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ABSTRACT: Tiltmeters basically observe the ratio of components of gravitational acceleration g along level

planes fixed at local grounds to the g itself being regarded as a constant, filtering out the short-period

components by LPF. However rapid changes of ground tilts are generally accompanied by translational

motions including short-period components. They make apparent changes out of the passband on 1-sps

(samples per second) tiltmeter records calculated by using a second-order derivation of the LPF response to

those motions. Applying this knowledge to the tiltmeters installed around volcanoes by JMA in 2009,

apparent tiltmeter records for two typical ground deformation models used in volcanism can be calculated.

The examples show the importance of understanding that rapid apparent changes of the 1-sps tiltmeter

records are always caused not by tilts, but by translational motions for these models, and their polarizations

appear in opposite directions to tilt changes for Mogi’s model in particular.
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Fig. 1 One sps tiltmeter records and the envelope of UD

velocity seismogram (natural period 1 second) around
a phreatic eruption of Shinmoedake, Kirishimayama
volcanoes on May 27, 2010 at 3 km SSE from the
vent. The tilt record of NS shows a sharp onset of
reverse polarity of the main changes that corresponds
to underground expansion.
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‘Eg Fig. 2 An accelerometer measures

upward acceleration g by sensing the
gravity force mg regarded as

k- -,

A l":.y downward inertial force caused by g.
0 \, And so a tiltmeter measures gsind, its
g sind quasi horizontal component on an
axis fixed to the ground. A tilt change

v mg

A@ is the ratio of its change gA# to g.
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Fig. 3 The sensitivity curve of the accelerometer
through LPF (second-order butterworth type) used in
the tiltmeter has two asymptotes crossing at the
corner period 30 seconds which have slopes 2 and 0
corresponding flat responses to displacement and
acceleration respectively.
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Fig. 4 The unit step response of the LPF (second-order
butterworth type) that the output signal of the
accelerometer passes through before being input into

the telemeter’s ADC.
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Fig. 5 The displacement sensitivity curve transformed by
multiplying the acceleration sensitivity of Fig. 4 by
(2n/T)%. The slopes of two asymptotes become 0 and
2.
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Fig. 6 Response of a pendulum to surface deformations
(tilt and displacement) caused by a rapid underground
expansion is equivalent to both the tiltmeter’s and the
horizontal seismometer’s response. This explains how
these apparent changes are caused, i.e. (1) initial
swing toward the source and (2) back to a new neutral
position.
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Fig. 7 Ratios of horizontal displacement to tilt [m/rad]
on the surface by Mogi’s models mapped on the
underground cross section where the sources are
distributed. Contour lines drawn as the solution curves
of Equation (3) are tangent circles to the measuring
point at the left end of the top line. The radii [m] are
—3/2 times the values [m/rad].
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Fig. 8 Black contour lines represent the ratios of the

tiltmeter’s responses to two kinds of motions
(displacement and tilt) by step change of Mogi’s
model on the same cross section as Fig. 7. The values
are multiplied by the ratio of sensitivities per Eq. (3).
Gray contour lines represent the coefficient of tilt to
the source’s change in volume [prad/m?].

s, L’ [mz]((Zﬂ/30[s])2 / g[ms™> ])

S, 3D[m]

~ 0.0015L*
D

ZORAT y FIREOERE (Fig. 7 12 E ()23
B2 2) BLOERLEE RQ)D y@ﬁsf"ﬂrﬂ: v
~OFRE M) OAKCERERE &R STk T 2 00 %
Fig. 8 IZ/RT. Zhnan L s cEplc x4 5
W0 DAL E DO R KM T, B ~F+fFic
5. BEEEON L ER VSR EL DL, &
AL xE3 2 HPF JGZ ORI XD L, Z oot
/NS 725, ZOITEEMICKRE THRITT 5.

53 BENGERICHTIHEE

X —fkic, BRET VOSREREIIIKT S
BERFLEROEDO R T 2MRD 7, Z O[RF
DEEWRIEE AT 5. 2o AT, FRS
ZOTERL, HHMASN w) IZXF 25 LPF DIRE &
ENLANT d(t) «Zxf+ D HPF D&%, ThEhH
B1OA R NVARERBETRT L, RAD LI 22
iR TcE s (kx : BARRAARESD) . AiOF 2
2L, B EE RIS W T RNT ok &



EREREE 1T BE 1~2 &

LCHENDR()DORRELL S5, v(t) @ EARETIVEBIROEEE
A4 BT X BHEA O R HIRE
alt) = F, * y(t)+ F, %(5,/S,) d(t) @) B Tk BB~ RE RS
a(r) RS INEBEFHET 57-91Z, Laplace B TT 1
F :LPF ORIG 1 A 27V RJGE ARk O EEMEE AR D, Z BEHRIZLD R
F_ HPF OFIfG 1 A 27V A5 ZRERIL LT, #F Z BHC X0 BRI ARSI R LTl

EXOBRERD 5. LEOBRPEFE T T#E (A)
WZRTERD T, BV 7Y T o[s] &
B &, KDoA,

WAET T, ZOHAO 2 EHOMER & B
ETNOEMBOEBE vzl 20T, X

(HDERXRQERAL, BHRIALFE G OBRIBIET, RO
Lot ETS. ay =bgvy + by, +byv, o —aa, -, (6)

a(t) = (A Fy + BFy )*v(t)
_9DR . _d Sq 3Rz )

a=L - _
v 4al® vS, I’T’%g

=10 o 10 20 30 40 50 60 70 80
[s]

(b)

T T T T T T T T T T T T T T T T T T T

Q) [ G, 1)

2.2) — 32
_K¥Z31f— _x#zzh

(1, 3) 2,3) 3, 3)

1 1 1 1 1 1 1 1 1 1 1 1 | |

Fig. 9 Examples of apparent 1 sps tilt records (b) calculated by some of Mogi’s models which have variations of time
constants (0.5, 1, 2, 4, 8, 16, 32[s]) of exponential relaxing function shown in (a), of which distribution in (b)
corresponding distances and depths (1, 2 and 3 km) of the source shown as (R, D) on each trace.
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Fig. 11  Estimated volume changes and depths of

Mogi’s models of eruption of Shinmoedake on May
27,2010 as Fig. 1 by the tiltmeter record (a) at 3 km
SSE from the vent. These are the results of trials to
search to avoid divergence of the recurrence
expression. Several lengths and starts of spans of the
record are applied to confirm the stabilities of the
results. Gray lines in (b) show output sequences of
expression with the spans of the record and black
dots show the median of them during the common
span. Arrows show the same time when the sharp
onset of observed tilt change showing depression on
the direction of the vent and calculated simultaneous
expansive volume change. In (c¢) and (d) the
estimated volume expansions at 30 seconds and 2
seconds after the onset (arrows) by the spans, and in
(e) two depths that causes equivalent response of the
tiltmeter are shown. Filled and empty marks
respectively indicate the shallower and deeper ones
in (e), i.e. D<R and D>R where R=3000[m]. (b)
indicates the shallower results. These results are
plotted for the lengths of the spans (from 30 to 80
seconds shown beneath the horizontal axes) and the
start of them (at 4 to 0 seconds before the onset
shown as left-to-right 5 members).
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Fig. 12 Examples of distributions of (a) upheavals, (b)
tilt, and (c) horizontal displacement caused by a
vertical dike model shown as longitudinal line
segment in each figure, of which the depth of the top
is 2 km below, the vertical length is 1 km and the
tensile is 10 cm. MICAP-G software (Naito and
Yoshikawa, 1999) was used to draw these figures
using formulae by Okada (1992).
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Fig. 13 Distribution of calculated 1 sps apparent changes of up vectors by the tiltmeters caused by the dike model as in
Fig. 12 which have expansive exponential functions with time constants 5, 10 and 20 seconds. The grid points arrayed
at intervals of 1 km. Arrows show the final up tilt vectors. A cross is the peak of upheavals. Apparent transient HPF
responses to displacements increase with increasing of rapidness of volume changes, i.e. short-period components of

the changes. The first motions of tilt records are proportional to the horizontal motion vectors before appearance of
LPF responses to the real tilt vectors. The dissolved responses are shown in Fig. 14.
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Fig. 14 Examples of calculated responses of the tiltmeter
to tilt (b) and displacement (c) both of which the
changes have the same time functions (a) as in Fig.
13. If a source time function, tilt and displacement
vectors are given, apparent transient response of the
tiltmeter is calculated by adding up the two vectors
that grow as these responses to the function.
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Fig. 15 Influence of noises on tilt records in estimating
depth of source by the recurrence expression with
them. The tilt records used are the same ones shown in
Fig. 9 (b). Three sequences of noise made by
integration of uniform random numbers passed by
10-second HPF and adjusted to 5 % of maximal
amplitudes of each response were added to each
calculated tilt record (as a trial) as is shown in (a) for
example (R = 1000, D = 2000 [m]). Each figure in (b)
corresponding distribution of Fig. 9 (b), i.e. distance
and depth of source, shows mean values of
second-order differences of output sequences of the
expression for last 30 seconds to depth. Depths can be
surmised at the points where curves cross the zero
line.
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