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Abstract 

Bromo volcano is one of series of active volcanoes in Indonesia, located in 

Tengger caldera, Probolinggo, East Java. Bromo volcano has increased the 

volcanic activity in the end of 2015 to early 2016. This research was conducted 

to determine the characteristic of Bromo’s volcanic tremors and the depth of its 

source using polarization method. The polarization of the volcanic seismic 

signal is part of the monitoring system. The basic parameters related to seismic 

wave polarization analysis are azimuth angle, back azimuth angle, incidence 

angle, and hypocenter. The obtained depth from the analysis of polarization is 

about 1500 meters beneath the crater as the source of volcanic tremor. 

Keywords: volcanic tremor, polarization method, azimuth angle, back azimuth 

angle, incidence angle, depth source 

 

INTRODUCTION 

Bromo volcano is one of a series of active volcanoes in Indonesia where located within 

Tengger caldera, Probolinggo Regency, East Java. Historically, it was noted that Bromo 

volcano has experienced in eruptions more than 50 times since 1775. Bromo volcano is 

a Strombolian volcano-type. An effort to reduce the negative impacts which caused by 

volcanic activity, it is necessary to monitor the volcanic activities continuously. This 
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monitoring has been carried out by various methods, such as remote sensing, visual 

observation, ground deformation, geophysical, gas and thermal, and also hydrological 

measurements. Geophysical methods have been applied for monitoring volcanic 

activity in Bromo volcano, the main one is seismic method. It becomes the main one 

since its continuously observation along the day. So, volcanic activity in the future can 

be recognized or even predicted. 

Tremor source analysis was performed using polarization analysis at Arenal volcano, 

Costa Rica [1] (Benoitt & McNutt, 1997). Azimuth particle motion was suddenly 

rotated and the value of the incident angle decreased. Research with the method has 

been done in the research for determination of tremor source in Decapi Island, Antartica 

[2] (Almendros, Ibáñez, Alguacil, Del Pezzo, & Ortiz, 1997). The research has been 

compared the back-azimuth tremor and hybrid parameters and the results have the same 

direction. We can use polarization method to obtain the source position of the volcanic 

tremor. Bromo volcano itself increased its activity in the end of 2015 to early 2016. 

There are many researches that discussed about Bromo activity but not much research 

discussed the position of the source of volcanic tremors in detail. 

 

MATERIALS AND METHODS 

In this research, the secondary data of seismic activity recorded in Bromo volcano 

during February 2016 is used. The seismic data is obtained from 3 (three) Broadband 

temporary stations, they are BTK station for Batok Area, KUR Station for Kursi Area, 

and POS station for Observatory area. Seismic data on each station are in the form of 

digital recording is done continuously for 24 hours. Each part data recorded for 30 

minutes. The seismometer which used to record the data is GURALPH CMG-40T type 

seismometer with a sensitivity of 2 × 40 V/m/s. See Fig. 1 for the data sample recorded 

from BTK station and Fig. 2 for the position of the stations. 

 
Figure-1. Recorded data at BTK station. 
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Figure-2. Distribution of temporary seismic stations installed surrounding Bromo 

volcano. 

 

Several stages were done to determine the position of tremor using polarization analysis 

which the first stage is inserting 3 (three) components seismic data into windows (Z, N-

S, and E-W). The tremor data from 3-components seismometer are converted into 

ASCII format. Second, baseline correction is done to occupy any baseline data to not 

affect the amplitude values. The third, calculating the azimuth, back-azimuth, and 

incident angle is important to obtain its depth using Matlab. Seismic signal recorded in 

seismogram is generally on the same baseline, but sometimes it is also found that the 

signal in one of the components is not exactly on the bottom line, it will affect the actual 

amplitude signal. In this condition, need to be done a baseline correction to all 

components to put the signal of any component exactly at the actual and same baseline. 

The polarization of volcanic seismic signal is part of the monitoring system, so an 

estimated parameter required. The basic parameters related to seismic wave 

polarization analysis are azimuth angle, back azimuth angle, incident angle, and depth 

source (hypocenter). For the calculation, in this part, the epicenter will be included 

relative to the three-component station. To determine the back azimuth and the incident 

angle associated with the source location by analyzing the polarization at the beginning 

of the symptom or onset of the event. In this study, the calculation of azimuth value 

which are back-azimuth, incident angle, and the depth of vibration source is done 
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numerically. For depth estimation, it is needed assume the position of the projected 

source from a depth to the flat field. Jurkevics (1988) presents a technique for seismic 

wave polarization analysis of three components data by solving the eigenvalue of a 

covariance matrix. Data processing is performed on the seismogram of time zone, 

where the width of window length and window shift is set for each component. A 

specified window length will obtain a value of polarization, so in the data interpretation, 

a value of polarization has an amount equal to the number of window length along the 

raw data. The direction of wave polarization in three-component seismic data not only 

deals with the motion of particles as a straight line, but also the motion in 3-D area [3] 

(Flinn, 1965). The method will works in time domain with the desired frequency band 

and calculate the covariance matrix ([4] Konstantinou & Schlindwein, 2003; [5] 

Jurkevics, 1988). The polarization within a time window is estimated as follow. Where 

𝑋 =  [𝑋𝑖𝑗]; 𝑖 = 1 … … 𝑁; 𝑗 = 1, 2, 3; is the data matrix in one widow and 𝑋𝑖𝑗 is the ith 

sample of component j, N is the number of samples and T denotes the transpose os X. 

The covariance matrix S is evaluated as 

𝑆𝑗𝑘 =
𝑋𝑋𝑇

𝑁
= [

1

𝑁
∑ 𝑥𝑖𝑗𝑥𝑖𝑘

𝑁

𝑖=1

] 

 

   (1) 

 

The covariance matrix is 3×3, real and symmetric. Explicitly, the term of S are auto and 

cross-corelation of the three components of motion (Jurkevics, 1988). 

𝑆 =  [

𝑆𝑧𝑧 𝑆𝑧𝑛 𝑆𝑧𝑒

𝑆𝑧𝑛 𝑆𝑛𝑛 𝑆𝑛𝑒

𝑆𝑧𝑒 𝑆𝑛𝑒 𝑆𝑒𝑒

] 

 

(2) 

where Szn denotes the cross-variance of the vertical and north components, etc. the index 

convention used here is z = 1, n = 2, e = 3. The covariance matrix S is positive 

semidefinite, which means the eigenvalues are real and non-negative (some may be 

zero). S is the matrix of coefficients for a quadric form which is an ellipsoid. The 

principal axes of the ellipsoid are found by solving the algebraic eigenproblem for S. 

This involves finding the eigenvalues (λ1, λ2, λ3) and eigenvectors (p1, p2, p3) which are 

nontrivial solutions to 

(𝑺 − 𝜆2𝑰)𝒑 = 0 (3) 

where I is the 3×3 identity matrix and 0 is a column vector of zeros. The eigenvectors 

are chosen to be orthogonal and unit length. The three principal axes of the ellipsoid 

polarization are given by 𝜆𝑗,𝑝𝑗,𝑗 = 1 … 3, where the eigenvectors are λj in amplitude 

units. If the polarization main axis is established then the particle motion in a window 

can be determined. The magnitude of the azimuth (Az) and back-azimuth (BAz) values 

for a wave can be determined y the horizontal direction of the straight motion which 
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provided by the eigenvector u1 is 

𝐴𝑧 = 𝑡𝑎𝑛−1 (
𝑝21 𝑠𝑖𝑔𝑛(𝑝11)

𝑝31 𝑠𝑖𝑔𝑛(𝑝11)
)    

               𝐵𝐴𝑧 = 𝐴𝑧 + 1800 

(4) 

(5)                                

where 𝑝𝑗1, 𝑗 = 1, … 3 is cosinus direction of eigenvector p1. The sign function is used 

to resolve the 180° ambiguity by taking the positive value of p11 vertical component. 

Similarly, the apparent incident angle of rectilinear motion, as measured from vertical, 

may be obtained from the vertical direction cosine of p1 : 

𝑖 =  𝑐𝑜𝑠−1|𝒑11| (6) 

The usual parameter is used to identify other vibration sources is the hypocenter depth 

estimation. If the medium is assumed to be homogeneous, the the depth of vibration 

source (Fig. 3) can be expressed as follows ([6] Setiawan, 1993; [7] Sugiarto, 2014). 

ℎ = 𝑑 tan(90 − 𝑖) (7) 

where, h is the depth of the source (m), i denotes the incident angle of the wave and d 

represents the distance of the recording station with the epicenter. 

 

 

Figure-3. Illustration of station position, epicenter and hypocenter position, if 

assumed in homogeneous medium. 

 

RESULT AND DISCUSSION 

Determination of direction and depth of tremor source are obtained from a result of 

polarization analysis on the seismogram of three-component from Batok (BTK) station, 

Kursi (KUR) station, and Observatory (POS) station. From the observed signals on the 
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three stations is relatively coherent, this can be seen from the dominant frequency value 

above 5 Hz. Based on the spectrum coherence analysis shows that no spectrum has a 

high coherence coefficient. The spectrum has a coherence coefficient below 0.5 (Fig. 

4), this may be due to the recorded signal having a considerable phase difference. 

Signals from all three different stations have similar frequency content, it can be 

interpreted comes from the same source. Based on this, the signal can be analyzed the 

polarization to determine the direction and the depth of tremor source because the 

recorded signal comes from the same event. 
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Figure-4. Coherence of spectrum between stations in Bromo volcano. 

 

Polarization analysis is obtained by the value of azimuth, back-azimuth, and incident 

angle. In addition, polarization analysis is also indicated by estimating the depth of 

earthquake source which depends on the incident wave angle. In determining this 

estimation, the three-component station was used with assumption of the epicenter 

position of other data required as a reference. In this case, the other data is based on 

previous research, the magma source is beneath the Bromo crater, assumed that the 

hypocenter position or source of tremor beneath the crater is acceptable [8] (Zaennudin, 

2011). Therefore, the epicenter distance is equal to the distance between the three-

component seismometer station to the projected crater of Bromo volcano on a flat field 

and assuming a homogeneous layer. In this study, see Fig. 5, BTK station is about 1400 

meters, KUR station is about 1450 meters, and POS station is about 2400 meters away 

from Bromo crater (KWH). 
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Figure-5. Position map against crater and an azimuth angle estimation based on 

observation of visual images 

 

Fig. 5 shows the azimuth angle visually based on the position of the three stations, 

where the crater is projected as the epicenter. The dotted line is the value of the azimuth 

angle visually, the azimuth angle at POS station is around 230°, KUR station is around 

300°, and BTK station is around 120°. The azimuth angle can be used as a reference 

for azimuth value in polarization analysis. 

The result of data processing obtained variation of azimuth angle, back-azimuth angle, 

incident angle, and depth to time. From the obtained azimuth derivative is calculated to 

a reverse azimuth angle by adding 180° from the azimuth angle. The incident angle is 

calculated by solving the principal axis problem of the covariance matrix obtained from 

the three-component seismometer. Fig. 6 shows the volcanic tremor recorded from 

seismogram three-component analysis. 
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Figure-6. Volcanic tremor recorded in BTK Station at February 10, 2016 01:05am. 

 

Based on polarization analysis, the incident angle is plotted into a rose diagram (Fig. 

7). The incident angle at BTK station is dominated from 70°-90°, KUR station is 

dominated from 70°-80°, and POS station is dominated from 80°-90°. Incident angle is 

needed to obtain the depth source of volcanic tremor. From the result can be seen in 

Fig. 7, the value of the incident angle has the same value of the stations. 

 

 

(a)                                                           (b) 
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(c) 

Figure-7. Rose diagram of incident angle recorded in three seismic stations a) BTK, 

b) KUR, and c) POS. 

 

The calculation of depth source and trigonometry is used in numerical process of 

polarization analysis by assuming the epicenter or tremor source is laid beneath the 

crater. 

Determination of the depth source using assumption that the medium is homogeneous 

and not take the effect of heterogeneous medium and topographical effects. Based on 

the assumption, it can be interpreted that the source disturb the fluid mass so it would 

be in a non-steady state in some parts and causing the transient current to stimulate the 

waves. Some parts which stimulate the wave varies its position against the time, may 

occur due to the fluctuating pressure in magma fluid or as a result of the emergence of 

a new crack or crack elongation, filled with magma fluid and assumed that the source 

is moving up and down [9] (Ipmawan, 2016). 

Polarization analysis to get the depth source is generated from each station. Based on 

plotting result, depth source is described with the depth in time function, where the x-

axis is time (s) and y-axis is depth (meters), see Fig. 8. BTK station obtained the depth 

at range of 0 – 1500 meters from bottom of the crater. While the KUR station obtained 

the depth at range of 0 – 1300 meters. POS station obtained the depth value is slightly 

different from the other stations with the random depth source being at 0 – 1000 meters. 
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(a)                                           (b) 

 

(c) 

 

Figure-8. Plotting of depth source in time (s) recorded in three seismic stations a) 

BTK, b) KUR, and c) POS 

 

Fig. 8 shows the depth in time function, based on the result, the tremor source has 

moved up the surface. It can be seen the movement of red dots which interpreted as the 

movement of particles. The black dropout line is interpreted that the source has been 

accumulated at a certain depth. The depth result is affected by tremor waveform at each 

station so we will have assumption as the basic interpretation. There are four types of 

causes of tremor based on the model of tremor source mechanism. The four types of 

models are oscillations induced by fluid flow, fluid discharge through cracks in the 

volcano body, hydrothermal boiling system, and resonance from the presence of large 

volume of magma ([4] Konstantinou & Schlindwein, 2003; [10] Maryanto, Iguchi, & 

Tameguri, 2008).  The continuous tremor with a maximum amplitude of 30 mm 

indicates that it was the release of gas [11] (Ripepe & Gordnev, 1999) and fine material 

as an initial process of volcano eruption. 
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Based on visual observation at Bromo volcano, it can be seen that the explosion and 

sound of the thump is coming out from the crater and spewing volcanic ash in all 

directions [12] (Triastuty, et al., 2016). Basically, there is fluid (mud and gas bubble) 

moves out to the surface through a gap or conduit. If it is assumed, the pattern formed 

from azimuth, back-azimuth, incident wave, and depth of vibration source to the time 

function is equal to the fluid movement to the conduit, it can be said that by using 

polarization analysis in time function is capable of giving and showing the dynamics 

movement of tremor source both in terms of depth and from the direction of movement. 

From the depth plotting shows the movement slowly rises from a certain depth to reach 

the surface and so on. 

The vertical conduit direction is illustrated by reviewing the value of the incident angle 

and depth of the vibration source (Fig. 9). The polarization result indicates a change in 

incident angle of the wave and depth of the vibration source as a function of time. The 

pattern which formed from the change illustrates that the fluid is moving vertically ie, 

moving from a certain angle and depth until it reaches the surface. 

 

Figure-9. Illustration of tremor source movement (fluid) to the crater. Black dots 

illustrate as the movement of particles (tremor source). The color tube is broken off 

by the estimated source of tremor. 
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Fig. 9 shows that the fluid movement (tremor source) begins to accumulate or dominate 

at a depth of 1500 meters beneath the crater. It is based on model illustration for Bromo 

eruption in 2010 – 2011 [13] (Zaennudin, Kristianto, & Lusy A.S., 2012). In this model 

shows that magma movement is almost reaching the surface. These symptoms are 

evidence by the occurrence of a continuous tremor with an amplitude between 1.5 – 7 

mm until a few days later. The peak of tremor with a maximum amplitude of 30 mm 

occurs continuously that occurs at a depth of less than 3000 m. 

 

CONCLUSION 

The vertical conduit direction is illustrated by reviewing value of the incident angle and 

depth of the vibration source. Based on polarization analysis of the tremor source 

accumulated in depth of 1500 meters beneath the crater. 
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