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We conducted gravity observations in Antarctica at Jang Bogo Station (JBS) during the 2019-2020 Austral
summer season using an FG5-210 absolute gravimeter (AG) and a LaCoste & Romberg (LCR) Model D-58 relative
gravimeter. Absolute gravity measurements were successfully made at reference gravity point JBSAG1 and newly
established gravity point JBSAG2, yielding about 19,000 and 14,400 drops of data, respectively, with mea-
surement precisions better than 0.4 pGal (1 pGal = 10~ m s~2). In addition, relative gravity measurements were
conducted at 10 other newly established gravity points, with accuracies better than 10 pGal, to supplement the
absolute gravity data. Superconducting gravimeter (SG) observation with an iGrav-021 instrument has been
underway at JBS since 2016. Since an SG is a relative gravimeter, the calibration of the scale factor is essential for
long-term gravity monitoring. In addition, the D-58 instrument was required for scale factor calibration. To
calibrate the scale factors of these gravimeters, we first estimated a value for the iGrav-021 using parallel ob-
servations with the FG5-210 instrument. The D-58 scale factor was then estimated indirectly from parallel ob-

servations with the iGrav-021. These calibrations should ensure accurate gravity monitoring in future work.

1. Introduction

Gravity measurements in Antarctica have mainly been used to study
subsurface density structures; examples of questions addressed include
resolving basement topography beneath the ice sheet (e.g, Yanai and
Kakinuma, 1971; Abe et al.,1978); identifying crustal structures (e.g.,
Kanao et al., 1994; Shibuya and Fukuda, 1999; Toda et al., 2013); and
other geodetic-geophysical related studies such as establishing a gravity
reference station (e.g., Harada et al., 1963; Kaminuma et al.,1984).
While early measurements used relative gravimeters, absolute gravity
measurement in Antarctica began in the early 1990s, with the primary
goal of providing accurate reference values for relative measurements.
Today there is an increasing need to monitor gravity changes due to the
Earth’s dynamics, such as glacial isostatic adjustment (GIA) and elastic
deformation associated with present day ice-mass changes. Since the
launch of the Gravity Recovery and Climate Experiment (GRACE) in
2002, which greatly contributed to studies of mass changes in the Ant-
arctic ice sheet (e.g., Velicogna and Wahr, 2006; Yamamoto et al., 2008),
ground-based precision gravimetry has been expected to contribute
ground truth measurements to augment satellite observations and
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provides indispensable information for extraction of the GIA effect.
High-precision gravity observations using absolute gravimeters (AGs)
and superconducting gravimeters (SGs) (e.g., Shibuya et al., 2003;
Fukuda et al., 2005; Makinen et al., 2007; Aoyama et al., 2015) have
strong potential for such studies.

JBS is the second Korean Antarctic research station in Terra Nova
Bay, Victoria Land, and has been operated by the Korea Polar Research
Institute (KOPRI) since 2014 (https://www.kopri.re.kr/eng/html/infr
a/02040101.html). KOPRI has made continuous SG observations with
the GWR iGrav-021 instrument since 2016, and more recently intro-
duced a Micro-g LaCoste (MGL) A10-036 absolute gravimeter (Lee et al.,
2017). Since the SG is a relative gravimeter, the scale factor of the in-
strument must be determined before gravity variations can be discussed.
For this purpose, parallel observation with an AG is strongly recom-
mended (e.g., Fukuda et al., 2005). At the Japanese-operated Syowa
Station, the only other Antarctic observatory with SG measurements to
date, SG instruments are occasionally calibrated using FG-5 absolute
gravimeters (e.g., Iwano et al., 2003; Fukuda et al., 2005; Aoyama et al.,
2015); at JBS, however, SG instruments were previously calibrated only
with the A10-036 instrument. Although an A10 is a useful instrument for
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Fig. 1. Location of Jang Bogo Station (JBS) and gravity survey points at JBS
research station, Antarctica.

field surveys (e.g., Kazama et al., 2013), its accuracy is inferior to that of
an FG-5. Therefore, to establish absolute gravity points at JBS and
calibrate the scale factor of the iGrav-021 instrument, we conducted
absolute gravity observations using FG5-210 at JBS during the
2019-2020 Austral summer season. In addition, to supplement AG
measurements and to detect local gravity changes around JBS, we
conducted gravity observations using a spring-type relative gravimeter,
a LaCoste and Romberg (LCR) D-58 with feedback (L. and R Meter Ser-
vice, 2009).

Since the D-58 is a relative gravimeter, calibration of its scale factor
is also necessary. Usually, the scale factor of a spring-type gravimeter
can be calibrated through net adjustment of measurements at points
whose absolute gravity values are known and whose gravity differences
are large (e.g., Torge, 1989; Fukuda et al., 2017; Yahagi et al., 2019).
However, such a method is almost impossible in this case, because JBS is
a remote site in Antarctica and the measurement range of the D-58 is <
200 mGal (1 mGal = 10 ° m s ). Therefore, in this study we calibrate
the instrument indirectly (e.g. Arnoso et al., 2014; Riccardi and Berrino,
2002, 2011, 2012; Meurers, 2012; Navarro et al., 2021). We first
compared iGrav-021data with FG5-210 data and estimated the scale
factor of the iGrav-021; we then compared parallel Earth tide observa-
tions for about 10 days using uncalibrated D-58 and -calibrated
iGrav-021 data. Although this method used only low-amplitude Earth
tide signals, high-precision observations of the D-58 with feedback,
which can continuously record tide signals with a precision ~0.1 pGal (1
puGal = 1078 m s~2), allowed us to estimate the scale factor successfully.

We now describe the gravity measurements conducted at JBS, and
then describe the scale factor calibration procedure and results.

Table 1
Summary of absolute gravity measurements.
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Table 2
Summary of vertical gravity gradient measurements.

Ah AG error  dg/dh error
(cm) (cm) cm pGal pGal pGal/ pGal/
cm cm
JBSAG1 U (112.5) - D(0) 112.5 253.0 1.9 2.249 0.017
U (112.5)-M 60.8 149.0 2.1 2.451 0.035
(51.7)
M (51.7) - D(0) 51.7 1040 22 2.012 0.043
JBSAG2 U (82.2) - D(0) 82.2 246.4 29 2.997 0.035

*Heights were measured from the floor surface with the accuracy of better than
1 mm.

2. Gravity measurements at Jang Bogo station
2.1. Absolute gravity measurements

Fig. 1 shows the location map and gravity measurement points
around JBS. The main part of JBS is constructed on the glacial sedi-
mentary deposits covering early Paleozoic basement. There is an abso-
lute gravity point inside the heavy gear maintenance building of JBS,
labeled “JBSAG1” in the figure, which was occupied by the A10-036
gravimeter. Because JBSAG1 is at the bottom of the maintenance bay,
the vertical gravity gradient is not expected to be linear, as discussed
below. This may introduce additional uncertainty to comparisons of
gravity data from different instrument types. Because we expect that at
least one additional absolute gravity point will be necessary for long-
term monitoring, we established a second measuring point on the flat
floor of the same building (labeled “JBSAG2” in Fig. 1). Locations and
complete descriptions of these points can be found in Appendix A.

We made measurements at JBSAG1 from 17 to November 25, 2019,
comprising 100 drops/set at a 30-min set interval for 24 h on 18 and 19
November; 50 drops/set at a 60-min set interval for 24 h from 19 to 22
November; and 50 drops/set at a 30-min set interval for 24 h on 23 and
24 November. Measurement patterns were varied to ensure a longer
measurement period without risking unnecessary exhaustion of the in-
strument; this is desirable for calibration of the iGrav-021 scale factor.
Following these measurements, additional data were recorded at
JBSAG2 from 25 to 28 November, with 100 drops/set at a 30-min set
interval, for 24 h.

We used the “g9” software package (Micro-g LaCoste, 2012) for data
processing. We calculated absolute gravity values at 130 cm and 0 cm
relative to the floor above the gravity points, using gravity gradient
values of —2.249 pGal/cm for JBSAG1 and —2.997 pGal/cm for JBSAG2
calculated according to the procedure described below. The absolute
gravity values (weighted averages of projected values) at the 0 cm level
are 982856218.0 + 4.3 pGal for JBSAG1 and 982856039.8 + 4.3 pGal
for JBSAG2, a difference of 178.2 pGal. A gravity difference of 176 pGal
was obtained from independent measurements with the D-58, showing
good consistency between methods. These results are summarized in
Table 1.

To calculate vertical gravity gradients, relative gravity differences at
different heights above the gravity points were measured with the D-58
instrument. For site JBSAG2, we made measurements at two practical
levels: 0 cm (D) and 82.2 cm (U), with a height difference U — D = 82.2
cm. Because JBSAG1 is located at the bottom of the maintenance bay, we

Station Code Lat (deg N)  Lon (deg H Date dg/dz Number of Precision gravity at 130 cm gravity at 0 cm (pGal)
E) (m) (2019) (pGal/cm) accepted drops (pGal) (pGal)
Jang JBSAG1 —74.62340 164.22547 18.3 Nov. 18- —2.249 19101 0.38 982855925.6 +1.9 982856218.0 +4.3
Bogo 25
JBSAG2 —74.62342 164.22553 19.4 Nov. 25- —2.997 14398 0.32 982855650.2 +1.9 982856039.8  +4.3

28
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Table 3

Summary of relative gravity measurements.
Points Lat (deg N) Lon (deg E) H (m) G-diff" (mGal) Error (mGal) G-value® (mGal) Error (mGal) N of Obs.
JBSAG2 —74.62342 164.22553 19.4 0.000 0.005 982856.040 0.000 7
JBSGO1 —74.62740 164.23935 0.7 5.395 0.006 982861.435 0.008 3
JBSGO02 —74.62713 164.23754 9.2 4.265 0.005 982860.305 0.007 4
JBSGO3 —74.62502 164.23080 21.7 0.641 0.006 982856.681 0.008 3
JBSG04 —74.62440 164.23004 21.0 0.312 0.005 982856.352 0.007 8
JBSGO5 —74.62403 164.23087 22.5 0.304 0.006 982856.344 0.008 4
JBSGO6 —74.62399 164.23094 20.7 0.334 0.006 982856.374 0.008 4
JBSGO7 —74.62337 164.23188 21.5 0.115 0.006 982856.155 0.008 6
JBSGO8 —74.62294 164.22777 26.1 —1.063 0.006 982854.977 0.008 4
JBSGO09 —74.61877 164.22840 41.1 —5.255 0.007 982850.785 0.009 2
JBSGSG® —74.62337 164.23208 18 0.841 0.008 982856.881 0.009 2

# Gravity difference relative to JBSAG2.
b Absolute gravity value at JBSAG2 (982856.040 mGal) was fixed.

¢ Position was indirectly estimated relative to JBSGO7.

made measurements at three different levels: 0 cm (D), 51.7 cm (M), and
112.5 cm (U) above the reference point, and calculated gradient values
for U-D, U-M, and M-D, respectively. Results are summarized in
Table 2. Although the gradient values at JBSAG1 vary from 0.2 to 0.3
pGal/cm with respect to height, we used the U—D gradient value to
calculate the gravity value on the floor because the actual measurement
height of the FG-5 is about 128 cm, close to the height of U (112.5 cm).

More detailed descriptions, and the original datasets of the absolute
gravity measurements, are found in Fukuda et al. (Polar Data Journal, in
prep.).

2.2. Relative gravity measurements

We conducted relative gravity measurements at 10 newly established
gravity points. Nine of these points, designated JBSGO1-JBSG09, were
located outside the buildings. Point JBSGSG was located next to the
iGrav-021 in the iGrav observation hut. JBSGO1-JBSG09 were located
on flat concrete base of construction and/or monuments and marked
with metal pins or paint to facilitate precise long-term measurements.
The positions of these points were determined by GPS measurements
with PPP (precise point positioning), and their heights were determined

as the sum of the observed ellipsoidal heights and calculated geoid
heights using the Earth Gravitational Model EGM2008 (Pavlis et al.,
2012). The locations of these points are shown in Fig. 1 and detailed
descriptions are found in Appendix A.

Relative gravity measurements used a mixture of the simple loop and
profile methods (double occupation; Torge, 1989), starting from
JBSAG2. Each loop was scheduled so that successive measurements
could be completed within a few hours. Some control points were
included in different loops to strengthen the net adjustments; conse-
quently, each point was occupied 2-8 times, with an average of 4 oc-
cupations. Each measurement was conducted using the 2 Hz digital
output of the D-58 feedback system. As a practical way to obtain an
adopted value after unclamping the spring, we monitored the digital
outputs for a few minutes, until the output fluctuations became less than
a few pGals. Measured values were corrected for Earth tides, and
instrumental drift was corrected for each loop using a least squares
method (LSM) that assumes a linear trend in time and unknown gravity
differences. Finally, gravity values at JBSAGO2 were fixed and the
gravity value at each point was calculated from the weighted averages of
the loop measurements. Table 3 summarizes the results of the relative
measurements; note that the scale factor for D-58 (0.99649), described
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Fig. 2. Time variations in FG5-210 drop data (black dots) and corresponding iGrav-021 data (red dots). Note that iGrav data are plotted with inverted y-values for
better visual comparison. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 4. Estimated scale factor of iGrav-021 (pGal/V) as a function of number of
least squares iterations.

below, was applied to all relevant values before their inclusion in
Table 3.

3. Scale factor calibration
3.1. Calibration of iGray-021 with FG5-210

In spite of its high sensitivity and stability, an SG is a relative
gravimeter, and therefore requires calibration of a scale factor that
transforms an output signal in Volts to an acceleration in pGals. Parallel
observations with an AG are often used for this purpose (e.g., Iwano
etal., 2003; Fukuda et al., 2005; Aoyama et al., 2015). We used FG5-210
drop values without geophysical corrections (i.e., tide signals, atmo-
spheric effects, and Earth rotation), collected as described above, to
calibrate the iGrav-021 in this study. Then, using the time tags of the
drop values, we determined output voltages at identical absolute sample
times using 1 Hz data from the iGrav-021. Fig. 2 shows FG5 data as black
dots and iGrav-021 data as red dots. Note that the gravity difference
between JBSAG1 and JBSAG2 (178.2 pGal) was corrected in advance,
and data at both points are plotted in Fig. 2. Therefore, we treated the
FG5-210 drop data in Fig. 2 as if they were measured at the same point as

JBSAG1.
To estimate the iGrav-021 scale factor, we assumed the observation
equation.

ag-v; = A*sg_v; + B*t;+ C +res; (i = 1,2,&,N) D

and estimated the unknown parameters A (scale factor), B (drift rate),
and C (constant bias) that minimized the sum of squares of the residuals
res; in a least-squares sense; here, ag v; are absolute values, sg v; are SG
output voltages, t; is an observation time in DOY (day of year), and N is
the number of data points. Fig. 3 shows the plot of the raw sg v; vs. ag v;.
At each step in the fitting, data for which the RMSE (root mean squares
error) residuals exceed 2¢ are excluded. Iterations continued until esti-
mated parameters did not change. Fig. 4 plots the estimated scale factor
A as a function of iteration number. Fig. 5 shows the final plot of the sg v;
vs. ag v; output.

The final parameter values obtained were A = —65.5006 + 0.0620
pGal/Vv, B=0.0324 £+ 0.0083 pGal/day, and 6 = 4.94 pGal. Note that the
estimated drift rate (B) has a very small value, ~10 pGal/year. Also note
that the 6 significant digits would be meaningless as the scale factor of
iGrav-021. Considering its estimated error, A = —65.50 + 0.062 would
be more appropriate. However, the value was also used for the cali-
bration of D-58. Therefore, we kept more digits for the value. To fully
utilize SG data in precise Earth tide and gravity monitoring studies, a
calibration factor with an accuracy of 0.1% or better is desired (e.g.,
Baker and Bos, 2001); the estimated factor suggests a relative accuracy
of 0.095%, and thus fulfills this requirement.

3.2. Calibration of D-58 with iGrav-021

The D-58 with feedback has a function to output 2 Hz digital gravity
values; using this, we recorded gravity signals from 27 November to
December 6, 2019 at location JBSGSG, beside the iGrav-021 in the SG
observation hut. For direct comparison with iGrav-021 data, D-58
gravity values were resampled to synchronize with the 1 Hz sampling
interval of the iGrav-021; Fig. 6 plots the raw results, using red dots for 1
Hz iGrav-021 data and black dots for D-58 data. The D-58 instrument
shows a large drift, ~100 pGal/day, while the drift of the iGrav-021 is
negligible. On the other hand, the iGrav-021 data show noisy signals
after 3 December, when wind speed was increasing and sea ice outflow
intensified; the D-58 did not show such a significant noise effect here
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Fig. 6. Time variations in D-58 data (black dots) and corresponding iGrav-021 data (red dots). Note that iGrav data are plotted with their y-values inverted for better
visual comparison. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

because the characteristics of built-in lowpass filter are different from
those of the iGrav-021; the latter is more sensitive to high-frequency
signals.

The outline of the D-58 scale factor calibration procedure is as
follows.

1) Assuming a D-58 scale factor of 1.0, estimate the iGrav-021 scale
factor following the same calibration procedure as above, with FG5-
210 data as reference values.

2) Compare the scale factor of the iGrav-021 estimated with the D-58
(SF D-58) to the scale factor estimated for it with the FG5-210
(SE FGb5).

3) Indirectly estimate the adjustment factor for the scale factor of the D-
58 as the ratio SF FG5/SF D-58.

The first step of this procedure has only one difference from the
procedure using FG-5 data in §3.1: we assume a quadratic function for
the drift model due to the large drift of D58 in Fig. 6. Thus, the modified
form of the observation equation (1) is.

d58_vi=A*sgvi+B*t; +C*t;+D+res;,(i=1,2,&,N) 2)
where d58 v; are D58 gravity values with an assumed scale factor of 1.0,
and the parameters A to D are iteratively estimated by least-squares
inversion.

Fig. 7 shows a plot of the raw sgv; vs. d58 v;. Fig. 8 shows the
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is assumed to be 1.0 here, as explained in §3.2.

estimated scale factor A as a function of iteration number, and Fig. 9
shows the final plot of sg v; vs. d58 v; output. Note that Fig. 7 shows the
large fluctuations in iGrav data described above, but some outliers are
also present in the D58 data; these values were discarded during the
iteration procedure. The final plot of Fig. 9 shows good correlation be-
tween datasets, which ensures more accurate estimation of the scale
factor. We obtained parameter values for equation (2) of A = SF D-58 =
—65.7313 + 0.0042 pGal/V, B = 2.93641 + 0.00026 uGal/dayz, C=
—302.846 + 0.0165 pGal/day, and o = 1.51 pGal. The adjustment factor
for the scale factor of D58 can be calculated from SF FG5/SF D-58 =
(—65.5006 + 0.0620/—65.7313) = 0.99649 + 0.00096, where we
assumed that the original scale factor of D-58 was 1.0. We do not need to
distinguish between the adjustment factor and the scale factor in this
procedure, so this value can be used as a scale factor.

The scale factor of the D-58 was independently calibrated during
gravity surveys in the northern part of Kumamoto Prefecture, Japan, in
August 2018 (Kazama et al., 2019); the estimated value was 0.996992 +
0.000085. This is coincident with the present value to within the esti-
mated error, which supports the validity of the indirect calibration

method in this study.
4. Conclusions

We successfully conducted absolute gravity measurements at two
survey points in Jang Bogo Station (JBS), Antarctica, using an FG5-210
gravimeter, which is the de facto standard for precise absolute gravity
measurements. These were made at one pre-established location and one
new site, to facilitate reoccupation by future gravity surveys. The con-
dition of the FG5-210 was checked by comparative measurements in
Japan before and after the measurements at JBS, and no instrumental
problems were encountered. We therefore conclude that the accuracy of
our absolute gravity values is better than a few pGals, which should
allow for future detection of small gravity trends due to glacial isostatic
adjustment (GIA) and/or ice mass changes.

We also conducted relative gravity measurements using a D-58 in-
strument at 10 newly established points around JBS. A scale factor
calibration for D-58 was determined via calibration of the iGrav-021
scale factor using FG-5 measurements. When the uncertainty in the
scale factor is included, the accuracies of the obtained gravity values are
estimated to be better than 10 pGals, and could contribute to detection
of local effects on gravity changes at JBS in the future.

The number of absolute gravity points in Antarctica is still very small
and the dataset of repeated measurements is even more limited (e.g.,
Makinen et al., 2007). Establishing new absolute gravity monitoring
sites, as well as taking regularly repeated measurements at existing sites,
should feature prominently in future studies.

SG observations in Antarctica have been conducted at only two
research stations to date: Japan’s Syowa Station and South Korea’s Jang
Bogo Station (JBS). In particular, iGrav-021 observations at JBS are
expected to facilitate future SG observations in Antarctica, because
operation of the iGrav is much less complicated than that of older SG
instruments. In this study, AG data were used to calibrate the scale factor
of the SG with a relative accuracy better than 0.1%. We therefore expect
that the calibrated iGrav-021 data will be used for additional geo-
dynamic studies in the future, not only GIA and ice mass changes in
Antarctica, but global phenomena like Earth tides and/or Earth
rotations.

Combining AG and SG observations is widely recommended (e.g.,
Crossley and Hinderer, 2009; Wilmes et al., 2009) and its effectiveness
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for long-term gravity monitoring in Antarctica has already been
demonstrated (e.g., Aoyama et al., 2016). Therefore, SG observations
with AG measurements in Antarctica should be expanded in coming
years.
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