment data is significantly improved. However, the RMSE (1.30
cm) of the Yang model is still bigger than the RMSE of the CDM (RMSE =
1.14 cm). Therefore, according to the data fitting results, the results of
CDM are more reliable. Therefore, this paper is more inclined to the
results of CDM.
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5.2.3. Inversion results based on a single CDM

The parameter settings and inversion results of the CDM model are
shown in Table 6. The transformed shape variables (inversion results)
are compared with the original observed shape variables and the re-
siduals are plotted in Fig. 11.

The position of the volcanic pressure source obtained by the inver-
sion in Table 6 is (X: 46.511 km, Y: 34.511 km), the position of the crater
(X: 47 km, Y: 35 km), and the position of the obtained magma chamber is
near crater 2 within the range of 3 km, at a depth of less than 9 km below
the surface. The above results (depth, a, b, c) are similar to those of
Nikkhoo et al. (Nikkhoo et al., 2016); About the pre-eruptive depth, this
paper is similar with Nikkhoo et al. (Nikkhoo et al., 2016), the difference
is within 1 km. The reason for this difference may be the difference
between observed data and inversion methods. After a comparative
analysis, this paper finds that the CDM can better invert the LOS-A
deformation data. The direct result is that in Fig. 11, the LOS-A shape
variable of the Model is close to the Ascending Data, and thus, the Re-
sidual of Ascending is reduced overall, however, there are large re-
siduals of 3—4 cm in the far field, and relatively small residuals of +1 cm
in the near-field. Furthermore, the Descending result is also very similar,
and the magnitudes of the residuals are in the range of -2 to 0 cm (for the
Descending near-field). This result is significantly reduced compared to
the residual of -6 cm in Fig. 9 This finding shows that the CDM in Fig 12
produces more obvious deformation than the Descending effect in the
Mogi model in Fig. 9, that is, the inversion result of the CDM is closer to
the original data than the inversion result of the Mogi model.

According to the research results of Ragon et al. (2018), this paper
considers that the RMSE (all) in Tables 3, 4, and 5 are comparative,
because the data volumes of the three models are consistent with their
data quality, however, the models themselves are different. Such a result
can reflect the quality of the model, and the results show that the CDM
has a better effect on the data fit. However, compared with the existing
research results, the CDM provides of the magma eruption and the
pressure source, will be large differences (which is a limitation of the
algorithm itself). Experiments 4 also shows that the inverted results of
the CDM for the magma emissions are smaller than those of the Mogi
model. This discrepancy is independent of the image data and is a
computational problem of the CDM itself.

Based on the above analysis, the results of the CDM are more
consistent with the fitted shape variable for this eruption event. How-
ever, there is a certain amount of deviation between the estimated
magma emissions and the estimated pressure source position; the de-
viation in the pressure source position is approximately 3 km, which is
an acceptable range, and the magma emissions are slightly reduced.
Through 30 independent inversion experiments and the obtained sta-
tistical information, this paper speculates that the total volume of the
erupted volcanic material in the Mogi model is 0.345 km?®, and the
pressure source is located near the crater. Under the CDM, the total
volume of erupted volcanic material eruptions is between 0.209 km?,
and the pressure source is also located near the crater (within 1.5 km in
the X direction, and within an offset range of 1 km in the Y direction).
These depth results are close to the Mogi model.

In the Table 7, the superscript ™ represents the inversion result of the
Mogi model, and the superscript € represents the inversion result of the
CDM. Table 7 records the results reported by different researchers on the
volume of erupted material and the location and depth of the pressure

Table 5
Parameter search intervals and the inversion results using Yang pressure source.
X/km Y/km D/km a/km b/km Plunge/(°) Trend/(°) RMSE(all)
cm
Lower limit 30 20 10 0.2 0.1 0 250 /
Upper limit 55 50 20 2 2 90 360 /
LOS-A +D 44.871 37.830 8.151 1.473 0.742 16.738 282.066 1.30

Note: In this model, the Poisson’s ratio is 0.25, the shear modulus is 5 GPa (Delgado et al., 2017).
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Fig. 10. Same as Fig. 9, but for the Yang source model. The green star represent the location of Yang sources.
Table 6
Parameter search intervals and the inversion results using the CDM model.
X/km Y/km D/km ©/° Pp/° @/° a/km b/km c/km AV/km® RMSE(all)
cm

Lower limit 30 25 6 -10 -15 145 0 0 0 /

Upper limit 50 45 12 10 5 170 1 3 3 /

LOS-A +D 46.511 34.511 9.035 1.989 —5.469 153.027 0.325 1.228 1.429 0.209 1.14

source. By comparison, it can be found that the results of this study are
within the scope of existing research results. The research results of this
paper are closer to the results of Castruccio (2016) and Van Eaton et al.
(2016); Morgado et al. (2019); Delgado et al(2017), and Pardini et al.
(2018) think that assuming a magma density of ~2500 kg m~3, they
compute a deposit dense rock equivalent (DRE) of 0.198 + 0.050 km?,
and the total erupted volume has been estimated 0.48 km®. The source
depth is similar to that of Delgado et al. (2017); the difference is that
Delgado (2017) used both the Mogi model and the Yang model. This

12

paper read the results of Delgado et al. (2017); Arzilli et al. (2019);
Morgado et al. (2019), and Namur et al. (2020), of which Morgado et al.
(2019) showed a range of 5-9.5 km. However, the results from Delgado
et al. (2017); Arzilli et al. (2019) and Namur et al. (2020) show that the
pre-restraint depth is 8—12 km, which is close to the 9 km in this paper.
The above results are obtained on the basis of different geophysical
research methods, different models and inversion methods. This also
leads to different depths of the same volcanic event. It is worth noting
that the depth of 9 km obtained in this paper is the approximate median
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Fig. 11. Same as Fig. 9, but for the CDM source model. The red star represents the centroid of CDM.
of these research results, which is of reference significance.

Although the results of this paper and Delgado et al. (2017) all
originate from two sets of parameters, the parameters between the Mogi

Table 7
Comparison of different inversion results from the existing studies and this work.

X/km Y/km D/km AV/km® model and the CDM used in this paper are inconsistent. Delgado et al.
This paper 2"40.95 30.06 8.63 0.345 (2017) used WGSS4QTM185 data, which resulted in different solutions
46.05 34.51 9.05 0.209 for the X and Y coordinates. However, the pressure source parameters of
32:;:1:; Zl‘a(lzm e/ / 4 0.27.+0.007 the two models are close to the volcanic eruption port, so the results are
2016 / / / 0.56 +0.28 credible. This paper believes that the interpretation of this volcanic
Castruccio et al , , , 038 + 0.1 eruption event has 'not been cornprehens%ve, which is also related t'o t'he
2016 accuracy and quality of the data. Gaps in the data haves a certain in-
iiﬁﬁ"e"t(j]olé)m 0 ; ; 2;21 ) ?-1 fluence on the interpretation of volcanic movements. At the same time,
Mo'rga do et al. the timeliness of the data is also a constraint. In areas with a high
(2019) / / 5.5-9.5 0.3-0.6 elevation, and complex vegetation and various vegetation types, the
Namur et al. (2020)  / / 8-11 0.27-0.6 accuracy of InSAR data will be affected. However, the results of this
Pardini et al. (2018)  / / / 0.48 paper still have a certain reference value. The method and explanation
Delgado et al 699.2 +0.2 3219'0 + 7.78+£0.3 a0 presented in this paper are applicable to the data in this paper.
(2017) 696.3+0.3 329'4 * 10.7 + 0.4
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6. Conclusion

This paper proposes a particle swarm optimization algorithm com-
bined with black hole strategy (the BH-PSO algorithm). By applying the
radius selection strategy of the black hole algorithm to the weighted
selection of the step size in the particle swarm optimization algorithm,
the two approaches are combined. The BH-PSO algorithm can dynami-
cally adjust the moving distance and moving direction of the particles in
each iteration according to the ratio of the fitness of the global optimal
solution to the fitness of the individual optimal solution during the
search process. This dynamic adjustment strategy is more intelligent
than the monotonically increasing or decreasing strategies adopted in
previous studies. This intelligent adjustment method can obtain the
global optimal solution more quickly and accurately within the solution
space of the parameters; and solves the problem that the result of the
artificial interference step size of the particle swarm algorithm easily to
misses the global optimum and becomes trapped in local minima. The
theoretical analysis and simulation experiments prove that the BH-PSO
algorithm is effective and practical in the inversion of volcanic pressure
source parameters. The experimental results show that the improved
particle swarm optimization algorithm overcomes the local optima
problem to some extent, the global optimum is achieved, and the PSO
algorithm boasts an improved accuracy and efficiency. The results show
that the CDM will underestimate the volume of erupted magma to a
certain extent. However, with the RMSE as the evaluation index, the
effect of the CDM is better than that of the Mogi model. Moreover, that
the results of the CDM are more consistent at fitting the shape variable
than the Mogi model. In the CDM, the pressure source position is near
the crater, while the depth is close to the estimate from the Mogi model
(approximately 9 km below the surface). The total volume of erupted
volcanic material obtained under the CDM is 0.209 km?, which will
underestimate the volcanic eruption volume. This paper agrees with the
0.345 km® obtained by the Mogi model. However, the mechanisms of
underground magma connection system, magma supply and under-
ground movements for volcanic events cannot be clearly determined,
but the results of the dual pressure source Mogi model may provide some
reference value. At the same time, the data used in this paper contain
some missing data, and the InSAR data are greatly affected atmosphere
and by the presence of vegetation and volcanic ash. Therefore, the re-
sults obtained in this paper do not correspond to the ideal data
constraint acquisition state, and thus, there will be a certain amount of
deviation.
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