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Abstract During the initiation and movement of debris flow, low
frequency infrasound is generated and emitted with characteristics
such as strong penetration, low attenuation, and a high propagation
speed that is faster than the debris flow. Monitoring infrasound has
been used in debris flow detection and early warning systems; how-
ever, although the current infrasound-based warning system of debris
flow can provide an alarm when debris flow occurs, it cannot locate
and track the movement of debris flow in real time, and cannot
determine the arrival time of debris flow to its potential victims. Thus,
the potential applications of low frequency infrasound in debris flow
disaster prevention and reduction have not yet been fully explored. In
this study, we constructed an optimal triangular monitoring array
based on factors such as the terrain of the monitoring area and
characteristics of infrasound propagation. Combined with the time-
delay estimation method, we determined and established an acoustic
source localization model based on the time difference of arrival.
Furthermore, with the help of a GIS platform, a visualized localization
and tracking system for debris flow movement was developed to
achieve real-time monitoring of debris flow. The performance of the
system on acoustic source localization was validated using a simula-
tion test and long-term field monitoring of debris flow at Jiangjia gully
in Dongchuan, Yunnan province, China. Both the simulation and field
test results showed that the system has high localization accuracy and
strong real-time response. The results of the monitoring system could
provide more accurate warning information of debris flow to local
government and residents, allowing them to take appropriate mitiga-
tion measures well in advance to reduce the loss of life and property
caused by debris flows.

Keywords Debris flow - Infrasound - Monitoring - Visualized
localization

Introduction

Debris flow infrasonic signals are those originated from rock
breaking, collisions, and frictions between the flow surge front
and the channel bed and bank slopes during the debris flow
formation and movement (Chou et al. 2013). Compared to the
speed of debris flows (generally 5-20 m/s, Kang 1993), infrasonic
waves may propagate dozens of times faster, being characteristi-
cally of low attenuation, strong penetrability, and far reaching (Lin
and Yang 2010; Xu et al. 2013). Therefore, the monitoring of debris
flow infrasonic signals can advance the information availability
regarding debris flow occurrences for issuing hazard-disaster
warnings (Zhang and Yu 2010; Zhong et al. 2011).

Infrasound monitoring in early warning of debris flow has been
widely acknowledged in recent years. Many scholars are actively
carrying out extensive research and exploration on this topic. Zhang
et al. (2004) observed and analyzed infrasound signals from debris
flow in Jiangjia gully, Yunnan province, China, and concluded that the
dominant frequency of infrasound from viscous debris flow is be-
tween 5 and 10 Hz. Chou et al. (2007, 2013) observed and analyzed
infrasound signals from debris flow in Huoyan Mountain, Taiwan,
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and indicated that the dominant frequency range of infrasound from
dilute debris flow (5-15 Hz) is wider than that from viscous debris. In
addition, Chou et al. (2007, 2013) suggested the interference by envi-
ronmental noise such as wind and rain should be considered in
practice. Hiibl et al. (2008) carried out experiments to monitor the
infrasound from debris flow in Jiangjia gully and suggested that the
peak of infrasound from debris flow lies between 8 and 12 Hz and the
sound pressure is usually less than 4 Pa. Zhang and Yu (2008, 2010)
developed an infrasound monitoring device for debris flow
observation and an early warning system of debris flow by
integrating rain gauge and image transmission equipment. Kogelnig
et al. (2011, 2014) conducted infrasound monitoring experiments for
debris flow in different watersheds and indicated that the monitoring
of infrasound produced by debris flow has great potential. Li et al.
(2012) developed an infrasound monitor for debris flow to monitor
the debris flow gullies alongside a railroad. However, these systems
have two problems in terms of their practical application: first, the
monitoring does not rule out the interference from environmental
noise (such as wind, lightning, and blasting), and often produces false
alarms; and second, it is unable to determine the real-time position of
debris flow during its movement, thus failing to determine the length
of time until the debris flow would reach its victims and failing to
reach its full potential in disaster reduction.

For the first problem, by distinguishing the key characteristic
parameters of infrasound from debris flow and environmental
interference, Liu et al. (2015) presented a new method for the recog-
nition of the infrasonic signal to solve the problem of frequent false
alarms and substantially increase the accuracy of early warning. To
our knowledge, there has not yet been any research focusing on the
aforementioned second problem. Nonetheless, in recent years, acous-
tic source localization technique based on infrasound monitoring
arrays has been increasingly used in the study of natural disasters
(e.g., earthquake and volcanic activity). Extensive studies of observa-
tion and localization of the hypocenter have been carried out by
analyzing earthquake infrasound from the deployed monitoring ar-
rays (Cansi 1995; Jiang 2002; Pichon et al. 2005; Murayama et al. 2006;
Lv et al. 2012; Zhang et al. 2013). In addition, some scholars have also
conducted the studies of localization and tracking of volcanic activity
and pyroclastic flow with the time-delay estimation method based on
monitoring arrays (Matoza et al. 2007, 2009; Ripepe et al. 2010). The
Institute of Acoustics, Chinese Academy of Sciences has conducted a
considerable amount of research on acoustic source localization tech-
nology (Men et al. 2011; Wei et al. 2011; Lu and Yang 2012). These
studies provide a reference for use in the real-time location and
tracking of movement of debris flow based on infrasound monitoring.

In this study, on the basis of existing research results, an infrasound
array was deployed in Jiangjia gully, and infrasonic signals of debris
flow were recognized following the infrasound recognition system
developed by Liu et al. (2015). Based on the geometric structure of
the array and cross-correlated delay estimation method, we developed
the acoustic source localization model based on time difference of
arrival to achieve the localization of debris flow surges. This
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localization model allows the position of debris flow to be located at
different time periods. Combined with a GIS platform, this method
can provide visualized localization and tracking of debris flow, thus
providing more effective infrasound monitoring of debris flow.

Debris flow infrasound and monitoring array

Characteristics of infrasound produced by debris flow

Debris flow is a solid-liquid two phase flow in viscous laminar or
diluted turbulent state that contains solid materials such as soil
and fragmented rock (Zhang et al. 2009; Liu 2015; Ma et al. 2016).
Ranging between hyperconcentrated flow and block movement,
the fluid can generate infrasound when flowing rapidly in valleys
and gullies. Infrasound generated by debris flow is a spherical
wave, propagating in all directions through air. Various environ-
mental factors such as wind, temperature, and atmospheric ab-
sorption can interfere with monitoring processes.

(1) Effect of wind on infrasound generated by debris flow

Infrasound generated by debris flow is affected by surface wind
when propagating near the ground. When wind passes through
buildings, forests, and mountains, it is usually accompanied by
pressure fluctuations, which can cause a dramatic pressure change.
The pressure change can be expressed by the Bernoulli equation:

P+ (1/2) pV* =« (1)

where P, p, and V are pressure, air density, and wind velocity,
respectively, and « is a constant.
Taking derivative with respect to wind velocity V gives:

AP = pVAV (2)

For a wind velocity range of 6.7-11.2 m/s, a pressure
change of about 50 Pa is produced, much larger than the
infrasound pressure in nature (0.01-5 Pa). It is therefore clear
that wind can strongly interfere with infrasound monitoring.
Therefore, during the infrasound monitoring, the wind inter-
ference needs to be recognized and reduced according to its
characteristics.

(2) Effect of temperature on infrasound of debris flow

Studies have shown that the square of sound speed when sound
is traveling in air in subaudible region is proportional to the value
calculated by dividing elastic adiabatic modulus by density
(Remillieux et al. 2012; Groot-Hedlin and Hedlin 2014), i.e.,

C*=rP/p (3)

where C is infrasound velocity (m/s), r is a constant (for adiabatic
gas, r = 1.402), P is gas pressure (Pa), rP is the elastic adiabatic
modulus of atmosphere, and p is the air density (kg/m?).
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Fig. 1 Sound signals generated from simulated debris flows. a Time series of original signals. b Time-frequency spectrum of original signals. ¢ Power spectra of original

signals. d Power spectra of signals through low-pass filtering
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Fig. 2 Sound signals generated from a real debris flow event. a Time series of original signals. b Time-frequency spectrum of original signals. ¢ Power spectra of original
signals. d Power spectra of signals through low-pass filtering

The state equation of ideal gas is P = pRT, where T is the As indicated by Eq. (4), the propagation velocity of infrasonic
absolute temperature and R is a constant (about 14.33). Substitu-  wave is only related to temperature and is unrelated to air density
tion of the state equation of ideal gas into Eq. (3) gives and pressure. When temperature is 20 °C, or T = 293 K, C is

calculated as 344 m/s. Therefore, the propagation velocity of sub-
C=20VT (4)  audible sound is comparable with that of audible sound.
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Fig. 3 Collecting and transmitting system for debris flow infrasonic signals

Landslides 15 * (2018) | 881



Original Paper

a < Signal collection and transmission system

Acoustical signa

room

‘¢ Signal acquisition circuit

2-18KHz | board
! Serial port(Server)
Infrasound sensor ! Power source (12v)
i
Analog signals ! 12v
! N
1 -~
AD converters ! >
v ! voltage converter
' |
[—+5v Signal real-time receiving

and processing system
Sampling frequency(100Hz)

Sampling data

Clock time

|80

. 1
Wireless |
network |

1

Data
unit (DTU)

Oracle databasc

I
[N
[N
[N}
[N
[N
[N}
[N
[N}
[N
I
[N
[N
[N
[N}
I
[N}
[N
" Digital Signal
[N
[N}
[N
[N
[N
I
[N
[N
[N
[N}
[N
[N
I
[N}
[N
[N
1
[N
[N

r : P
Server host in the monitoring

signal real-time receiving and processing system >

High capacity queue
Thread 2 Thread [ Sampling data
Data . . . . . . . .. eeeeee (Hexadecimal)
analysig
I GPS timing flag I Clock time flag ‘ ’Walchdog reset ﬂagl ’ Remote reset flag

splicingl\

| | I |
GPS time E i I Sampling singal amplitudes I : i | Reset time | i

|
Samplingcount || | vt :
in the interval || Clock-chip lime" Server time | ! ' !
! 1 ! |

_______ I_______
.N J dap Sending email
in 2 mins

Fig. 4 Working process of the monitoring system for debris flow infrasonic signals. a Working process of the signal collecting and transmitting subsystem. b Working

process of the signal real-time receiving and processing subsystem

(3) Energy attenuation of infrasonic waves generated by debris
flow

Infrasonic waves propagate in air in the form of energy. The
energy attenuates during the propagation process, mainly due to
absorption by the atmosphere (such as molecular diffusion, heat
transfer, and the viscous effect) (Bass et al. 1972; Pilger and Bittner
2009; Liu 2013). The energy attenuation equation of infrasonic
waves caused by atmosphere absorption (Cook 1962; Johnson
2003) is as follows:

{

where P indicates the energy of the infrasonic wave received
by sensor, P, represents the energy of the wave source posi-
tion, r is the distance between sensor and infrasonic wave

P =P, (")
a=16x10*f*/B

(5)
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Fig. 5 Translational transformed monitoring array of debris flow infrasound
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(m), a is the absorption coefficient (dB/m), f is the
infrasound frequency (Hz), and B is the atmospheric pressure
(dyn/cm?).

Equation (5) indicates that the lower the frequency of sound
wave, the less the absorption by the atmosphere. The infrasonic
wave generated by debris flow propagates near the ground; thus,
the maximum absorption coefficient of the infrasonic wave by
atmosphere is around 2.0 X 107> dB/km (taking infrasound fre-
quency as 10 Hz and atmosphere pressure near ground as 10° Pa).
It is equivalent to 1% energy loss of infrasonic wave after propa-
gation over 5.0 X 10* km. This result shows that the infrasonic
wave has little energy attenuation in long-distance propagation. In
addition, the frequency of infrasound is low, possessing strong
penetration and making it highly suitable for long-distance
monitoring,.
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Fig. 6 Locations of monitoring devices and drumming
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Fig. 7 Locations of monitoring devices and blasting

Infrasound from debris flow is generated on the ground
surface and is received by ground-based monitoring stations.
Because the infrasound wave propagates near the ground, wind
field and temperature field have a little impact on its propaga-
tion. Based on the existing studies on infrasound from debris
flow and combining large amount of analysis on measured
signals (Figs. 1 and 2), the sound pressure of infrasonic wave
produced by debris flow was determined to be less than 5 Pa,
with a dominant frequency of 5-20 Hz. The waveform of the
infrasonic signal shows no clear abrupt change, with a short-
term zero-crossing rate of 0.23-0.32. Compared with other
infrasound generated in nature, such as earthquake, lightning,
and blasting, infrasound generated by debris flow usually has a
longer duration (taking Jiangjia gully as an example, the main
gully has a length of 13.9 km, and the speed of debris flow is
5-15 m/s; thus, the time for movement is at least 16 min).
Moreover, debris flow is usually composed of several surges.
These detailed characteristics of infrasound generated by debris
flow provide a more reliable basis to differentiate infrasound
generated by debris flow from other infrasound.

Monitoring system of debris flow infrasonic signals

According to the characteristics of debris flow infrasonic signals,
we developed a monitoring system for debris flow infrasonic
signals by combining SCM (single chip microcomputer) and upper
computer. The monitoring system consists of two independent
subsystems, namely the collecting and transmitting subsystem
and the real-time receiving and processing subsystem. The former
(serve as terminal device deployed in debris-flow-prone areas)
(Fig. 3) is built on five modules, i.e., high-performance signal
acquisition circuit board (STM32 microprocessor, 16-bit bipolar
AD converter, and clock chip, working voltage 5v), capacitive
infrasound sensor (developed by Institute of Acoustics, Chinese
Academy of Sciences), GPS chip, data transmission unit (DTU,
working voltage 12v), and power supply unit (Solar panel, 12v lead-
acid battery, voltage converter, and solar controller). Two types of
reset mode (watchdog reset and remote reset) was developed in
the system to prevent sampling error of the circuit board for its
sudden failures. The latter (running on sever terminal) receives
and processes the data remotely transmitted to the server through
the virtual serial port (COM port) in real time, which is prepared
specifically for the former subsystem deployed in the wild. This
subsystem was developed based on the combination of a high
capacity queue and five threads concurrent processing, which
can realize the functions of display and storage of the sampling
data and current status information and prevent data missing for
data congestion on server.

High frequency (100 Hz) sampling is proceeded by the signal
collecting and transmitting subsystem for debris flow infrasonic
signals; clock chip sends out the timestamp information every 10 s
(current time of the chip, accurate to the second). The real-time
receiving and processing system of debris flow infrasonic signals
loads the sampling data into database when parsing out the
timestamp logo. Each record in the database contains 1000 sam-
pling points. GPS provides time service to the clock chip every 2 h
to synchronize the clock chip time with the satellite time and to
ensure that the sampling data have precise time. The signal acqui-
sition circuit board first transmits sampling data to DTU through
RS232 serial line, and then DTU transmits the data to the server via
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Fig. 8 Monitoring array for debris flow infrasound
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wireless network. The working process of the signal collecting and
transmitting subsystem and the signal real-time receiving and
processing system are shown in Fig. 4a, b, respectively.

Deployment of infrasound monitoring array
The current infrasound monitoring technique uses a single device
and does not form a monitoring network. It cannot determine the
real-time position of debris flow and its arrival time to victims,
limiting its potential for disaster reduction. To achieve more effi-
cient debris flow monitoring, multiple infrasound sensors need to
be deployed as an array to locate and track debris flow in real time.
When infrasound generated by debris flow passes through the
array, there is a strong correlation between signals received by the
distributed array elements. Compared with infrasound signals from
debris flow, the disturbance caused by wind and local environment
belongs to noise, which shows no or little correlation when received by
different elements and can be excluded by correlation analysis. In
addition, the different distance between debris flow surge and differ-
ent elements causes variation in the arrival time of infrasonic signal to
different elements, creating a time difference. Therefore, using a
sensor array with more than three elements to monitor infrasound
generated by debris flow cannot only improve the accuracy of mon-
itoring, but also estimate the location of debris flow based on the
arrival time difference of infrasonic signal to different elements, and
further locate and track the movement of debris flow in real time.
Different array structures, element numbers, and distances
between elements have different impacts on the accuracy of the

acoustic source location. In theory, using more elements, a greater
distance between the elements (within the monitoring range of the
elements), and a more complex array structure can achieve higher
accuracy of localization, but the cost of array deployment and data
analysis is also higher. Therefore, an appropriate element number,
element distance (greater than half of the wavelength of the mon-
itoring signals), and topological structure need to be chosen ac-
cording to the actual needs of monitoring to achieve optimal
localization and tracking. In this study, three sensor devices were
chosen to deploy an appropriate monitoring array based on the
topography of monitored region, distribution of noise from envi-
ronmental background (human activity and wind), GPRS network
strength, and the propagation characteristics of infrasound gener-
ated by debris flow.

Real-time localization and tracking of debris flow surge

Determination of the time-delay estimation method

The time delay refers to the time difference for the same signal to
arrive at different elements of a monitoring array. The difference
in distance between the wave-surface and the two elements is
defined as acoustic path difference (speed of sound multiplied by
the time delay). The acoustic source localization method based on
time difference of arrival estimates the location of the acoustic
source according to the position of each element in an array
(element number > 3) and the time delay for the same signal to
arrive at the different elements. It has wide practical applications
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Fig. 9 A section of debris flow infrasonic signals received by device B during event 1. a Time series of original signals. b Time frequency spectrum of original signals. ¢
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because of characteristics such as the low computational require-
ments, ease of implementation, high accuracy of localization, and
strong real-time capability (Zhang et al., 2015).

Estimation of the time delay is a critical step in localization
based on the time difference of arrival method (Li and Wu
1998; Wang et al. 2000; Yang et al., 2003). The higher the
accuracy of the time-delay estimation, the better the localiza-
tion effect. We selected the generalized cross-correlation (GCC)
method in this study because it has high accuracy in time-delay
estimation, low computational requirements, and a strong real-
time capability. Based on cross-correlated functions, the GCC
method weights the power spectrum of signals in the frequency
domain and highlights the target signal component, while min-
imizing the noise component to highlight the peak value of
cross-correlated functions at the position of the time delay. The
basic principle of the GCC method is to use Fourier transform
to transform two signal sequences from the time domain to the
frequency domain, calculate their cross-power spectrum, give
certain weighted operation to minimize noise and reflection,
sharpen the peak of cross-correlated functions at the time
delay, and finally use inverse Fourier transform to transform
into the time domain for time-delay estimation. This method
can provide relatively accurate time-delay estimation. In addi-
tion, the windowing method can be used to process received
target signal in order to prevent the loss of information of the
target signal. Common window functions include Hamming
and Hanning windows.

"

Assuming the signals received by two array elements are x,(t)
and x,(t), according to the relationship of cross-correlated func-
tions and cross-power spectrum, the expression is as follows:
Ru(7) = [[ Gy, (w)e 7 dw (6)
where G, x, (w) = E{X,(w)X,"(w)} is the cross-power spectrum of
two signals xl(t) and xz(t) received by two elements, X,(w) is the
power spectrum sequence of signal sequence x,(t) after Fourier
transformation from time domain to frequency domain, and
X, (w) is the conjugate of signal x,(t) after transformation to
frequency domain. Based on the principles of the GCC method,
expression for GCC can be obtained as

-[ Py, (w) Gux, (w)eijwtdw = -[Zd’u(w)Gu(w)eijwdw’ (7)

Ry, (7)

where 1),,(w) is the weight function and ¢, (w) = 1, (W) Gy, (w) is
the generalized cross-power spectrum. The time delay 7 = argmax
Ry, (7) can be obtained after inverse Fourier transform of the
cross-power spectrum, and the peak position of Ry , (7) is the time
difference of the signal received by these two elements.

As shown in Eq. (7), different weighting functions may result in
different time-delay estimation methods that vary considerably in
accuracy and computation level. Thus, choosing an appropriate
weighting function is a highly important step. The choice of
weighting function is usually based on the practical application
to obtain accurate time delay. Based on the infrasound signals
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Fig. 10 A section of debris flow infrasonic signals received by device C during event 1. a Time series of original signals. b Time frequency spectrum of original signals. ¢
Power spectra of original signals. d Power spectra of signals through low-pass filtered signals
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collected from field observations and simulation tests of debris
flows (include viscous and diluted), we compared different
weighting methods (ROTH, SCOT, PHAT, and ML) under different
signal-to-noise ratios (e.g., 20, 10, 0, and — 5 dB) and concluded
that the time-delay estimation method based on the PHAT weight-
ed cross-power spectrum phase (CSP) has the highest accuracy
(Liu 2015). Therefore, the CSP algorithm was used in this study to
estimate the time delay of infrasound signal from debris flow.

Set-up of real-time localization system

The monitoring array deployed in this study used three infrasound
monitoring devices for debris flow to construct an irregular trian-
gle array according to monitored topography and other factors
that could affect the propagation of infrasound. The coordinates of
each element are A (X,, Y5), B (Xg, Yg), and C (X, Y¢) (Xian 80
coordinate system). Based on the coordinates of each element, the
distance between elements can be obtained, set as AB = a, BC = b,
and AC = c. This triangle is then translated such that element B is
set at origin, with coordinates of (o, 0), element C at the positive x-
axis, with coordinates of (b, 0), element A in the first quadrant.
Assuming P (x, y) is the position of the target acoustic source, as
shown in Fig. 5, the coordinates of A (x4, y4) can be calculated
using the following equation set:

{ xa+y=a (8)

(xa=b)" +y,* = ¢

1 T T

[Pa]

[Hz]

Solving this equation set gives x, and y, as

a +b-c
2b L
Y= z—b\/(a +b+c)(a+b-c)(a=b+c)(b-a+c)

It is well known that after a series of translation of a triangle (0912
2D surface, only the coordinates of vertices change, while the
lengths of sides and the distances between point P and each vertex
remain the same. Therefore, the following relationship is satisfied
after the translation of A ABC:

Xq =

PA-PB = 0" T3

PB-PC = v'7p¢

PA-PC = v'Tuc
TAB + TBC = TAC

(10)

where v is the speed of infrasound in air at room temperature
(340 m/s in this study), 745, Tsc > and Tac are the time difference
for signal to arrive at points A, B, and C from target acoustic
source P, respectively.

Assume PC=z, U*TBC =m, U*TAC =n,thenPB=z+m;PA=z+n,
satisfying the following equation set:
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Fig. 11 A section of debris flow infrasonic signals received by device B during event 2. a Time series of original signals. b Time frequency spectrum of original signals. ¢
Power spectra of original signals. d Power spectra of signals through low-pass filtered signals
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Solving this equation set gives the coordinate of P in the Xian
80 coordinate system. Converting the solved coordinates into
latitude and longitude in the WGS84 coordinate system allows us
to obtain the position of the infrasound source:

k,-n—h,-m
B hz'kl_h1'k2
5 kyn—h,-m
b= (2
k, = Ys—Y¢
h, = X,—Xc¢
hz =Ys-Yc¢

The time difference for a target signal to arrive at different elements
in the array can be estimated at a certain interval (such as 30 s) by the
aforementioned time-delay estimation method. Based on the derived
equation for the location of the infrasound source, a complete location
system for the position of the infrasound source can be established
with the help of a GIS platform, fulfilling the visualized localization
and real-time tracking of the debris flow movement. This system has
high computational efficiency, ease of operation, high accuracy of
localization, and strong real-time capability.

Test on real-time localization and tracking system of debris flow
Simulation test on the system

The infrasound generated by drumming and blasting was set as the
target signal to verify the aforementioned time-delay estimation

method and acoustic source localization system. In this paper, two
sets of drumming and blasting tests are selected to be elaborated in
detail. Based on the range of dominant frequency of infrasound
signals from drumming and blasting (around 4.3-17.2 and o.4-
16.7 Hz), bandpass filtering was conducted to amplify the effective
signal-to-noise ratio of the infrasound signal and improve the accu-
racy of the time-delay estimation.

(1) Simulation test by drumming

The coordinates of three monitoring devices were A (103.131233° E,
26.248433° N), B (103.130902° E, 26.248927° N), and C (103.130647° E,
26.248088° N). The coordinates of the drum were P (103.131058° E,
26.248533° N). The distances between the acoustic source and the three
devices were PA = 22.09 m, PB = 45.31 m, and PC = 63.76 m, respectively.
Half-overlapping Hanning windowing was used to process the
infrasound signal from the drumming. The aforementioned time-delay
estimation method was used to analyze these two sets of test signals, and
the maximum correlation coefficient (R) and time-delay () between
signals received by these three devices were obtained. The first set of tests
yielded the following: R4 = 0.78, Rpc = 0.76, Top = —0.04 S,Tpc = —0.07 S,
thus 74¢c = Tap + Tac = — 0.11 5. The second set of tests produced results as
follows: R g = 0.69, Rgc = 0.77; Tap = — 0.05 S,Tgc = — 0.04 8, thus
Tac = Tap + Tpc = — 0.09 . Therefore, based on the first test of time-delay
estimation, we derived the following: PA - PB = v X Ty = — 13.76 m,
PB - PC = vX Tgc = 24.08 m, and PA — PC = v X T4¢c = 37.84 m. The
coordinate of position of acoustic source P, was (103.131008° E, 26.248571°
N), which was within 6.9 m of the real drumming location. Based on the
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time delay of the second set of tests, we derived that PA - PB = v x
Tag = =172 m, PB - PC = X Tgc = 13.76 m, and PA — PC = v X
Tac = 30.96 m. The coordinate of position of the acoustic source P, was
(103.130973° E, 26.248526° N), which was within 7.8 m of the real drum-
ming location. The location results of the two sets of drumming tests are
shown in Fig, 6.

(2) Simulation test by blasting

The coordinates of three monitoring devices were A (103.131233° E,
26.248433° N), B (103.132830° E, 26.247801° N), and C (103.133238° E,
26.248159° N). The coordinates of the explosion were P (103.132983° E,
26.248013° N). The distances between the acoustic source and three
devices were PA = 42.31 m, PB = 26.49 m, and PC = 30.53 m, respec-
tively. Half-overlapping Hanning windowing was again used to pro-
cess the infrasound signal from the blasting. The aforementioned
time-delay estimation method was used to analyze these two sets of
test signals, and the maximum correlation coefficient (R) and time
delay (7) between signals received by these three devices were obtain-
ed. The first set of tests yielded the following: R4p = 0.82, Rpc = 0.66;
Tap = 0.03 S,Tgc = 0.01 8, thus 74 = T4 + Tac = 0.04 s. The second set
of tests produced the following results: R4p = 0.78, Rgc = 0.83;
Tap = 0.04 $,Tpc = 0 8, thus T4c = T4 + Tgc = 0.04 s. Therefore, based
on the first test of time-delay estimation, we derived that PA — PB=v x
Tap = 1032 m, PB — PC = vX7gc = 3.44 m and PA - PC = v X
Tac = 13.76 m. The coordinates of the position of acoustic source P,
was (103.132989° E, 26.248044° N), which was within 4.6 m from the

real blasting location. Based on the time delay of the second set of tests,
we derived that PA — PB=v X 743 =13.76 m, PB— PC=v X Tgc=0m,
and PA - PC = v X Ty¢ = 13.76 m. The coordinate of position of the
acoustic source P, was (103.132993° E, 26.248017° N), which was within
1.7 m from the real blasting location. The location results of the two
sets of firework tests are shown in Fig. 7.

Based on the location of monitoring devices and the acoustic source,
the differences of their distances can be derived as PA — PB = — 23.22. m,
PB — PC = —18.45 m, and PA — PC = — 41.67 m. The accuracy of the
adopted time-delay estimation method was evaluated by comparing the
calculated and measured difference in the distance between monitoring
devices and the acoustic source. The differences in the first set of
drumming tests were 9.46, 5.63, and 3.83 m, the differences for the
second set of drumming tests were 6.02, 4.69, and 10.71 m; the differ-
ences for the first set of blasting tests were 5.51, 0.6, and 1.98 m, and the
differences for the second set of blasting test were 2.07, 4.04, and 1.98 m.
Based on the comparison between calculated and actual coordinates of
the acoustic source, the accuracy of the established location system for
the acoustic source can be evaluated. The difference from the first set of
drumming test was 6.9 m, the difference from the second set of
drumming test was 7.8 m, the difference from the first set of blasting
test was 4.6 m, and the difference from the second set of blasting test
was 1.7 m. Because of the large signal-to-noise ratio in the environment
of the blasting test, its accuracy on the time-delay estimation is relatively
high. The location results from these two sets of tests show that the
distance between calculated and actual locations of acoustic source are
very similar, with a maximum error of 7.8 m. This location result shows
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Fig. 13 A section of debris flow infrasonic signals received by device A during event 3. a Time series of original signals. b Time frequency spectrum of original signals. ¢
Power spectra of original signals. d Power spectra of signals through low-pass filtered signals
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that the time-delay estimation method and the acoustic source location
system have high accuracy, sufficiently meeting the localization need of
infrasound generated by debris flow.

Field test of the system at Jiangjia gully

The frequent debris flow in Jiangjia gully and the observation
stations for debris flow at Dongchuan established by the Chinese
Academy of Sciences provide very convenient conditions for the
field test and result verification of the infrasound monitoring and
localization system. Therefore, the system was deployed in Jiangjia
gully to verify its effectiveness in monitoring debris flow. Based on
the topography of Jiangjia gully and strength of the GPRS network,
three devices were deployed on the two sides of the gully to
constitute a monitoring array (Fig. 8). This deployment was se-
lected to minimize the influence by human activity and receive the
infrasonic signal generated by the debris flow very well.

Through the long-term site monitoring, we confirmed that four
debris flow events occurred during July to August 2014 (event 1:
]uly 28 15:12:21-15:55:01; event 2: August 4, 12:20:01-13:08:41; event 3:
August 4, 18:21:21-18:53:31; and event 4: 20:52:51-23:46:31). Of these
four events, events 1 and 2 were small-scale diluted debris flows,
and infrasound signals with strong characteristics of debris flow
were only received by devices B and C (the signal monitored by
device A, which was located in the most downstream area, did not
show characteristics of debris flow). Therefore, the position could
not be located (number of elements that received target signal was

less than 3). Figures 9, 10, 11, and 12 show the infrasound signals
from debris flow received by devices B and C during events 1 and 2.

Event 3 was diluted debris flow that has a short duration but
large scale. All three devices received infrasonic signals that had
strong characteristics of debris flow. Event 4 was viscous debris
flow, lasting several hours and was large in scale. All monitored
signals from the three devices showed obvious characteristics of
debris flow during event 4. Figures 13 and 14 show the infrasound
signal from debris flow detected by device A during events 3 and 4
(Fig. 13: 18:40:11-18:40:41; Fig. 14: 22:56:31-22:57:01).

Localizations were regarded as effective when signals moni-
tored by all three devices were in a good state (cross-correlation
coefficient > 0.5); otherwise, the localization was considered to be
false. Here, one effective localization during event 4 was taken as
an example to explain the process of real-time location (time
period: 22:56:41-22:57:01). The other localization processes in other
time periods were similar.

Debris flow was initiated from the upstream provenance region
and moved downstream. Device C was the first to receive the
infrasound signal from the debris flow. Therefore, device C was
set as the reference. The monitored signal detected by device C
between 22:56:41 and 22:57:01 was determined as reference signal.
The other two signals that were used for cross-correlation analysis
were those monitored by devices A and B over the same period
(Fig. 15). The Hanning window with frameshift of 500 sampling
points and length of 1000 sampling points was used for the frame
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Fig. 14 A section of debris flow infrasonic signals received by device A during event 4. a Time series of original signals. b Time frequency spectrum of original signals. ¢
Power spectra of original signals. d Power spectra of signals through low-pass filtered signals
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Fig. 15 Debris flow infrasonic signals received by devices A, B, and C in the period of 22:56:41-22:57:01

and window processing. Each segment had three frames of signal.
Each frame in these three segments of signal was processed with 5-
15 Hz bandpass filtering. Based on the determined time-delay
estimation method, the correlation coefficient between the refer-
ence signal segment (device C) and the other two signal segments
(A, B) were Ryc = 0.76 and Rpc = 0.69. The delay at the peak
position was Y,c = — 14 and Ypc = — 149 (Fig. 16). According to the
sampling frequency (100 Hz), the time differences were then cal-
culated as 74 = — 0.14 S, Tgc = — 1.49 S, and thus 745 = 1.35 s. Based
on the obtained time difference between each pair of devices, the
current longitude and latitude of debris flow was calculated by the
acoustic source location system as (103.146044° E, 26.249945° N).
In this way, the location of debris flow during this time period was
determined.

By effective locating of debris flow movement in real time based
on the aforementioned localization method, automatically removing
false locations and drawing effective locations with the help of GIS
visualization platform, we can achieve the real-time monitoring of
movement of debris flow. Due to the debris flow gully was fixed, the
real position in this gully can be corrected based on the shortest
distance between the located position and the gully. Figures 17 and 18
show the corrected results of effective localization during the period
of events 3 and 4 (Fig. 17: 18:25-18:50; Fig. 18: 21:00-22:10).

If the real location of debris flow in events 3 and 4 was known,
the accuracy and error of this location system could be precisely
analyzed. However, no camera was installed in the gully in this
study; thus, the real-time movement of debris flow was not re-
corded. Therefore, based on the results of real-time localization
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from the system and the trace of debris flow from field reconnais-
sance, the accuracy of the localization system was roughly evalu-
ated. By analyzing all effective localization results, at least three
surges occurred during event 3, and at least seven surges occurred
during event 4. Further analysis showed that 71% of the location
results were within 100 m from the trace of debris flow, about 82%
location results were within 200 m from the trace of debris flow,
about 89% location results were within 500 m from the trace of
debris flow, and the other location results were all within 700 m
from the trace of debris flow. The location results from these two
events showed that this system can meet the need of visualized
localization and real-time tracking of debris flow movement, pro-
viding more efficient monitoring and early alarm for debris flow.

Discussion and conclusion

Discussion

The current infrasound monitoring system for debris flow
cannot locate and track debris flow in real time. To solve this
problem, we deployed an array of infrasound sensors, and a
location model for acoustic source was derived using the time-
delay estimation method to estimate the time differences for
the infrasound signal generated by debris flow to reach differ-
ent elements. In addition, a visualized localization and tracking
system was built to provide the optimal tracking of debris flow
in real time. However, for the sake of further improving its
accuracy on localization during application in the future, three
problems need to be studied and addressed.
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Fig. 16 Time delay values of debris flow infrasonic signals from devices A and C, B and C

(1) This work adopted the simplest array structure. However, the
topological structure, distance between elements, and number
of elements can affect the accuracy of acoustic source locali-
zation. Therefore, it is necessary to add the number of ele-
ments, adjust the topological structure of the array and

(2)

distance between elements, and develop a new localization
model for the target acoustic source to improve the accuracy
of location.

The accuracy of the time difference of arrival also affects the
accuracy of acoustic source localization. The key factors that

Fig. 17

Real-time localization results of debris flow movement in the period of 18:25-18:50
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Fig. 18 Real-time localization results of debris flow movement in the period of 21:00-22:10

affect the time difference of arrival are the signal-to-noise ratio
and time-delay estimation method. Therefore, more appropriate
noise reduction measures should be taken in array deployment
to increase the signal-to-noise ratio of infrasound. In addition,
under the precondition of satisfying good real-time capability,
the time-delay estimation method needs to be further improved
to achieve better accuracy of time-delay estimation.

(3) The monitoring array was deployed downstream of the Jiangjia
gully, with little angle of elevation to the upstream monitoring
area (< 15°), so the height of the target source has less influence
on the positioning results. In addition, to reduce the computa-
tional complexity to meet the demand of real-time positioning,
the impact of the height factor on positioning results was not
considered in this study. In the subsequent research, if there is a
large angle of elevation, it is necessary to improve the position-
ing model algorithm to achieve higher positioning accuracy
under the precondition of satisfying good real-time capability.

(4) The simulation test and field test of debris flow adopted the same
method, but differed substantially in terms of location accuracy:
the location error in simulation test was about 8 m, while that in
field test was hundreds of meters. This was mainly due to the low
sensitivity of the sensor. In the simulation test, the distance be-
tween each element was short, and the disturbance from noise was
small, which causes a high signal-to-noise ratio. In the field test,
however, the distance between each element was long, and envi-
ronment was complex, which caused a low signal-to-noise ratio.
Therefore, in order to track the real-time location of debris flow
movement with higher accuracy, it is necessary to use a highly
accurate infrasound sensor, and combine this with the new acous-
tic source localization model, noise reduction measures, and time-
delay estimation method developed in response to (1) and (2).

Conclusion
In this study, we adopted a processing and analysis method with a
combined SCM and upper computer. We fully utilized the strong
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data analyzing capability of upper computer and broke through
the limit of single mode of integration processing by SCM, accept-
ably meeting the real-time requirement. Based on the geometric
structure of monitoring array for infrasound and determined
time-delay estimation method, a visualized localization and track-
ing system for debris flow monitoring based on infrasound was
established in combination with a GIS platform, achieving more
efficient infrasound monitoring for debris flow. The system was
validated through simulation tests and a long-term field test at
Jiangjia gully. Based on the results from the simulated test and
practical applications, the following conclusions were drawn:

(1) This system has strong applicability for real-time tracking of
debris flow. The only requirements to track and locate the
movement of debris flow are the appropriate deployment of
monitoring array based on the topology of monitored region,
derivation of an acoustic source location model that is suit-
able for the array based on the time difference of arrival, and
imbedding the location model into the system.

(2) The system has high accuracy in localization. The simulation test
and field test both showed that this system has good visualized
localization and tracking capability. Debris flow disaster preven-
tion and reduction can be made based on the tracking results.

(3) This system has a strong real-time capability. The system
responded within 20-40 s after the infrasound signals from
debris flow were received by each element. If the outside
interference is small, localization can be achieved within only
20 s, whereas if the outside interference is strong, a longer
time is needed to achieve effective localization.
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