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Abstract

Calibration measurements of the Scintrex CG-5 gravimeter were conducted using absolute gravity stations of the Japan
Gravity Standardization Net, to constrain the scale factor and its temporal changes. The calibration data were obtained from
a total gravity interval of 1.4 Gal through six campaigns, conducted for over 5 years between years 2012 and 2017. The scale
factors varied by 1500 ppm in a range from 0.9991 to 1.0006, according to station combinations of the six campaigns. The
scale factor depends primarily on the gravity reading ranges: for similar gravity reading ranges, no significant differences in
the estimated scale factors were recognised, even though station combinations and observed times are different. Therefore, the
gravity readings can be corrected by introducing a gravity reading-dependent scale factor. Furthermore, even though the scale
factor essentially depends on gravity readings and not on time, temporal changes were observed during repeated calibration
measurements at the same station combinations. A long-term instrumental drift of the CG-5 gravimeter could explain this
phenomenon. In conclusion, the calibration shifts recognised during repeated measurements were apparently caused by: (1)
the scale factor dependence on the gravity reading ranges and (2) the shift of the gravity reading ranges due to the instrumental

drift.
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1 Introduction

Repeated microgravity surveys using relative gravimeters
have been widely applied to monitor subsurface mass and/or
density changes associated with volcanic activities, ground-
water flows, exploitation of geothermal resources, and so
on (e.g., Biegert et al. 2008; Williams-Jones et al. 2008).
In microgravity measurements aimed at detecting gravity
changes in the order of pGal (1 Gal= 102 m/s?), the sensi-
tivity of instruments (i.e., the scale factor) should be properly
calibrated according to target gravity intervals. If the scale
factor is not well calibrated and the measurements include
wide gravity intervals, there will be prominent discrepancies
from the true relative gravity values. Furthermore, temporal
changes in the scale factor, so-called calibration shifts, are
reported for relative gravimeters like the LaCoste & Romberg
model-G (Carbone and Rymer 1999), the Scintrex CG-3M
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(Budetta and Carbone 1997; Ukawa et al. 2010) and the CG-
5 (Parseliunas et al. 2011; Meurers 2018). Unless the scale
factor and its temporal changes are calibrated, the observed
gravity changes and any interpretation based on these data
will be unreliable.

The Meteorological Research Institute, Japan Meteoro-
logical Agency (MRI), has been conducting micrograv-
ity surveys at active volcanoes such as Izu-Oshima since
2008, using the Scintrex CG-5 S/N: 300500033 (CG-5#033)
gravimeter. However, the scale factor of the CG-5#033 has
not been calibrated so far. In order to constrain the scale fac-
tor and its temporal changes of the CG-5#033 gravimeter,
a series of calibration measurements have been conducted
since 2012, using absolute gravity stations within a nation-
wide network: the Japan Gravity Standardization Net (JGSN;
Fig. 1). The calibration measurements, performed over a
period of 5 years and with a total gravity interval of 1.4 Gal,
revealed important features about the scale factor of the CG-
5#033 gravimeter.

The purpose of this study is to describe the occurrence of
variations in the scale factor of the CG-5#033 gravimeter and
illustrate a way to calibrate it. First, I describe the calibration
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Fig. 1 Locations of the absolute gravity stations used for the scale
factor calibration measurements. Triangle: location of the Izu-Oshima
volcano. Insert map: topographic relief map of Izu-Oshima volcano.
Topographic contour interval is 100 m

measurements conducted for the CG-5#033 using the JGSN
stations. Then, I show the features of estimated scale fac-
tors and a way to correct them. Finally, I discuss the reason
for phenomena in terms of the scale factor observed by the
CG-5#033 gravimeter and apply the corrections to repeated
survey data at [zu-Oshima volcano as an example.

2 Instrumental parameter settings

In order to discuss the scale factor of the CG-5 gravimeter,
the most important instrumental parameters to consider are
GCALI1 and GCAL2. The parameters GCAL1 and GCAL2
define the sensitivity of the CG-5 gravimeter sensor. These
two factors are used to translate the A/D converter output
of the feedback DC voltage normalised by the calibration
voltage into a gravity reading unit (mGal):

¢ = GCALI x ADgy + GCAL2 x ADgy>, 1)

where g™ and A Dy are the gravity reading and the A/D
converter output, respectively (equation B.4 in Scintrex Ltd

2010). According to Scintrex Ltd (2010), GCAL1 is set by the
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manufacturer before shipping, based on calibration measure-
ments performed in Toronto, Canada, while GCAL2, which
accounts for a small quadratic nonlinearity, has been reduced
to zero by an electronic adjustment.

Operations conducted using the CG-5#033 should be
divided into two periods with regard to the parameter set-
tings. The first period (Period 1) started in October 2004 and
continued until 2010. During Period 1, GCALI1 was set to
be 8200.007 based on a calibration dated 12 October 2004,
before it was shipped by the manufacturer. In the summer of
2010, an electrical failure of the display module occurred,
and the gravimeter was shipped to the manufacturer to be
repaired. GCAL1 was reset to 8206.725 by the manufac-
turer during the repairs, on 19 October 2011. The second
period (Period 2) started in October 2011 and has continued
until present. The ratio between the values of GCALI dur-
ing Period 2 and Period 1 equals 1.000819 (Table 1). This
result implies that the sensitivity of the instrument changed
by about 819 ppm during 7 years (from 2004 to 2011). All
of the calibration measurements using the JGSN stations
described below were done in Period 2.

3 Calibrations of the CG-5#033
3.1 Calibration measurements at the JGSN stations

To constrain the scale factor of the CG-5#033, calibration
measurements have been conducted since 2012 using JGSN
absolute gravity stations. This nationwide network was estab-
lished by the Geospatial Information Authority of Japan
(GSI; Geographical Survey Institute 1976; Yamaguchi et al.
1997). The latest version of the JGSN was released in 2017 as
JGSN2016. The JGSN2016 includes 32 fundamental gravity
stations (FGSs) and 231 first-order gravity stations (GSs).
Gravity values were determined at the FGSs by absolute
gravimeters, while at the GSs they were adjusted by relative
measurements from the FGSs. At the FGSs, vertical grav-
ity gradients were also observed (Yahagi et al. 2018). The
nationwide network was used for the calibrations in order to
minimise the effects of (1) inevitable measurement errors,
(2) inaccurate correction procedures and (3) possible gravity
changes at the reference gravity stations, by referring large
gravity intervals.

Six calibration campaigns were conducted (A to F in
Fig. 2a). All the measurements were done along a round
trip, which started from and finished at the MRI in Tsukuba
City (Ibaraki), about 50 km NE of Tokyo. From March 2012
until July 2017, two calibration campaigns (A and C) were
for the Naha FGS (NAH-FGS, Okinawa), at lower lati-
tude (lower gravity); the other two campaigns (B and D)
were for the Chitose GS (CTS-GS, Hokkaido), at higher
latitude (higher gravity), via the Haneda GS (HND-GS) in
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Table 1 Parameter settings for

the CG-5#033 gravimeter Period Date setting Calibration factors Factor for adjusting to setting in Period 2
GCALI1 GCAL2
October 12, 2004 8200.007 0 1.000819
2 October 19, 2011 8206.725 0 -
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Fig. 2 History of the calibration campaigns and time series of the
gravity readings, instrumental drift, and scale factors. a History of the
calibration campaigns and absolute gravity values at the stations where
the measurements took place. The grey area indicates the gravity range

at [zu-Oshima. b Gravity readings at selected stations. ¢ Instrumental
drifts translated from the gravity reading values shown in (b). d Interval
scale factors calculated for the station combinations MRI—NAH-FGS
and MRI—CTS-GS. Colours and symbols are the same as in (a)
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Table 2 List of gravity stations used for the calibration measurements

Station Code Latitude (°N)  Longitude (°E)  Altitude (m)  Absolute gravity (mGal)  Vertical gradient1 (mGal/m)
Chitose GS CTS-GS 42.785808 141.680453 24 980421.55 0.3222

Haneda GS HND-GS 35.549167 139.784167 -2 979759.54 0.2982

Kumamoto FGS KMM-FGS  32.835503 130.870972 184 979511.94 0.325

Kumamoto GS KMM-GS 32.816914 130.727794 23 979551.64 0.325°

Naha FGS NAH-FGS 26.207453 127.686811 21 979095.96 0.282

Ishigakijima FGS  ISG-FGS 24.336639 124.164656 7 979006.04 0.331

MRI MRI 36.055639 140.125250 22 979948.923 0.3183

Tsukuba FGS* TKB-FGS 36.103919 140.086933 21 979951.22 0.294

1. Downward positive

2. After Ukawa et al. (2010)
3. Observed for this study
4. Used for tying to MRI

Tokyo. Two additional campaign measurements were con-
ducted in September and October 2017. Campaign E was
for Kumamoto (KMM-FGS and KMM-GS). Campaign F
was toward the Ishigakijima FGS (ISG-FGS) to observe the
lowest absolute gravity among the JGSN via the HND-GS
and the NAH-FGS. The absolute gravity value at the MRI
was determined by tying the Tsukuba FGS (TKB-FGS, 6
km NNW of the MRI): the difference in gravity value was
—2.30mGal. Overall, the absolute gravity stations of the
three FGSs (KMM-FGS, NAH-FGS and ISG-FGS), the three
GSs (CTS-GS, HND-GS and KMM-GS) and the MRI were
used for the calibration (Table 2). In addition, during cam-
paign E, supplemental measurements at a site different from
the JGSN stations were conducted to constrain the instru-
mental drift.

The total gravity difference between the lowest value
at the ISG-FGS and the highest value at the CTS-GS
is approximately 1.4Gal. For example, gravity intervals
of MRI-NAH-FGS and MRI-CTS-GS are 853 mGal and
473 mGal, respectively. Then, errors of 85 wGal and 47 wGal
are allowed to achieve an accuracy of 100 ppm for the scale
factor, when they are determined by translating the absolute
and observed gravity differences.

The measurements were essentially based on the profile
method (Torge 1989): that is, the measurements at each sta-
tion were conducted during both the outward and homeward
ways to constrain the instrumental drift. One exception was
the KMM-FGS during the campaign E: the measurement was
done during only the outward way. Designs and conditions
of the measurements were different depending on the cam-
paign. The round-trip duration was one day for campaigns A
to D, to minimise the effect of changes in the drift rate. How-
ever, it was of four days and two days for campaigns E and F,
respectively, due to logistic problems. To better constrain the
instrumental drift during campaigns E and F, additional con-
tinuous measurements were conducted at the MRI, before
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and after the respective round trips. Therefore, data of six
days and three days were included in the analysis of cam-
paign E and F, respectively. According to such conditions, at
each station, from three at least to over 1000 measurements
of 57-60s were conducted during both the outward and the
homeward ways (Table 3).

In the initial phase of some of the measurements, grad-
ual increases in gravity readings were recognised. These
increases probably indicate a recovery from the high tilt
susceptibility pointed out by Reudink et al. (2014). Such
data were manually omitted when the gravity values were
observed enough time to recover. However, data from cam-
paign C were probably affected by this problem, because
few data were recorded at each station. The measurements
of campaign A were conducted after 11 hours of the start of
power supply and probably include some transient heating
effects of the instrument. Although not obtained under ideal
conditions, the data from this campaign were examined in a
similar manner to those of other campaigns. Among all the
stations, the HND-GS at Haneda International Airport is the
noisiest, because of the heavy traffic. Therefore, for this sta-
tion, the estimated relative gravity values generally include
larger errors.

3.2 Gravity values at the calibration stations

Using the observed data, relative station gravity values were
determined for each campaign. First, the effects of tide,
atmospheric pressure and instrumental height were corrected
for each reading. For the tidal corrections, the solid earth
tide and ocean tidal loading effects were calculated using
GOTIC2 (Matsumoto et al. 2001). The effect of the atmo-
spheric pressure was corrected by considering an admittance
of —0.000356 mGal/hPa (Merriam 1992). Incorrect verti-
cal gravity gradients and instrumental heights easily lead
to correction errors up to several tenths of a wGal (Lederer
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Table 3 Settings and results of the calibration measurements for each campaign
Calibration measurement  Station Number of measurements  Gravity reading (mGal) Difference' (mGal) RMS? (mGal)
(A) 5 March 2012 MRI 86 4056.906 - 0.005
HND-GS 7 3867.456 —189.451 0.011
NAH-FGS 82 3203.291 —853.615 0.002
Total 175 0.004
(B) 28 Feb. 2013 MRI 19 4200.013 - 0.004
HND-GS 8 4010.554 —189.459 0.010
CTS-GS 17 4672.641 472.628 0.004
Total 44 0.004
(C) 11 March 2015 MRI 4483.093 - 0.028
HND-GS 4293.685 —189.408 0.029
NAH-FGS 3629.855 —853.238 0.001
Total 20 0.024
(D) 12 July 2017 MRI 50 4792.114 - 0.002
HND-GS 26 4602.777 —189.337 0.010
CTS-GS 28 5264.430 472.316 0.002
Total 104 0.006
(E) 20-25 Sept. 2017 MRI 2735 4825.122 - 0.003
KMM-GS 130 4427.924 —397.198 0.002
KMM-FGS 60 4388.210 —436.912 0.001
(Supplemental)’ 2412 4426.718 —398.404 0.003
Total 5337 0.003
(F) 10-13 Oct. 2017 MRI 624 4836.299 - 0.003
HND-GS 36 4646.936 —189.363 0.017
NAH-FGS 120 3983.320 —852.979 0.019
ISG-FGS 320 3893.391 —942.909 0.002
Total 1100 0.007

1. Gravity differences referred to MRI
2. Root-mean-squares of residuals
3. Supplemental station

2009); therefore, the vertical gravity gradient observed at
each station was reflected for the instrumental height correc-
tion (Table 2). The gradients for the FGSs were measured
by the GSI; for the CTS-GS and the HND-GS, the gradi-
ents reported by Ukawa et al. (2010) were used instead.
For the KMM-GS and the MRI, I observed gradients of
0.325mGal/m and 0.318 mGal/m, respectively. The instru-
mental heights measured at the top plane of the gravimeter
were reduced to the height of the sensor by subtracting 21.1
cm from the height of the former.

After applying the corrections to each reading, the rela-
tive gravity values for all stations and the instrumental drift
rate were determined simultaneously. A gravity reading after
the tidal, atmospheric pressure and instrumental height cor-
rections at the i-th station and at the time #; is described by
introducing a linear drift term:

g0 = g + Dt — 1), ”

where D and ¢, are the drift rate and the time of the first
reading at the first station, respectively. g{ead is the final
gravity reading at an i-th station after the drift correction.
For I stations within a campaign, the unknown parameters
g{ead (i = 1,...,1) and D were estimated by the least-
squares calculation using all the readings of one round trip.
Gravity reading deviations were calculated as the root-mean-
squares (RMS) of the residuals. The final gravity readings and
the RMS are summarised in Table 3.

Nonlinear drifts are a concern, particularly in the longer
campaigns of E and F. However, behaviours are not simple.
For example, for the longest campaign (E, of six days), the
linear drift fitted well and the residual RMS of all its stations
were lower than 0.003 mGal after the linear drift fitting. On
the contrary, the three-day campaign F included fluctuations
(perhaps due to long-lived high tilt susceptibility and inac-
curate tidal corrections for the NAH-FGS, the ISG-FGS at
isolated islands). Although such fluctuations can be fitted
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using nonlinear drift models with higher order polynomials,
itis difficult to judge whether such procedures are physically
meaningful. Therefore, I adopted the linear drift model so as
that the deviations from this model are expressed as larger
residual RMS.

Data from campaigns B and D, toward the CTS-GS, are of
relatively good quality: the RMS are less than 0.004 mGal,
except for the noisiest station (HND-GS). On the other hand,
large residual RMS for the data collected during campaign C
suggest the presence of errors linked to high tilt susceptibility.
A negative drift was observed for campaign A, which started
after 11 hours from the beginning of the power supply; how-
ever, the linear drift fitting worked well for the corresponding
round trip.

3.3 Long-term instrumental drift

Before the estimation of the scale factor, the long-term
instrumental drift of the CG-5#033 gravimeter should be
mentioned: this drift played an important role in this study.
The history of CG-5#033 gravity readings at selected sta-
tions is plotted in Fig. 2b. Here are plotted the JGSN
stations, accompanied by stations G20 and G26 located on the
Izu-Oshima volcano (Fig. 1, characterised by high measure-
ment frequencies). The GCAL1 for Izu-Oshima data during
Period 1 is adjusted to that of Period 2 multiplying the fac-
tor by 1.000819 (Table 1). Monotonic increases in gravity
readings indicate the occurrence of continuous instrumental
drifts. The long-term instrumental drifts between measure-
ments can be estimated from the gravity readings series
(Fig. 2c). As seen in the figure, the CG-5#033 gravimeter
experienced a long-term instrumental drift of the order of
0.1 mGal/day. (It seems to decrease gradually from ca. 0.4—
0.7 mGal/day during Period 1 to ca. 0.3—-0.6 mGal/day during
Period 2.)

3.4 Scale factor estimation

In the following section, I estimate the scale factor by
comparing the gravity values measured by the CG-5#033
gravimeter (Table 3) with the known absolute gravity values
(Table 2).

3.4.1 Interval scale factor

First, the scale factor is estimated for each gravity interval.
Hereafter, this is called as an interval scale factor. The inter-
val scale factor S};“ for a gravity difference of i-th and j-th
stations is calculated based on the following equation:

A = Sy A, ®
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where A gfjbs and A gfjf“d are the differences between the
known absolute gravity values and between the gravity val-
ues measured by the CG-5#033 gravimeter, respectively. The

error of the estimated interval scale factor e};.“ depends on the
errors of both the absolute gravity stations ef‘bs, €2 and of
the gravity readings measured by the CG-5#033 gravimeter
E_read Eread.

i L B

et = IS /(e A2 + (e59/ Mgl )2, 4)

where

/ 2 2
€ ?}DS € l_abs € ';}bs ( 5)
/ 2 2
€ ir;?ad € iread € ;ead . (6)

The error of each absolute gravity is assumed to be 10 pGal,
so as to be the error of the absolute gravity difference is
14 wGal. For the error of each gravity reading, RMS of resid-
uals after the calibration measurements are used.

The time series of the interval scale factors for selected
station combinations (MRI-NAH-FGS, MRI-CTS-GS) are
plotted in Fig. 2d. For both the station combinations, the
estimated scale factor clearly increased with time. However,
it seems that there is an offset of the increasing trends between
both the combinations.

Figure 3a shows the estimated interval scale factors for all
possible station combinations and all calibration campaigns.
The factors varied between 0.9991 and 1.0006. Such a dif-
ference of 1500 ppm should be corrected for microgravity
surveys. However, a systematic pattern for the scale factors
could not be recognised based on these plots.

The interval scale factors for the gravity reading ranges of
the CG-5#033 gravimeter are plotted in Fig. 3b, instead of
the gravity differences. The endpoints of the horizontal bars
indicate the gravity readings at the two stations used for the
interval scale factor estimation. A positive correlation can be
observed between the estimated scale factors and the gravity
reading ranges. The estimated scale factors vary between
0.9991 at 3500 mGal, to 1.0006 at 5000 mGal. Several data
points deviate from this trend. This is primarily due to the
use of extremely small gravity differences in the estimation
of the interval scale factor, following the formula shown in
Eq. (4) (see the range of small gravity differences in Fig. 3a).
Therefore, the interval scale factors of the estimated errors
greater than 100 ppm are omitted in Fig. 3¢, in order to render
more clearly the general trend.

Because of the instrumental drift mentioned above, the
range of gravity readings shifted with time even though the
measurements are conducted at the same station combina-
tions. Further, gravity reading ranges can overlap even though
the measurements were conducted in different absolute grav-
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Fig. 3 Interval scale factors. Colours and symbols are the same as in
Fig. 2a. a Plot for the gravity intervals. b Plot for the gravity readings
of the CG-5#033. ¢ Same as in (b), but the interval scale factors of the
estimated errors greater than 100 ppm are omitted

ity ranges. However, it should be noted that for similar gravity
reading ranges, the estimated interval scale factors were
not significantly different, even though they were measured
at different station combinations and times. This indicates
that the scale factor of the CG-5#033 gravimeter primarily
depends on the gravity reading ranges, regardless of the abso-
lute gravity ranges and observation times.

3.4.2 Reading-dependent scale factor

Since it became clear that the scale factor primarily depends
on the gravity readings, a formula to perform scale correc-
tions could be created. By introducing a gravity reading-
dependent scale factor S( g{ead) in an L-th order polynomial
expression as

where 6 ij" and ;" are errors of the absolute gravity differ-

ence and of the difference of scale-corrected gravity readings,
respectively. ecorr is expressed as

corr __ corr2 corr2
esom — feeor? |- geom? (13)

read :

The relationship between €™ and €/°* is expressed by dif-
ferentiating Eq. (8):
corr _ Z(l + l)clgread read (14)

By assuming that the scale factor has a value close to 1 (that
is, co ~ 1 and clgf“d <l1l=1,...,L)),
€Corr Eyead. (15)

1 1

Therefore, Eq. (12) can be written as

abs2 ad2
€ij ~ € T, (16)
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(a) Fitting Using All Data 4 Discussion
01—
= ] TT } 4.1 Instrumental drift and apparent calibration shift
&) [T
£ \ T _
= 00 1 % 1 L{t{r i fib In the former analyses, the scale factor was expressed as
;g I %@ﬁ depending only on gravity readings, and not on time. How-
& | 1 ever, calibration shifts were recognised in the calibration
o1 campaign data (Fig. 2d). At a first glance, these results seem
"3000 3500 4000 4500 5000 5500 to be contradictory. The key to understand these phenom-
Gravity Reading [mGal| ena is considering that the instrumental drift occurred in the
CG-5#033 gravimeter.
(b) Fitting Using Selected Data According to Scintrex Ltd (2010), the drift of the CG-
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3000 3500 4000 4500 5000 5500
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Fig. 4 Residuals of calibration measurement data after the first-order
reading-dependent scale factor fittings. Colours and symbols are the
same as in Fig. 2a. a Plot for the whole dataset. b Plot for the same
dataset, but using selected data

where ef‘}’s and €

respectively.

Two datasets of gravity differences were examined to
determine the coefficients of the reading-dependent scale
factor. The first dataset consisted of 21 gravity differences,
from all station combinations of all campaigns, without any
data screening. The second dataset consisted of nine gravity
differences; in this case, the residual RMS of two stations
were less than 10wGal. The best fit parameters (co, c1)
for both datasets, considering a first-order polynomial, are
summarised in Table 4. Similar parameters (co ~ 0.9956,
c1 ~ 4.9 x 10~7) were obtained for both datasets. The value
of ¢ is substantially large, causing a scale factor difference
by the order of 1000 mGal of the gravity reading difference.

The residuals obtained after the fittings are shown in
Fig. 4a, b. Since the data of the first dataset were not
screened, several incorrect data were included: the residuals
after the fitting were largely deviated, particularly those of
campaigns C and F. In the second dataset, the residuals were
less scattered. Second- and higher-order polynomials were
also tested. However, as expected from the randomly devi-
ated residuals after the first-order fittings (Fig. 4), prominent
reductions in the RMS were observed for both the datasets.
Therefore, the investigation was not carried on in that direc-
tion.

read
ij

are expressed as in Egs. (5) and (6),
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5 sensor is caused by an unavoidable creep of the quartz
spring, whose length under tension increases, on the aver-
age, by 0.5 ppm/day at the operating temperature of 60 °C.
The CG-5#033 gravimeter in particular experienced a long-
term instrumental drift of 0.3-0.7 mGal/day (Fig. 2¢). Such
a drift rate is sufficiently large to cause an apparent calibra-
tion shift in repetitive measurements at fixed gravity ranges,
by combining the reading-dependent scale factor described
above.

From Eq. (7), the first-order reading-dependent scale fac-
tor is described as:

S(g{Y) = co + crgf. (a7

Thus, for the gravity readings at a specified station, a rough
estimate of a yearly calibration shift can be made by assuming
the 4.9 x 10~7/mGal of the reading-dependent scale factor
and 0.45 mGal/day of the drift rate as:

Yearly Calibration Shift
~ 4.9 x 1077 /mGal x 0.45 mGal/day x 365 day
~ 8.0 x 10_5/year.

Hence, a calibration shift of 800 ppm can be expected after
10years.

Note that the expression of the interval scale factors for
the gravity differences between stations is different from
Eq. (17). The first-order reading-dependent interval scale fac-
tor can be expressed by using Egs. (3) and (9) to (11) as:

co(g;ead _ glread) +c (g;ead2 _ greadz)

i

int __
Sif - g;ead _ glyead (18)
= co + c1(gf™ + 5. (19)

In case that the gravity difference is much smaller than the
gravity readings (that is, g2 ~ g?ead), the interval scale

l
factor becomes

Sit ~ co +2¢1 8], (20)
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Table 4 Coefficients of the first-order reading-dependent scale factor, RMS after the fitting and the corrected calibration factors

Dataset Coefficients of reading-dependent scale factor RMS (mGal) Calibration factors

co c1 GCALl GCAL2
All 0.9956799968 (0.0000708204) 0.0000004906 (0.0000000083) 0.024 8171.272 33.039
Selected 0.9956492001 (0.0000919565) 0.0000004932 (0.0000000107) 0.021 8171.019 33.217

The values given in parentheses are the standard deviations of the estimated coefficients

so as that the calibration shift is twice of one for gravity
readings.

In summary, the calibration shifts recognised in repeated
measurements at fixed gravity ranges are apparently caused
by (1) the scale factor dependence on gravity reading ranges
and (2) the shift of the gravity reading ranges due to the
instrumental drift.

4.2 Possible explanation for symptoms of the
CG-5#033 scale factor

Scintrex Ltd (2010) described that the scale calibration of
the CG-5 gravimeter is expressed as Eq. (1). They docu-
mented the possible causes for changes in the calibration
factor GCALI. The stability of GCALI1 depends on (1) the
dimensional stability of the capacitive displacement trans-
ducer, (2) the stability of the internal DC reference voltage,
(3) the stress relaxation effects on the newly fused quartz,
causing changes in GCALI1 during an initial period of a few
months. Still, the shift of the calibration factor is not promi-
nent in the CG-5#033 gravimeter. In fact, the scale factor
is stable, regardless of the gravity range observation time
(Fig. 3c); moreover, the calibration shift is caused by the
instrumental drift.

One way to explain the phenomena occurred in the CG-
5#033 scale factor is to consider the existence of a nonlinear
relationship between the A/D converter output and the grav-
ity reading, when the symptoms within concepts written
in the user manual are considered. Although Scintrex Ltd
(2010) reported that the nonlinearity is reduced to zero by
an electronic adjustment and that GCAL2 is set to be zero,
the reading-dependent scale factor still suggests that the
nonlinear term is not trivial. The scale-corrected reading is
described by inserting Eq. (1) into Eq. (8):

g% = §(g"™4)(GCAL1 x ADoy+GCAL2x AD2,). (21)

Since GCAL2 is set to be zero, Eq. (21) becomes:

1
g« = " et (GCALI x ADgy)"" (22)
k=0
= GCAL1’ x ADoy + GCAL2' x AD?

out

(23)

where

GCAL1' = ¢yGCAL1
GCAL2 = ¢;GCALI1?,

if the first-order polynomial expression is adopted as the
reading-dependent scale factor. The corrected calibration fac-
tors GCAL1’ and GCAL?2' for the ¢ and c; of the two datasets
are listed in Table 4. If further higher-order forms for the
reading-dependent scale factor are adopted,

GCAL3' = ¢,GCAL1?
GCAL4' = ¢3GCAL1*

and so on. Although it is not possible to affirm yet whether
the nonlinear relationship between the A/D output and the
gravity readings is the cause of the phenomena, the functional
form of the higher-order polynomial expression explains well
the symptoms of the CG-5#033.

4.3 Correction of Izu-Oshima data

The new reading-dependent scale factor is applied to the
repeated survey data of Izu-Oshima volcano to show the
effect of the scale corrections. Since the coefficients ¢¢ and
c1 determined by both the datasets using all the data and the
selected data are similar (Table 4), time series of the cor-
rected gravity values are almost identical. Therefore, only
the corrections using the selected data are shown below.

Figure 5a shows the time series of the gravity readings
of the CG-5#033 for selected stations in Izu-Oshima. As
described in Sect. 3.3, the gravity readings increase with the
passage of time due to the instrumental drift. The scale fac-
tor for each reading shown in Fig. 5a can be calculated by
applying Eq. (17) and the coefficients co and ¢ (Fig. 5b). The
estimated scale factors increase from ca. 0.9973 in 2008-
2009 to ca. 0.9980 in 2017-2018. About 700 ppm of the
apparent calibration shift occurred as the rough estimate
described in Sect. 4.1.

Two examples for selected station combinations are
shown. Time series of the interval scale factors calculated
by Eq. (19) and gravity differences before and after the scale
correction are shown in Fig. Sc—f. The first example (Fig. Sc—
d) is gravity values of G20 at the summit area relative to G26

@ Springer
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Fig. 5 Time series of the gravity readings and the scale factors for
selected station, the interval scale factor and gravity differences for
selected station combinations of the repeated microgravity survey at
Izu-Oshima volcano. a Gravity readings for the selected stations G26,
GO07 and G20. b Scale factors for the gravity readings shown in (a). ¢
and d Interval scale factors (c) and gravity differences (d) for the station
combination G26 and G20. e and f Interval scale factors (e) and gravity
differences (f) for the station combination GO7 and G20. Blue and red
circles in (d) and (f) indicate gravity differences before and after the
scale factor corrections, respectively

at the northern coastal area, having — 163 mGal of a gravity
difference. This combination intends to monitor island scale
gravity changes. The second example (Fig. Se, f) is gravity
values of G20 relative to GO7 at the northwestern caldera
rim to monitor local gravity changes of the central cone Mt.
Mihara. The gravity difference is —25mGal. In both the
cases, the apparent calibration shifts are clearly recognised
(Fig. 5c, e). Note that values of the interval scale factors and
the magnitude of the calibration shifts are different from those
of the scale factors for the gravity readings (Fig. 5b) as men-
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tioned in Sect. 4.1. The interval scale factor increases from
0.9989-0.9990 in 2009 to 1.0002-1.0003 in 2018. That is,
ca. 1300 ppm of the calibration shift occurred during 9 years.
Before the scale corrections, monotonic increases in the grav-
ity differences are recognised in the both cases (blue circles
in Fig. 5d, f: about 300 pGal and 100 pGal during 9 years for
the first and second examples, respectively.). Such increases
are suppressed by applying the scale corrections (red cir-
cles in Fig. 5d, f). After the corrections, about 100 wGal of a
fluctuation is recognised in the first example (Fig. 5d). This
probably reflects an infiltration of meteoric water into the
volcanic edifice due to precipitations. In the second example,
70 wGal of gravity increase during 9 years remains (Fig. 5f).
The primary cause of the gradual increase is probably a free-
air effect because a continuous subsidence localised at Mt.
Mihara has been observed. For quantitative investigation of
such physical processes under the volcano, the scale cor-
rections are essential. The gravity changes at Izu-Oshima
volcano described above will be discussed in future papers.

4.4 Suggestions for future calibration
measurements

The scale factor for the CG-5#033 gravimeter, expressed by
the reading-dependent form, should be continuously updated.
The scale factor in the present work was obtained considering
gravity readings comprised between 3200 and 5300 mGal.
However, the reading ranges for specific regions, like the
Izu-Oshima, will be beyond the calibration range in future,
because of the 0.3-0.7mGal/day instrumental drift. Future
calibration measurements should be done considering higher
gravity ranges (i.e., higher latitudes), to construct a new
reading-dependent scale factor including higher gravity read-
ing ranges.

5 Summary and conclusions

The scale calibration measurements for the CG-5#033
gravimeter were conducted using the nationwide absolute
gravity network. The following characteristics were recog-
nised:

1. The scale factor of the CG-5#033 gravimeter depends pri-
marily on the gravity reading ranges: for similar gravity
reading ranges, no significant differences in the estimated
scale factors were recognised, even though the data were
obtained at different station combinations and different
times. Therefore, the gravity readings can be corrected
by introducing a gravity reading-dependent scale factor.

2. Calibration shifts were recognised during repeated cal-
ibration measurements on the same station combina-
tions; this happened although the scale factor essentially
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depends on gravity readings, not on time. This phe-
nomenon can be explained by considering the long-term
instrumental drift of the CG-5 gravimeter. The calibration
shifts recognised during the repeated measurements were
apparently caused by (1) the scale factor dependence on
the gravity reading ranges and (2) the shift of the gravity
reading ranges due to the instrumental drift.
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