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Abstract

Strain data obtained by vault-housed extensometers have precisions on the order of nanostrains, but they are distorted
by variations in temperature, which cause two types of noise: ”actual variations” due to the thermo-elastic effect
of the Earth’s crust, and ”false variations” due to the thermal expansion of extensometer, which occurs when the
extensometers themselves are subjected to variations in temperature. Here, I explore a method of removing false
variations, which are severe when the vault is located at shallow depths. If variations in temperature at arbitrary
points inside a vault are estimated, false variations can be removed from the recorded variations in strain. I derive
formulae that enable variations in temperature to be estimated at various points in a vault, based on measured variations
at reference points. The formulation is valid if some simplification is allowed. I examined whether variations in
temperature inside a vault can be estimated in terms of the derived formulae, and obtained the following results. When
the reference temperature data are obtained from adequate points in the vault, variations in temperature at another point
can be estimated with an accuracy of 0.1◦C. However, when the reference temperature data are obtained from outside
the vault, estimated variations in temperature are rather inaccurate, which means that the false variations in strain
cannot be removed accurately. Moreover, the data indicate that the thermal diffusivity of the ground is temporally
variable, and this introduces another difficulty in correcting false variations in strain data. These results indicate that
correcting the distortions in strain data due to variations in temperature is much more difficult than anticipated.

Keywords: Data correction, Vault-housed extensometer, False variations in strain, Thermal expansion, Heat
conduction, Reference temperatures

1. Introduction

Following on from studies of crustal deformation in
the 1960s (e.g., Hagiwara and Rikitake, 1967), obser-
vations of crustal deformation using extensometers (i.e.
rods with a length of several tens of meters) housed in
vaults (i.e. long tunnels) have been considered to be
one of the important ways of measuring deformation
of the Earth’s crust. The advantage of extensometers
in vaults over other modern geodetic techniques, such
as Global Positioning Systems (GPS), Interferometric
Synthetic Aperture Radar (InSAR), and bore-hole type
strain meters and tiltmeters, is their ability to detect
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small signals. This is particularly the case for detecting
events in the period range of seconds to hours. Exten-
someters in vaults installed under excellent conditions
can detect subtle changes in strain of the order of 10−9,
such as those caused by the Earth’s free oscillation (e.g.,
Park et al., 2008), the pre-eruption processes of vol-
canoes (e.g., Ishihara, 1990; Yamazaki et al., 2012),
and the steps in strain due to remote earthquakes (Ya-
mazaki et al., 2011). These subtle changes are barely
detectable by other means. Crustal strain data measured
with vault-housed extensometers can also be used for
studying events in the pre-GPS era, because of their
rather long history. For these reasons, attempts to re-
examine crustal strain data have been started, and data
exchange systems are under construction (Yamaguchi et
al., 2010).

However, strain data obtained with vault-housed ex-
tensometers have several drawbacks when they are used
for studies of long-term (i.e., ¿ days) events. One of the
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major drawbacks is the distortion of data due to tem-
poral variations in temperature, which give rise to two
types of noise in strain data measured by extensome-
ters: actual deformation of the crust caused by changes
in temperature (e.g. Berger, 1975; Harrison and Herbst,
1977) and false variations in strain caused by the ther-
mal expansion of sensor rods (e.g., Furuzawa et al.,
1993). Hereafter, I refer to these noises as the ”thermo-
elastic effect” and ”false variation in strain (due to vari-
ations in temperature)”, respectively. Strategies to avoid
the thermo-elastic effect have been proposed (e.g., Ben-
Zion and Leary, 1986), although this task is generally
difficult because the effect represents the integrated ef-
fect of thermal expansion of the ground, and is therefore
inevitable even if we refer to temperature data at a point.

False variations in strain due to variations in temper-
ature arise by the following mechanism. Extensometers
are composed of a rod, one end of which is fixed and
the other (the free end) unfixed (Fig. 1). Sensors of
extensometers measure the displacement of the ground
relative to the free-end of the rod. Although the sen-
sor records the ground strain, it also records changes in
sensor length. The length of a rod changes with tem-
perature; thus, false changes in strain may be recorded.
In contrast to the thermo-elastic effect, false variations
in strain have not been investigated in detail because
they are easily avoided by installing the sensor at great
depth in a long tunnel, where temperature variations are
negligible. Nevertheless, some extensometers used for
geodetic purposes are installed in shallow vaults (e.g.
Teraishi et al., 2009).

Establishing a method for the reliable correction of
strain data is indispensable if data from shallow vaults
are to be used. In general, the main drawbacks in us-
ing extensometer strain data are considered not to be the
false variation in strain due to variations in temperature,
but to be the loadings that result from precipitation and
groundwater (e.g., Kasahara et al., 1983). Accurate cor-
rections for the effects of ground water are obviously
difficult because the relevant relationships are highly
non-linear (e.g., Hashimoto, 2007). The thermo-elastic
effect is also difficult to remove, as mentioned above.
Compared with these complex effects, one might antic-
ipate that corrections for false variations in strain due
to variations in temperature would be relatively easy to
make because the spatio-temporal variations in temper-
ature can be described by a linear equation. If such cor-
rections for temperature are possible, we can choose the
option of a shallow vault for an extensometer because a
shallow vault, even though strongly affected by temper-
ature variations, is relatively unaffected by groundwater.
However, few studies have attempted to quantify the ef-

Figure 1: Schematic of an extensometer, showing the mechanism by
which false variations in strain are generated due to variations in tem-
perature. (a) Original location of free end of the extensometer and
sensor mounted on the ground. (b) The case where the ground con-
tracts because of tectonic phenomena. (c) The case where the ground
does not contract, but the rod of the extensometer is extended due
to thermal expansion. The sensor only records the relative displace-
ments between the two triangles in each panel, and it therefore cannot
distinguish (b) from (c).

fects of temperature variations on extensometers, or to
clarify the validity of the data corrections used.

The purpose of this paper is to determine whether
data corrections can be reliably made for strain data
obtained from vault-housed extensometers where there
are significant variations in temperature. Although the
thermo-elastic effect is generally dominant as a source
of distorted strain data due to variations in temperature,
false variations in strain due to variations in tempera-
ture are considered to be larger in the case of extremely
shallow vaults. For this reason, the present study fo-
cuses on false variations in strain; the thermo-elastic ef-
fect is only briefly discussed. To this end, the remain-
der of this paper is organized as follows. In Section 2,
we consider theoretically how and when we can remove
the false variations in strain due to variations in tem-
perature. In Section 3, we present a set of temperature
and strain data used for numerical testing, obtained at
a tectonically active location but which were probably
distorted by temperature variations. In Section 4, the
procedure of estimating variations in temperature inside
vaults is applied to correct strain data, and determine
whether the procedure works successfully. In Section
5, we discuss the usefulness of the strain data measured
in shallow vaults, based on the results presented in Sec-
tion 4. Finally, the main conclusions are summarized in
Section 6.
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2. Strategies and the actual procedure of data cor-
rection

Given that false variations in strain data (∆E) arise
from variations in temperature (∆T), a necessary condi-
tion for∆E being removable is that∆T can be estimated
by some reference time series. Therefore, we should
consider the problem of estimating∆T at one location
(x; referred to as the target point) by using∆T at an-
other location (xref; referred to as the reference point).
If ∆T(x, t), wheret denotes time, can be estimated by
∆T(xref, t), the following relationship should be satis-
fied:

∆T(x, t) =
∫ ∞

0
A(x, xref; s)∆T(xref, t − s)ds, (1)

either in a time domain, or equivalently,

∆T(x, ω) = A(x, xref;ω)∆T(xref, ω) (2)

in a Fourier domain. The functionA describes a predic-
tive filter of temperature.

To estimate∆T at an arbitrary pointx, it is neces-
sary to find the optimum form ofA for a given set ofx
andxref. A straightforward procedure to determineA is
an empirical method using Eqs (1) or (2). Using actual
data of temperature atx and xref, the filter functionA
in Eq. (1) or (2) can be determined in principle. How-
ever, in practice, it is difficult to determineA correctly
by empirical methods. Temporal variations in temper-
ature generally involve a large range of frequency (i.e.,
daily to decadal), and this means thatA cannot be de-
termined unlessT data are available for a period of sev-
eral decades. Given thatT is usually available only for
a restricted period of time, the empirical determination
becomes difficult.

Accurate determination ofA in Eq. (1) is feasible
only if A is expressed by a known function character-
ized by a small number of parameters. In such a case,
we need to determine only the relevant parameters. The
existence of such a function is uncertain, but if it ex-
ists, the explicit form of the function should be deter-
mined by a theoretical consideration of heat conduction
in the ground surrounding the vault under observation.
If such a function does not exist, or if the function in-
volves a large number of parameters, determination of
A becomes difficult.

Heat conduction in the ground is expressed as

∂

∂t
T(x, t) = k(x, t)∇2T(x, t), (3)

wherek is thermal diffusivity. We need to express the
solution of Eq. (3) in a form of Eq. (1). Sincek has

three-dimensional heterogeneity, and because the ex-
plicit distribution of k is difficult to estimate, finding a
solution forT is generally difficult. An exceptional case
is that where the heat conduction equation is reduced to
the form

∂

∂t
T(x′, t) = k(x′)

∂2

∂x′2
, (4)

wherex′ is a scalar function ofx. This simplification
applies to situations where k has a one-dimensional (1-
D) distribution. For this reason, herein we refer to the
simplification in Eq. (4) as a 1-D approximation. Note
that Eq. (4) may be valid only within a restricted region
of the ground (e.g., Fig. 2).

If this reduction is possible, the equation is further
reduced to

∂

∂t
T(x, t) =

∂2

∂x2
T(x, t), (5)

by putting a new variablex asx = k(x′)−1/2x′. Since Eq.
(5) does not include thermal diffusivity, we can ignore
the spatial distribution ofk. In this case, we can refer to
the literature for existing solutions of heat conduction
in a solid with a uniform thermal diffusivity. Below, we
enumerate some explicit solutions of Eq. (5) for certain
situations. The listed formulae are derived with the use
of equations in Carslaw and Jaeger (1986).

First, consider the case where reference data inside
the vault (xsre f > 0) are available. If the heat conduc-
tion betweenx andxsre f(x = xref +∆x) is described by
Eq. (2), the functionA in Eq. (1) is given by

A(x, xref;ω) = exp[−p(ω)∆x] (6)

in a frequency domain, where

p(ω) = −
√
ω

2
(1+ i), (7)

and

A(x, xref; t) =
∆x
√

4πt3
exp(−∆x2

4t
) (8)

in a time domain (see, for example, section 2.5 of
Carslaw and Jaeger, 1986).

Note that Eq. (1) withA given by Eq. (8) is valid only
when∆x > 0 (i.e.,x > xref). Therefore, we can estimate
T(x, t) only when reference dataT(xref, t) for x > xref

are available.
Next, we consider the case where reference tempera-

tures are only available outside the vault (i.e.,xsre f =
0). In this case, we must explicitly consider the bound-
ary condition at the ground surface (i.e.,x = 0). To bal-
ance the heat flow at this level, the following condition
should be satisfied:

λ[Text(t) − T(x = 0, t)] + Q(t) =
∂

∂x
T(x = 0, t), (9)
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whereλ is the thermal conductivity of the ground and
Q represents heat generation at the ground surface. The
heat generationQ is difficult to determine because it de-
pends on the intensities of solar radiation and the ab-
sorption coefficients of the ground, both of which are
generally unknown. Therefore, the external temperature
(Text) is only used for reference ifQ can be ignored. Be-
low, we assume the situationQ = 0, so that

λ[Text(t) − T(x = 0, t)] =
∂

∂x
T(x = 0, t). (10)

In this case, the functionA in Eqs (1) and (2) is de-
scribed by

A(x, xref;ω) =
1

1+ γp(ω)
exp[−p(ω)∆x] (11)

in a frequency domain, and

A(x, xref = 0; t) =γ2 exp(γ∆x+ γ2t)[1 − erf(γ
√

t +
∆x

2
√

t
)]

+
1
√
πt
γ exp(−∆x2

4t
)

(12)

in a time domain (see, for example, section 2.8 of
Carslaw and Jaeger, 1986).

Once∆T is determined for an arbitrary location,∆E
is determined as

∆E(t) = a < ∆T(t) >, (13)

where< ∆T > is the average of∆T over the exten-
someter, anda is the thermal-expansion coefficient of
the extensometer. An approximation of< ∆T > would
be given by∆T(xc, t) with a suitably chosen value ofxc.
Therefore,∆E is given by

∆E(t) = a∆T(xc, t). (14)

Parametersa andxscshould be determined empirically.
If the reduction to Eq. (4) is valid, variations in tem-
perature can be estimated; therefore, false variations in
strain data can be estimated. The actual signal in the
strain data is therefore obtained as the difference be-
tween the recorded and estimated values,∆E.

3. Outline of sample data

We test the validity of the procedure described in Sec-
tion 2 by using temperature and strain data from a vault
at Sukumo (N32.951◦, E132.813◦; herein referred to as

Figure 2: Schematic of heat conduction through the ground where a
vault exists.T is the temperature at a point in the ground,Text is the
atmospheric temperature,t is time, x is the location, andγ is a con-
stant representing heat conduction from the atmosphere to the ground.
In this example, near the ground surface the heat conduction is not
one-dimensional (i.e., isotherms are not planar), but at depth they are
approximately one-dimensional (i.e., isotherms are planar).

SKM), near Bungo Channel in southwest Japan (Fig. 3).
Ground strain has been observed using extensometers in
the vault since 1987. The layout of the vault is shown
in Fig. 4. Three extensometers (E1, E2, and E3), made
from super-invar rods, are installed in the vault in three
directions. The lengths of E1 and E2 are 10.50 m, and
the length of E3 is 5.25 m.

Strain data at SKM are of interest for tectonic studies,
in particular for slow slip events, for the following rea-
sons. Beneath the Bungo Channel, long-term slow slip
events (SSEs), with durations of about 1 yr, have been
measured by GPS, starting in 1996 (e.g., Hirose et al.,
1999; Ozawa et al., 2007), and resuming in 2002 (e.g.,
Ozawa et al., 2004, 2007) and 2010 (Hirose et al., 2010).
Before the mid-1990s, GPS data were not available for
investigating the SSEs in this area. Although analyses of
leveling and sea level data suggest long-term SSEs also
occurred around 1980, 1985, and 1991 (Kobayashi and
Yamamoto, 2011), the magnitudes of individual events
are uncertain. If the strain data at SKM are sufficiently
accurate, they will help us quantify SSEs that took place
before GPS was deployed.

Temporal variations in strain obtained with E1, E2,
and E3 (referred to as E1, E2, and E3, respectively)
are shown in Fig. 5. The original time series contains
unnaturally large drifts in values, possibly due to some
process of relaxation that occurs following installation
of the instruments. To remove this drift, exponential

4
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Figure 3: Locations of the Sukumo (SKM) site (triangle) and the near-
est station (circle) of the Automated Meteorological Data Acquisition
System (AMeDAS) of the Japan Meteorological Agency.

curves have been fitted to the original data, and the fitted
curves are then removed from the original time series
(Fig. 5b). In the numerical test, described in Section
4, we refer to the time series in Fig. 5b as ”recorded
values”.

Temperature variations inside the vault are measured
with thermometers installed at two points (T1 and T2,
Fig. 4). These thermometers were installed in 1996.
The temperature data of T1 and T2, denoted byT1 and
T2 (Fig. 6), respectively, are used here for numeri-
cal testing of the procedure of estimating temperatures.
The only temperature data available from before 1996
were measured from outside the vault. Atmospheric
temperature data are available from the observatories
of the Automated Meteorological Data Acquisition Sys-
tem (AMeDAS) operated by the Japan Meteorological
Agency, and the nearest station for our purposes is at
N32.920◦, E132.695◦ (Fig. 3). We use the tempera-
ture data from this station (denoted byText) as reference
temperatures for outside the vault.

4. Estimating variations in temperature and strain
using reference data

In the situation of 1-D heat conduction, variations in
temperature at a pointx can be estimated only when
reference temperature data are available for a smallxref.
This condition is equivalent to the following statement:
the phase of variations at the reference point should be
preceded by the phase of variations at the target point.

Figure 4: Plan view of the vault at SKM. Thick bars represent exten-
someters. The orientation and length of each extensometer are shown
in parentheses. Open triangles represent the locations of thermome-
ters.

Therefore, it is important to check the phase of each
time series. Since annual components have relatively
large amplitudes, we can check the phases of annual
variations in temperature or strain data in order to con-
sider which pair of time series can be estimated.

The phases and amplitudes of annual variations in
strain and temperature data are summarized in Fig. 7.
With regard to temperature, the phase of∆T1 is pre-
ceded by the phases of∆T2; hence,∆T2 can possibly
be estimated by∆T1. We examine whether∆T2 can be
estimated by∆T1 by checking whether the variations in
temperature inside the vault can be estimated by refer-
ence data from inside the same vault. We also examine
whether∆T1 andT2 can be estimated by∆Text to check
whether variations in temperature inside the vault can
be estimated when the only available reference temper-
atures are from outside the vault. With regard to strain,
we cannot anticipate estimating∆E2 and∆E3 by ∆T1

because the phases of∆E2 and∆E3 are preceded by the
phases of reference temperatures inside the vault (i.e.,
∆T1 and∆T2). Therefore, we can only consider esti-
mating false variations in∆E1. We also examine how
∆E1 is estimated by variations in the reference temper-
atures outside the vault (∆Eext).

4.1. Estimating variations in temperature using refer-
ence data from inside the vault

First, we try to estimate variations in temperature at a
point (∆T2) by using reference temperatures at another
point inside the vault (∆T1) in terms of Eqs (1) and (8).
A parameter to be adjusted is the difference in location
between T1 and T2 (∆x = x2 − x1, wherex1 andx2 are
locations of T1 and T2, respectively) in Eq. (8). Eq.

5



-20

-10

0

10

20

30

40

90 95 00 05 10
-20

-10

0

10

20

30

40

90 95 00 05 10
-20

-10

0

10

20

30

40

90 95 00 05 10
-20

-10

0

10

20

30

40

90 95 00 05 10

E1

E2

E3

(a) Without data processing

Year

E
x
te

n
si

o
n

 (
m

ic
ro

 s
tr

a
in

)

-10

0

10

90 95 00 05 10

-10

0

10

90 95 00 05 10

-10

0

10

90 95 00 05 10

-10

0

10

90 95 00 05 10

E1

E2

E3

(b) After removing exponeitial trends

Year

E
xt

e
n

si
o

n
 (

m
ic

ro
 s

tr
a

in
)

Figure 5: Variations in strain recorded by three extensometers at
SKM. (a) Original time series. (b) Time series after exponential
curves are removed from the original time series. Shadows represent
periods of long-term slow slip events (SSE) beneath Bungo Channel.
SSEs around 1997, 2003, and 2010 have been directly confirmed by
GPS (e.g., Ozawa et al., 2007), while one event around 1991 is sug-
gested by an analysis of sea level data (Kobayashi and Yamamoto,
2011).
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Figure 6: Variations in temperature at T1 and T2 in Fig. 4 (∆T1 and
∆T2, respectively) and at the nearest AMeDAS station (∆Text).

(1) involves an integral over an infinite range, but we
approximate it by a finite range of 1 year.

Figure 8 compares recorded and estimated variations
in temperature at T1, together with their differences.
The figure shows a good agreement between these two
time series. Annual variations are still seen in the resid-
ual (lower panel), but they are only up to 0.1◦C. More-
over, no secular variation in the residual is seen. Since
the coefficient of expansion of the super-invar rod is
about 1− 2 × 10−6◦C(e.g., Furuzawa et al., 1993), a
fluctuation in temperature of 0.1◦Cis equivalent to a
1−2×10−7 fluctuation in strain in the strain data. There-
fore, we can anticipate that false variations in strain
data that result from variations in temperature can be
removed with an accuracy better than 10−7 using refer-
ence temperature data from inside the vault.

4.2. Estimating variations in temperature using refer-
ence data from outside the vault

Next, we try to estimate temperature variations inside
the vault (∆T1 and∆T2) by using reference external (i.e.,
outside the vault) temperatures (∆Text) in terms of Eqs
(1) and (12). Adjustable parameters are the locations of
the thermometers (x1 andx2) and the propagation coef-
ficient between air and ground (γ). However, the differ-
encex1 − x2 is equal to∆x, which is determined above;
hence, only one ofx1 and x2 is set freely. Reference
temperatures from outside the vault are available after
1984. The integration in Eq. (12) is done over 3 yrs.
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Figure 8: Recorded and estimated values of∆T2 using reference tem-
perature data from inside the vault (∆T1), together with their differ-
ences.

The parameterx1 is determined in such a way that es-
timated variations of∆T1and∆T2 mainly fit recorded
variations of∆T1 and∆T2.

Figures 9 and 10 compare recorded and estimated
variations in temperature at T1 and T2, respectively, to-
gether with their differences. For both∆T1 and∆T2,
the annual variations seem to be successfully estimated
so that the annual variations in residuals are reduced to
0.4 − 0.5◦Cin peak-to-peak values. Since the recorded
variations include annual variations in amplitude that
are larger than 1.5◦Cin ∆T1 and 0.7◦Cin ∆T2, the es-
timated variations using reference data from outside the
vault are considered to be reasonable. Yet, the accu-
racy is not as good as in the case of Fig. 8, for which
the reference temperature data came from inside the
vault. Concerning∆T1, secular variations of up to 0.4
◦Cyr−1 are largely reduced; even so, variations of ap-
proximately 0.05◦Cyr−1 remain in the residual time se-
ries (e.g., during 2002-2004). Secular variations with
approximately the same magnitude are also seen in the
residual of∆T2, and in this respect, the results differ
from those obtained when temperature data from inside
the vault are used.

4.3. Estimating false variations in strain using refer-
ence temperature data

Finally, we try to estimate false variations in strain of
E1 (∆E1) by using variations in reference temperatures
(∆T1 or ∆Text) in terms of Eq. (14). The problems are
in estimating the coefficient of expansion of the exten-
someter (a), and determining∆T in Eq. (14).
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Figure 9: Recorded and estimated values of∆T2 using reference tem-
perature data from outside the vault (∆Text), together with their differ-
ences.

-1.5

-1.0

-0.5

0.0

0.5

1.0

1.5

1990 1995 2000 2005 2010

∆T
1
 (

°C
)

Recorded
Estimated by ∆Text

-1.5

-1.0

-0.5

0.0

0.5

1.0

1.5

1990 1995 2000 2005 2010

Year

R
e

si
d

u
a

l 
(°

C
)

Figure 10: Recorded and estimated values of∆T1 using reference
temperature data from outside the vault (∆Text), together with their
differences.

When reference temperature variations are available
from inside the vault (∆T1), the variation in temperature
at E1 is estimated by Eqs (8) and (14). There are two
parameters to be adjusted:xc anda in Eq. (14). An-
other parameter,∆x in Eq. (8), is given by∆x = xc− x1.
These are determined in such a way that short-term (¡
year) variations in strain are reduced. A grid search is
done for the fitting, and considering experimental re-
sults (e.g., Furuzawa et al., 1993), the coefficient of ex-
pansiona is determined to be in the range 1< a < 2.

Figure 11 shows variations in recorded strain and
false variations in strain estimated by using reference
temperature variations from inside the vault, together
with their differences. We see that annual variations in
strain data are largely removed in the corrected time se-
ries. If Eq. (4) is valid, the optimum choices of pa-
rameters∆x anda to estimate annual variations are also
the optimum choices for estimating secular variations.
Therefore, we can anticipate that any secular variations
that result from temperature variations are mostly re-
moved, and the residuals reflect tectonic signals.

The results are consistent with other data. For the
recorded variations in strain, changes in strain rates
during the period 1996 to 1998 were approximately
2.0− 3.0× 10−6. On the other hand, GPS data from sta-
tions near the SKM site indicate changes in strain dur-
ing the same period of up to 1.0 × 10−6 (F. Ohya, pers.
comm.), which is inconsistent with the data from the
extensometer (shown in Fig. 5). However, in the cor-
rected time series, the changes in strain rate during the
same period are up to 1.0× 10−6, which is considerably
smaller than in the GPS data. This disappearance of
the inconsistency between GPS and extensometer data
suggests that even severely distorted strain data can be
sometimes adequately corrected with reference temper-
ature data from inside the vault.

When reference temperature variations are available
only from outside the vault (∆Text), the variations in
temperature at E1 are estimated with Eqs (12) and (14).
The locations of E1 (x in Eq. (12), and equivalently,
xc in Eq. (14)) and the coefficient of expansion (a in
Eq. (14)) should be given, and these have already been
determined in examples given above.

Figure 12 shows variations in recorded strain, and
false variations in strain, estimated by reference tem-
perature variations from outside the vault, together with
their differences. Our interests are focused on detect-
ing and quantifying the long-term slow slip event that
may have occurred around 1990. In the residual time
series, an offset of about 0.5− 1.0−6 occurs between the
trends for 1986-1989 and 1992-1995. However, estima-
tions of inside temperatures using outside temperatures
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Figure 11: Recorded and estimated values of∆E1 using reference
temperature data from inside the vault (∆T1), together with their dif-
ferences.

are subjected to significant errors, as seen in Figs. 9 and
10. Given that the estimated error in annual temperature
variations is 0.1◦Cyr−1, and that the coefficient of ex-
pansion is about 2.0× 10−6◦C−1, the strain data include
errors of up to 0.6×10−6, even after applying the correc-
tions. Therefore, the offset in the trend around 1990 is
not significantly larger than the errors anticipated from
data corrections. What we can say is that the long-term
slow slip event (SSE) around 1990 was not much larger
than other SSEs.

5. Discussion

We have examined how temporal variations in tem-
perature at a point inside a vault can be estimated by us-
ing reference variations in temperature at another point
within the vault. Numerical testing shows that with re-
gard to points T1 and T2 in the SKM vault, the varia-
tions in temperature at T2 (∆T2) are successfully esti-
mated by the reference variations in temperature at T1
(∆T1), regardless of the major assumption and simplifi-
cation of 1-D approximation (see Section 2 and Eq. (4)
above). If the same procedure always works well, vari-
ations in temperature inside the vault can always be es-
timated with an accuracy of 0.1◦C, when the thermome-
ter for reference is set at a suitable location. Moreover,
it is possible to correct strain data with an accuracy of
10−7 when the thermal coefficients of expansion of the
extensometers are 10−6◦C−1. This result indicates that
we can possibly extract unrecognized events of crustal
deformation on the order of 10−7, even when the exten-
someter is set in shallow vaults, if the reference temper-
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Figure 12: Recorded and estimated values of∆E1 using reference
temperature data from outside the vault (∆Text), together with their
differences.

ature is available inside the vault and the conditions of
a layer of rock or soil around the vault are such that the
thermo-elastic effect is relatively small.

However, as the vault at ISA was not equipped with
thermometers in the pre-GPS era, extensometers at ISA
cannot contribute to studies of crustal deformation un-
less their data are more precise than GPS data. When
GPS stations are installed at intervals of 20− 30 km, as
is the case in Japan, the detection limit of strain using
GPS is on the order of 10−7. Given that the precision
of strain data at ISA is up to 10−7 even after correction
for false variations, there is no advantage in using vault-
housed extensometers over GPS. It is generally consid-
ered that strain data (measured by both borehole strain-
meter and by extensometer) are more precise than GPS
for short periods (¡ days) but less precise for longer time
scales. In spite of the method proposed here to correct
for thermal distortion, the problem of the low precision
of long-term strain data remains to be unsolved.

The data also imply that heat conduction in some re-
gions of the vault is unlikely to be described by a 1-D
approximation, as indicated, for example, by the phases
of T1 and E2. Considering the geometry of the vault
(Fig. 4), T1 is closer to the entrance of the vault than
E2; therefore, the phase of T1 should be preceded by
the phase of E2 if heat conduction is one-dimensional.
Nevertheless, this is not the case (Fig. 5a and b), possi-
bly indicating that the direction of heat conduction is not
simply from the surface to deep points at the locations
of E2. The actual process of heat conduction around
the vault is uncertain because there was only one pair
of thermometers inside the vault. We need, therefore,
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to set multiple thermometers inside the vault, otherwise
we cannot accurately evaluate the precision of the data
correction, even if the corrections seem to work well.
Since we lack such additional temperature data, we can-
not discuss any further the precision of the corrections.

We have also attempted to estimate variations in tem-
perature using reference variations in temperature from
outside the vault. Estimated variations in temperature
are, however, revealed to be relatively inaccurate, and
the reasons for this are several. The most plausible
reason is the unsuitable assumption about the bound-
ary condition. Although heat generation due to the ab-
sorption of solar radiation has been totally ignored in
our formulations, it should be included in the boundary
condition. Another reason may be found in the temporal
variations in the thermal properties of the ground. Tem-
poral changes in the thermal diffusivity are indicated in
Fig. 12. The annual variations are precisely corrected
for the recent (i.e., after 2000) strain data, but impre-
cisely corrected for the old data (before the early 1990s),
and this possibly indicates differences in the thermal dif-
fusivities of the ground for these two periods. These
temporal changes in thermal diffusivity may possibly be
explained by changes in surface vegetation and water
capacity near the surface, but they cannot be precisely
quantified.

From the discussion above, we can see clearly that
corrections of data in terms of temperature variations
are far more difficult than anticipated. Among the
many factors involved in the distortions of data derived
from vault-housed extensometers, it had been thought
that variations in temperature could be easily removed,
based on the understanding that heat conduction is fun-
damentally a linear process, while other factors, includ-
ing precipitation, are non-linear. However, our study
has demonstrated that this is not the case, at least for
some vaults. Indeed, variations in the temperature of
an extensometer are revealed to be unpredictable unless
a reference thermometer is installed at a suitable loca-
tion. To estimate variations in temperature at arbitrary
points inside the vault, a sufficient number of thermome-
ters need to be installed. Unfortunately, few vaults are
equipped with multiple thermometers.

A lesson learnt from our work is that efforts to search
for tectonic signals in the strain data from vault-housed
extensometers are likely to end in failure. This does
not mean that vault-housed extensometers are of no
use; indeed, they may provide essential information on
phenomena whose time scales are rather short (i.e., ¡
days). Because the short-term temporal variations in
temperature within a vault are rather minor, short-term
geophysical phenomena, including strain steps due to

earthquakes and volcanic eruptions, can be successfully
recorded without distortions from variations in temper-
ature. However, if one’s purpose is to study tectonic
events with annual or longer time scales, we cannot rec-
ommend using shallow vaults for strain observations,
because on those time scales the variations in temper-
ature are significant.

6. Conclusions

Strain data obtained by vault-housed extensometers
are influenced by two types of thermal noise: actual
variations in strain of the crust due to the thermo-elastic
effect, and false variations in strain due to the thermal
expansion of the extensometer. False variations may be
severe in the case of extensometers housed in shallow
vaults. To correct for false variations in strain, we need
to accurately estimate the variations in temperature at
the location of the extensometer.

If temperature data from within the vault are available
for reference, the variations in temperature in deeper
parts of the vault may be predicted with an accuracy
of 0.1◦C. In such a case, the strain data derived from
the extensometer can be effectively corrected, even if
the extensometer has been subjected to relatively large
temperature variations of up to 1◦C. However, the preci-
sion achieved by this correction is insufficient to enable
the use of strain data to uniquely constrain crustal de-
formation when dense GPS data are available. Given
that the coefficient of expansion of an extensometer is
about 1.0− 2.0× 10−6◦C−1, fluctuations in temperature
of 0.1◦Care equivalent to false variations in strain of
0.1−0.2×10−6. An accuracy of 0.1×10−6 is only com-
parable to the resolution of GPS data when GPS stations
are installed at intervals of 20−30 km, and in such a case
there is no advantage in using vault-housed extensome-
ters over GPS.

If the only available temperature data are obtained
from outside the vault, estimated variations in temper-
ature within the vault are insufficiently accurate to re-
move false variations in strain due to the variations in
temperature. The available data indicate a secular varia-
tion in thermal diffusivity around vaults, and this creates
further problems in estimating the variations in temper-
ature.

In summary, we have found that strain data obtained
with vault-housed extensometers are not easily cor-
rected if the extensometers are influenced by variations
in temperature. I conclude, therefore, that studies of
long-term tectonic phenomena have little to gain by ob-
taining extensometer data in vaults that are subjected to
variations in temperature.
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