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Abstract

The on-site P-wave earthquake early warning (EEW) based on the site-specific ratios of S-waves to P-waves has been
applied to large-sized offshore earthquakes, and the efficiency of the method has been validated. However,

the method requires the P-waves including earthquake ground motions radiated from a large slip area while avoiding
the inclusion of S-waves. In this study, we investigated the applicability of the on-site P-wave EEW method for ground
motions near an earthquake source fault region, using strong-motion data observed during the 2016 Kumamoto
earthquake sequence in Japan. At first, we examined the appropriate time-window length following the arrival

of the P-waves. As a result, P-waves with a time-window length of 2.56 s after the arrival at most strong-motion sta-
tions were required at least to predict appropriately S-waves for the 2016 Kumamoto earthquake sequence, includ-
ing the large-sized earthquakes. On the other hand, in the case of the large-sized earthquake as the mainshock

(Mj 7.3), the method can predict within a brief time of 0.5 to 2 s in the operational use that strong ground motions
exceeding a certain threshold (e.g, acceleration of 150 cm/s?) will come. Moreover, we found that the method

was not strongly affected by the non-linearity of soil deposits due to strong ground motions during the 2016 Kuma-
moto earthquake sequence. The variability of the relationship between P- and S-waves at the seismic bedrock influ-
enced by the source and path effects is larger than the variability of the relationships between P-/S-waves at the seis-
mic bedrock and at the ground surface by the site effects, and therefore, it hides the effect of the non-linearity of soil
deposits.
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Introduction
On-site earthquake early warning (EEW) systems esti-
mate the strength of ground shaking at the same loca-
tion using a beginning part immediately after the arrival
of P-waves (Nakamura 1988; Allen and Kanamori 2003;
Odaka et al. 2003; Wu and Kanamori 2005; Wu et al.
2007; Okamoto and Tsuno 2015). The EEW systems
are globally installed in many fields based on their own
concepts to provide a warning prior to the strength of
ground shaking (Allen et al. 2009). Recently, methods
reflecting differences at sites in the strength of ground
shaking based on empirical site characteristics have been
developed (Miyakoshi and Tsuno 2015; Miyakoshi et al.
2019; Tsuno and Miyakoshi 2019; Zhao and Zhao 2019;
Tsuno 2021). Tsuno (2021) applied the EEW method
based on the empirical spectral ratio of S-wave to P-wave
to seismic data of the 2011 off the Pacific coast of Tohoku
earthquake (Mw 9.0), as large-sized offshore earthquakes.
However, the performance and accuracy of these meth-
ods when applied to large-sized inland earthquakes have
not yet been investigated.

A sequence of earthquakes occurred on April 14
(Mj 6.5) and April 16 (Mj 7.3) 2016 in the Kumamoto

Prefecture, Japan (e.g., Asano and Iwata 2016) and
induced destructive strong ground motions. In par-
ticular, the town of Mashiki, where a 7 on the Japanese
seismic intensity scale was recorded, experienced heavy
earthquake damage to buildings. Since the earthquake,
much research on strong ground motions, nonlinear
behaviors of subsurface soil, and earthquake damage
has been undertaken in this area (e.g., Chimoto et al.
2016; Kawase et al. 2017; Yamanaka et al. 2016; Yamada
et al. 2017; Sun et al. 2021, 2022). Yamanaka et al. (2016)
installed temporary seismic stations near the earthquake
source fault region immediately after the mainshock of
the 2016 Kumamoto earthquake, which occurred on
April 16, 2016, whereas Tsuno et al. (2017) installed tem-
porary seismic stations in Kumamoto City immediately
after the foreshock, which occurred on April 14, 2016.
Yamanaka et al. (2016) recorded strong-motion data with
highly dense arrays located in the earthquake source fault
region, and Tsuno et al. (2017) recorded in the Kuma-
moto Plain consisting of the diluvial plateau and alluvial
lowland (Hoshizumi et al. 2004; Ishizaka et al. 1995).

In this study, we focused on the performance and
accuracy of the on-site P-wave EEW method based on
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Fig. 1 Locations of epicenters and strong-motion stations in Kumamoto region, Japan used in this study. Red circles denote epicenters of the 2016
Kumamoto earthquake sequence with magnitudes. A star with a black circle denotes an epicenter of the mainshock. Inverse triangles denote
strong-motion stations of K-NET, KiK-net, and JR Kyushu, and temporary seismic stations. Temporary seismic stations were installed by Yamanaka
etal. (2016) and Tsuno et al. (2017). Source fault planes of the mainshock by Asano and Iwata (2016) are projected with black rectangles

the site-specific ratio proposed by Tsuno (2021), using
strong-motion data from the 2016 Kumamoto earth-
quake sequence. Finally, the applicability of this method
to strong-motion data from the foreshock, mainshock,
and largest aftershock of the 2016 Kumamoto earthquake
sequence in the operational use was investigated.

Data

We used strong-motion data of foreshocks, mainshock,
and aftershocks of the 2016 Kumamoto earthquake
sequence, obtained from strong-motion networks of
K-NET (Kinoshita 1998) and KiK-net operated by the
NIED (National Research Institute for Earth Science
and Disaster Resilience, 2019b), and from a strong-
motion network of Japan Railways, the Kyushu Rail-
way Company. In addition, we used strong-motion
data from temporary seismic stations near the earth-
quake source fault region installed by Yamanaka et al.
(2016) immediately after the mainshock of the Kuma-
moto earthquake, which occurred on April 16, 2016,
and from temporary seismic stations in Kumamoto
City installed by Tsuno et al. (2017) immediately after
the foreshock of the earthquake, which occurred on
April 14, 2016. The locations of the epicenters and
strong-motion stations used in this study are shown in
Fig. 1, while Fig. 2 shows the magnitude and depth of

the earthquakes. Figure 3 shows the histograms of the
epicentral distance and the maximum acceleration for
the earthquake datasets recorded at all stations shown
in Fig. 1. The datasets include data from earthquakes
with a magnitude (Mj) of 2.5-7.3 and a depth of 0 to
25 km. Epicentral distance from strong-motion stations
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Fig.2 Magnitudes and depths of earthquakes shown in Fig. 1. N,
indicates the number of earthquakes used in this study



Tsuno et al. Earth, Planets and Space (2024) 76:32

~~
o
N

500 ———
N, = 3579
400F ot -
300

2001 .

Number of data

100 .

0 20 40 60 80
Epicentral distance (km)

100

Page 4 of 20

~
o
N

500

N, = 3579
400} |

300t

2001

Number of data

100+

108

10° 10’ 10?
Max. acceleration (cm/s?)

107"

Fig. 3 Histograms of the epicentral distance (a) and the maximum acceleration (b) for earthquake datasets recorded at all the stations shown
in Fig. 1. N4, indicates the number of earthquake datasets recorded at all the stations used in this study
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Fig. 4 Conceptual diagram of the on-site P-wave EEW method
applied to strong-motion data near an earthquake source fault region

was mostly within 30 km, and most of the maximum
accelerations were less than 10 cm/s?.

On-site P-wave EEW method based on the site-specific
ratio of S-wave to P-wave

Method

A conceptual diagram of the on-site P-wave EEW method
is shown in Fig. 4. The method directly predicts S-waves
by multiplying site-specific ratios of S-waves to P-waves
with P-waves observed in real-time at a strong-motion sta-
tion, as expressed by Eq. (1) in the frequency domain with
a logarithm (Tsuno and Miyakoshi 2019; Tsuno 2021). The
method using P-waves can significantly reduce the time
difference between the arrivals of P- and S-waves (Ts-p) to
issue warnings compared to previous methods that mainly
use S-waves. Equations (1)—(3) are derived by assuming an

earthquake ground motion observed in a far field induced
by a double-couple point source:

log 0% (0) = log OF (») + b(w), (1)

b(w) = a1 (w) — az (w) + a3 (w), (2)

Vs RS &<_ ! 7 +#/>
ai(w) = log —I; + log % +loge” \ &V @Vp/),
VS (20

az(w) = log Gl (w), as(w) = log G (w).
3)

Here, O represents the earthquake motion; w repre-
sents the angular frequency; V is the velocity of the body
waves in and around the earthquake source region (e.g.,
Matsubara and Obara 2011); r is the distance from the
earthquake source; R0¢ is the radiation coefficient; Q
represents the intrinsic attenuation of the crust; V’is the
average velocity of the body waves in the crust (e.g., Mat-
subara et al. 2005); and G represents the transfer func-
tion of a subsurface structure from the basement (seismic
bedrock) to the ground surface at a site. The subscripts
P and S represent P-waves and S-waves, respectively.
Finally, the subscripts of s represents the ground surface.

In practice, b(w) that is estimated from the spectral
ratios of the S-waves to the P-waves using strong-motion
data observed on the ground surface at a site, is affected
by the source, path, and site effects (Tsuno and Miya-
koshi 2019). a,(w) includes the source and path effects,
and a,(w) and as(w) include the site effects that are the
transfer functions of P-waves and S-waves, respectively.
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Fig.5 Estimated site-specific average spectral ratios of S-waves to P-waves using a time-window of 2.56 s at the strong-motion stations
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Fig.5 continued

Miyakoshi and Tsuno (2015) investigated the relationship
between P-waves at the seismic bedrock and S-waves
at the ground surface using theoretical techniques,
empirical formulas, and observational data. As a result,

10° 10’
Frequency (Hz)

Miyakoshi and Tsuno (2015) concluded that the spectral
ratios of the S-waves at the ground surface to the P-waves
at the seismic bedrock were significantly affected by the
site effects, in contrast to the source and path effects. For
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Fig.5 continued

peak ground motions, the method is applied by replac-
ing the value in the frequency domain with the maximum
value in the time domain, such as PGA (peak ground
acceleration) and PGV (peak ground velocity).

Issue of the on-site P-wave EEW method applied

to strong-motion data near an earthquake source fault
region

We need to investigate an appropriate time-window
length following the arrival of the P-waves because
the on-site P-wave EEW method requires including
the P-wave seismic phases radiated from a large slip
area (Fig. 4). Moreover, this method should be applied
to P-waves only by carefully avoiding the inclusion of
S-waves, especially for strong-motion data near an earth-
quake source fault region. This study therefore quanti-
tatively investigated the performance of the method by
applying short time-window lengths of P-waves, using
the strong-motion data of the 2016 Kumamoto earth-
quake sequence, Japan.

Frequency (Hz) Frequency (Hz)

Average
------ Average* o

Site-specific ratio of S-wave to P-wave

We estimated site-specific spectral ratios of S-waves to
P-waves for the Fourier spectrum and site-specific ratios
of S-waves to P-waves for PGA using data observed at
the strong-motion stations during the 2016 Kumamoto
earthquake sequence. First, the onsets of P-waves and
S-waves for all data were visually read. The Fourier spec-
tra of S-waves in the horizontal components and P-waves
in the vertical component without a smoothing process
were calculated using a time-window of 2.56 s after the
onsets. The time of Ts-p in the strong-motion data was
sufficiently secured to avoid mixing the S-waves into a
part of the P-waves. The spectral ratios of the S-waves
to the P-waves were estimated by dividing the Fourier
amplitude spectra of the S-waves which is the arithme-
tic mean of the NS and EW components by that of the
P-waves of the UD component. Finally, the spectral ratios
of the S-waves to the P-waves were averaged by those for
all strong-motion data recorded at each strong-motion
station. For the site-specific ratios of the S-waves to the
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P-waves for PGA, the same processing as the Fourier
spectrum was performed.

The estimated site-specific spectral ratios of S-waves
to P-waves using a time-window of 2.56 s at the strong-
motion stations of K-NET/KiK-net and JR Kyushu, and
the temporary seismic stations are shown in Fig. 5. The
site-specific spectral ratios of S-waves to P-waves are
greater than 1 in the frequency range less than 5 Hz at
most strong-motion stations due to the influence of the
transfer functions of a,(w) by S-wave velocity structures
at each site, as shown in Eq. (3). In contrast, the site-spe-
cific spectral ratios of the S-waves to the P-waves are less

than 1 in the frequency range of more than 10 Hz at most
strong-motion stations due to the influence of the trans-
fer functions of a,(w) by the P-wave velocity structures at
each site, as shown in Eq. (3). The estimated site-specific
ratios for PGA at the strong-motion stations of K-NET/
KiK-net and JR Kyushu, and the temporary seismic sta-
tions are shown in Fig. 6. The spatial distribution of the
estimated site-specific ratios for PGA is shown in Fig. 7.
Accelerations of earthquake ground motion are generally
amplified by the site effects at high frequencies of sev-
eral hertz; therefore, the averaged site-specific ratios for
PGA are greater than 1. In particular, site-specific ratios
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Fig. 7 Spatial distribution of the estimated site-specific ratios of S-waves to P-waves for PGA at the strong-motion stations

for PGA have a large amplification at rock sites such as
MYZ020 and MYZHO5 shown in Fig. 7, due to the thin
surface soil deposited on the bedrock in the mountain by
J-SHIS (NIED, 2019a). The site-specific ratios for PGA
at each site varied several times or more at a local spa-
tial scale as well as at a larger special scale (see Fig. 7),
indicating the importance of evaluating individual site
characteristics.

Prediction of S-wave in real-time

We predicted S-waves by multiplying the site-spe-
cific spectral ratios of S-waves to P-waves prepared in
advance by P-waves observed in real-time at each strong-
motion station. As expressed in the previous section,
the time-window to estimate the site-specific spectral
ratios of S-waves to P-waves was 2.56 s. To investigate
the accuracy of the predicted S-waves by using differ-
ent time-window lengths of P-waves, on the other hand,
time-window lengths of P-waves observed in real-time
were varied as 0.64, 1.28, and 2.56 s. As an example,
Fig. 8 shows the Fourier amplitude spectra of S-waves
predicted by the method for the earthquake of AMj 5.8,
which occurred on April 18, 2016, at the strong-motion
stations of K-NET/KiK-net and JR Kyushu, and the tem-
porary seismic stations. Results show that the accuracy
of the S-wave prediction increases as the time-window
length of the P-wave increases. When the time-window
length of the P-waves was 2.56 s, the predictions of the
Fourier amplitude spectra of the S-waves corresponded
with observations at most strong-motion stations. The
PGAs of the S-waves predicted for all earthquakes in a
time of Ts-p more than 2.56 s at the strong-motion sta-
tions are shown in Fig. 9. The predictions of the PGAs of

130.7° 130.8° 130.9° 131°

the S-waves were in good agreement with the observa-
tions at most strong-motion stations, within a standard
deviation of 0.3. This indicates that the on-site P-wave
EEW method based on the site-specific spectral ratios
of S-waves to P-waves can predict the observed S-waves
in the single indicator of PGA as well as in the frequency
content, using a sufficient time-window length of the
P-waves.

Investigation of time-window length of P-wave

We investigated an appropriate time-window length
from the arrival of the P-waves using earthquake
ground motion data of the 2016 Kumamoto earthquake
sequence. The predicted PGAs of the S-waves using dif-
ferent time-window lengths from the arrival of P-waves
for all earthquakes at the strong-motion stations are
shown in Fig. 10. In the figure, standard deviation ¢ and
coefficient determination R? in logarithm are also indi-
cated. Clearly, the accuracy of the S-wave prediction
increases as the time-window length from the arrival
of P-waves increases in the datasets. Residual standard
deviations between the observations and the predictions
for PGAs of S-waves against time-window lengths from
the arrival of P-waves at the strong-motion stations are
shown in Fig. 11. The residual standard deviations start
to be stable over time-window lengths of around 1.5 s
from an arrival of P-wave with a value of 0.3, even though
the value of 0.4 for time-window lengths of around 0.5 s
is not high. In general, a long P-wave time-window length
is not necessary for a small earthquake due to the lim-
ited rise time of earthquake fault rupture. The residual
standard deviations for earthquakes of Mj 4 or larger and
earthquakes of AMj less than 4 are shown in Fig. 12. These
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Fig. 9 Predicted PGAs of S-waves for all the earthquakes in a time of Ts-p more than 2.56 s at the strong-motion stations with the standard
deviations. N, indicates the number of earthquakes recorded. a Strong-motion stations of K-NET, KiK-net, and JR Kyushu. b Temporary seismic

stations
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figures indicate that a longer time-window length for the
P-wave is generally required for large earthquakes than
for small earthquakes.

Applications to the 2016 Kumamoto earthquake sequence
We applied the method to the mainshock data of the
2016 Kumamoto earthquake observed at the strong-
motion stations of K-NET, KiK-net, and JR Kyushu, and
temporary seismic stations. Figures 13 and 14 show

Observation:PGA (cm/s?)
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Fourier amplitude spectra and PGAs of S-waves for the
mainshock strong-motions predicted by different time-
window lengths from the arrival of P-waves, respec-
tively. The predictions by time-window lengths of 0.64
and 1.28 s clearly underestimated the observations.
In contrast, the predictions by a time-window length
of 2.56 s slightly underestimated the observations in
the results of PGAs, as well as the results of Fourier
spectra. To appropriately predict the S-waves for the
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Fig. 10 Predicted PGAs of S-waves using different time-window lengths from P-waves arrival for all the earthquakes at the strong-motion stations.
In the figure, standard deviation o and coefficient determination R in logarithm are indicated. N, indicates the number of earthquake datasets

recorded at all the stations
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mainshock of the 2016 Kumamoto earthquake, a time-
window length of more than 2.56 s from the arrival of
the P-waves is needed, caused by the large earthquake
magnitude (Mj 7.3). In the case of the prediction of
PGA with a time-window length of 5.12 s, predictions
larger than 500 cm/s? overestimated the observations
due to the inclusion of the S-waves at some strong-
motion stations. The method presented here approxi-
mately predicts S-waves for the mainshock of the 2016
Kumamoto earthquake at most strong-motion sta-
tions near the earthquake source fault region, using an
appropriate time-window length of more than 2.56 s
from P-waves arrival. As a result of Asano and Iwata
(2016), the large slip area for the mainshock is mainly
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Fig. 12 Residual standard deviations between the observations
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Fig. 13 Fourier amplitude spectra of S-waves for the mainshock of the 2016 Kumamoto earthquake at the strong-motion stations of K-NET, KiK-net,
and JR Kyushu, and temporary seismic stations predicted by different time-window lengths from the P-waves arrival. a Strong-motion stations
of K-NET, KiK-net, and JR Kyushu. b Temporary seismic stations
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Fig. 14 PGAs of S-waves for the mainshock of the 2016 Kumamoto earthquake at the strong-motion stations of K-NET, KiK-net, and JR Kyushu,
and temporary seismic stations predicted by different time-window lengths from the P-waves arrival. N, indicates the number of earthquakes

recorded. In the figure, standard deviation o in logarithm is indicated

about 4 km x 2 km with the main part of the rise time
of about 3 s. It is the reason that a duration of 2.56 s
was suitable for predicting strong ground motions dur-
ing the mainshock of the 2016 Kumamoto earthquake
by the proposed method, even though ground motions
are slightly underpredicted.

In real-time, absolute values of accelerations (Peak-
hold) by multiplying the site-specific ratios prepared in
advance (see Fig. 6) by absolute values of accelerations
of P-waves observed were predicted for the foreshock,
mainshock, and largest aftershock of the 2016 Kuma-
moto earthquake sequence. The predicted and observed
absolute values of accelerations of S-waves at KMMO005,
KMMO006, KMMO008, and KMMH16 which are located
near the earthquake source fault region of the main-
shock, with the observed accelerations in 3 components
during foreshock (21:26 on April 14, Mj 6.5), main-
shock (1:25 on April 16, Mj 7.3), and largest aftershock
(1:45 on April 16, Mj 5.9) of the 2016 Kumamoto earth-
quake sequence are shown in Fig. 15. In the figure, the
predicted absolute values of accelerations of S-waves by
the method are shown with the sampling frequency of
100 Hz until the time that S-waves arrive at each sta-
tion (e.g., Allen 1978; Morita and Hamaguchi 1981). The
predicted absolute values of accelerations of S-waves are
gradually and/or sharply increasing until S-waves arrive
at each station. The predicted absolute values of accel-
erations immediately before S-waves arrival reproduced
the maximum values of S-waves observed at stations
within a half and twice accuracy for the foreshock and
largest aftershock, as shown in Fig. 15a and c. In cases of
moderate-sized earthquakes as the foreshock and larg-
est aftershock, the proposed method can predict well the
observed absolute accelerations despite the brief time
until S-waves arrive at each station, mostly less than two
seconds. On the other hand, the predicted absolute val-
ues of accelerations underestimated the maximum val-
ues of S-waves observed at stations for the mainshock as

shown in Fig. 15b. In the case of large-sized earthquakes
as the mainshock, the proposed method could not ade-
quately predict the observed absolute accelerations in a
brief time until S-waves arrive at each station. It is caused
by that the strong ground motions radiated from the
large slip area are not sufficiently included in the P-waves
until the arrival of S-waves near the earthquake source
fault region. We found out that the proposed method
efficiently plays a role in taking the lead time of several
seconds until the maximum values of S-waves arrive even
at stations near the earthquake source fault region and
can contribute to an earthquake early warning in the case
of the mainshock of the 2016 Kumamoto earthquake.

Discussion

Strong ground motions observed on the ground sur-
face are frequently accompanied by the non-linearity of
soil deposits (e.g., Field et al. 1998). Therefore, we need
to investigate the performance of the proposed method
for strong ground motions with the non-linearity of soil
deposits. During the mainshock of the 2016 Kumamoto
earthquake, strong ground motions with a PGA larger
than 300 cm/s* were widely observed in and around the
earthquake source fault region (Suzuki et al. 2017). Non-
linearity and liquefaction of soil deposits during the main-
shock of the 2016 Kumamoto earthquake were reported
(e.g., Tsuno et al. 2017; Wakamatsu et al. 2017; Sun et al.
2022). Sun et al. (2022) reported that there are several sites
showing the maximum shear strains greater than 1% in
downtown Mashiki. In Fig. 16, relationships between PGA
on the ground surface and PBA (Peak Basement Accelera-
tion) on the borehole at the strong-motion station of KiK-
net KMMH16 during the 2016 Kumamoto earthquake
sequence were shown. As for peak accelerations observed
at the strong-motion station of KiK-net KMMH16, the
non-linearity between the S-waves at the seismic bedrock
and at the ground surface (Fig. 16¢c) was not clearly con-
firmed. In contrast, the non-linearity between the P-waves
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Fig. 15 Predicted and observed absolute values of accelerations (Peakhold) of S-waves at KMM005, KMM006, KMM008, and KMMH 16,

with the observed accelerations in 3 components during the 2016 Kumamoto earthquake sequence. Predicted absolute values of accelerations
of S-waves by the method, are shown until the time that S-waves arrive at each station. a Foreshock (21:26 on April 14, Mj 6.5). b Mainshock (1:25
on April 16, Mj 7.3) ¢ Largest aftershock (1:45 on April 16, Mj 5.9)
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Fig. 15 continued

at the seismic bedrock and at the ground surface was (Fig. 16a) influenced by the source and path effects as
clearly confirmed (Fig. 16b). The variability of the relation-  shown in Eq. (3) was larger than the variability of the rela-
ship between the P- and S-waves at the seismic bedrock  tionships between P-/S-waves at the seismic bedrock and
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Fig. 15 continued

at the ground surface by the site effects. Therefore, this
large variability hid the effect of the non-linearity of soil
deposits. Finally, we could apply this method to the seismic
data during the mainshock within the variability for the
2016 Kumamoto earthquake sequence (Fig. 16d).
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Conclusions

This study investigated the applicability of the on-site
P-wave earthquake early warning method based on the
site-specific ratios of S-waves to P-waves for ground
motions near an earthquake source fault region, using
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strong-motion data observed during the 2016 Kumamoto
earthquake sequence in Japan. As a result, P-waves with
a time-window length of 2.56 s after the arrival at most
strong-motion stations were required at least to predict
appropriately S-waves for the 2016 Kumamoto earth-
quake sequence, including the large-sized earthquakes.
In cases of moderate-sized earthquakes as the foreshock
(Mj 6.5) and largest aftershock (Mj 5.9), the proposed
method can predict well the observed absolute accelera-
tions despite the brief time until S-waves arrive at each
station, mostly less than 2 s. In the case of large-sized
earthquakes as the mainshock (Mj 7.3), the method can
predict within a brief time of 0.5-2 s in the operational
use that strong ground motions exceeding a certain
threshold (e.g., acceleration of 150 cm/s?) will come.

Non-linearity of soil deposits in the earthquake source
fault region during the 2016 Kumamoto earthquake
was reported by showing the maximum shear strains
greater than 1% in downtown Mashiki. We found that the
method was not strongly affected by the non-linearity of
soil deposits due to strong ground motions during the
2016 Kumamoto earthquake sequence. The variability
of the relationship between P- and S-waves at the seis-
mic bedrock influenced by the source and path effects,
is larger than the variability of the relationships between
P-/S-waves at the seismic bedrock and at the ground sur-
face by the site effects, and therefore, it hides the effect of
the non-linearity of soil deposits.
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