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Abstract. An airborne gravity survey using a helicopter was carried out in October 2008, offshore along the northern Noto
Peninsula, to understand the shallow and regional underground structure. Eleven flight lines, including three tie lines, were
arranged at 2 km spacing within 20 km of the coast. The total length of the flight lines was ~700 km. The Bouguer anomalies
computed from the airborne gravimetry are consistent with those computed from land and shipborne gravimetry, which
gradually decrease in the offshore direction. So, the accuracy of the airborne system is considered to be adequate. A local
gravity low in Wajima Bay, which was already known from seafloor gravimetry, was also observed. This suggests that the
airborne system has a structural resolution of ~2 km.

Reduction of gravity data to a common datumwas conducted by compiling the three kinds of gravity data, from airborne,
shipborne, and land surveys. In the present study, we have used a solid angle numerical integration method and an iteration
method.We finally calculated the gravity anomalies at 300m above sea level. We needed to add corrections of 2–5mGals in
order to compile the airborne and shipborne gravity data smoothly, so the accuracy of theBouguer anomalymap is considered
to be nearly 2mGal on the whole, and 5mGals at worst in limited or local areas.

Key words: airborne gravity survey, Bouguer anomalies, graben, Noto Peninsula, shipborne gravity survey, reduction to
datum level.

Introduction

The aim of this investigation is to understand shallow
underground structures, including the distribution of buried
active faults in the eastern region of the epicentral area of the
2007Noto-Hanto earthquake, which occurred inMarch 2007. As
many kinds of survey, including seismic surveys and geological
surveys, had been conducted around the epicentral region and
detailed structure was already obtained, the eastern region of the
epicentral areawas selected. As one of the investigationmethods,
an airborne gravity survey using a helicopter was carried out over
the northern coastal region of the Noto Peninsula for 3 days,
starting 7 October 2008. Airborne gravimetry, as compared with
shipborne gravimetry, enables us to conduct a regional survey
quickly, and it is easy to make a gravity anomaly map in a short
period of time. The airborne gravity surveywas also conducted to
compare its accuracy with shipborne, seafloor, and ordinary land
gravity surveys. A shipborne gravity survey had been conducted
in 1988, and land gravity surveys were conducted in 1982, 2006,
and 2008. The shipborne and land data measured by 1988 were
compiled to make the Bouguer anomaly map of Japan, and were
published in 2000 (Geological Survey of Japan, 2000). The land
and seafloor data measured in 2006 and 2008 are published in
2010 (Komazawa and Okuma, 2010).

According to the results of land and shipborne gravity surveys
in this area, it appears that the gravity field has remarkable and
steep gradients several kilometres offshore.

Survey area

The survey area for the airborne gravimetrywas ~20 kmby60 km
(~1200 km2) along the northern coastline of the Noto Peninsula.
The survey area is mainly marine, with land areas including the
northernNotoPeninsula andNanatsu Island offshore. Flight lines
are shown in Figure 1. The main flight lines are arranged at
intervals of ~2 km parallel to the coastline, and three tie lines
are arranged with intervals of ~20 km. The total track length is
~700 km. The epicentre of the 2007 Noto-Hanto earthquake is
marked with black star.

Airborne gravimeter system

TheSegawa airborne gravitymeasurement system (Segawa et al.,
2000) was adopted for this survey. The development of the
Segawa-Tokimec Model FGA-1 system was completed in
1999. The gravimeter system and two kinds of GPS systems
were mounted on a Bell412 (JA9616) helicopter, with a crew
composed of two pilots, two observation operators, and one
navigator. The gravimeter system records gravity acceleration
and helicopter position/speed data. The vertical and horizontal
acceleration of the helicopter are obtained from the change of
helicopter altitude and location from the interferometric GPS
positioning data, which has 1 cm accuracy. The speed and the
position of the helicopter give the Eötvös effect. The GPS
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positioning data are also used for the calculation of Normal
Gravity or latitude effect and the free-air correction.

Gravity measurement

The apron of the Japan Aviation College of the Japan Aviation
Academy, adjoining the Noto airport, in Wajima city, Ishikawa
prefecture, was used as a heliport, and a gravity base station was
established there. The absolute gravity of the base station was

determined by a gravimetric tie between the base station and the
Japan Gravity Standardization Net 1975.

The acceleration of the helicopter was sampled at 100Hz to
reduce the influence of high frequency vibration as much as
possible, andgyroscope andGPSmeasurementswere taken every
second. The turbulence accelerations in the helicopter motion
reach 100 galG (1 gal = 0.01m/s) and the measurement aims at
1mGal accuracy, so that the signal-to-noise ratio is 1 : 100 000.
A digital filter performs noise reduction; a Hamming Window
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Fig. 1. Flight line map. TRK denotes track. Flight altitude of Track 1, 2, 9, 10 was 2000 ft. Flight altitude of Track 3, 4, 5, 6, 7 and 8 was 1000 ft. In addition,
Tracks 2 and 4 were also repeated at 3000 ft altitude, to examine the upward continuation effect, vertical gradient variation of gravity, and reproducibility.
The star denotes the epicentre of the 2007 Noto-Hanto earthquake.
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Fig. 2. Results of Tracks 7 and 8 compared with ground truth shipborne gravimetry. The height recorded
in the airborne gravimetry is GPS-based ellipsoidal height, so the gravity anomaly computed is a gravity
disturbance, not a free-air anomaly.
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with a time constant of 150 s was used in this system. Based on a
half wavelength with this filter, the resolution is ~1.5 km at the
typical speed of the helicopter of 60 km. Even if the high
frequency noise can be removed with the filter, flight altitude
may change gently, so there may still be a low frequency trend.
The vertical gradient of normal gravity is 0.3086mGal/m up to
around 1000m height. The altitude obtained by GPS is not the
height above sea level but the ellipsoidal height. If the free-air
reduction is performed using the ellipsoidal height, the resulting
gravity anomaly is not the free-air anomaly but the gravity
disturbance. The height above sea level is obtained from the
difference between the ellipsoidal height given by GPS and the
geoid height, given by the geoid model. The free-air anomaly can
then be calculated from the free-air correction using the height
above sea level. The WGS84 geodetic system is adopted for
this survey.

Gravity measurements were performed during the period
from 7 to 9 October 2008, after a preparation period between

1 and 6 October 2008. Six gravity measurement flights, covering
11 tracks, are shown inFigure1.Because changes inflight altitude
influence gravity acceleration, eachflightwas at afixed altitude as
far as possible. Geographic and weather conditions were taken
into consideration for every flight, and the altitude was fixed at
levels between 1000 ft and 3000 ft. Tracks 1, 2, 9, 10, and 11,
which included over-land flights, were flown at 2000 ft. Tracks 3,
4, 5, 6, 7, and 8 over the sea were flown at 1000 ft, to determine
detailed structure. In addition, Tracks 2 and 4 were flown at
3000 ft to examine the upward continuation, vertical gravity
gradient variation, and reproducibility.

Shipborne and land gravity data was taken as ground truth, to
verify the accuracy of the airborne gravity data. The data from
Tracks 7 and 8 on the northern side of the area are shown in
Figure 2, where a high density of shipborne gravity data is
available. Using the geoid model EGM96, the geoid height in
this area is 37.1 to 37.8m, so the difference between the gravity
disturbance and the free-air anomaly is ~11.5mGals. If this is
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Fig. 3. Gravity disturbances at different altitudes on Track 2. Red curve denotes the gravity disturbance
at 2000 ft. Blue curve denotes the gravity disturbance at 3000 ft.
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Fig. 4. Gravity disturbances at different altitudes on Track 4. Blue curve denotes the gravity disturbance
at 1000 ft. Red curve denotes the gravity disturbance at 3000 ft.
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taken into consideration, the airborne and shipborne gravity data
become conformable with each other.

Repeated-measurements at different altitudes were performed
on Tracks 2 and 4, and the accuracy of this airborne gravity
measurement system was evaluated from the reproducibility of
the data. Comparing flights at 2000 ft and 3000 ft on Track 2
(Figure 3) shows that the difference in the short-wavelength
pattern is small, because the altitude difference is small.
However, the values at 3000 ft are smaller on the eastern half
where there is a comparatively large-scale high-gravity region,
because the high gravity values decrease as altitudes increase
regionally. In Figure 4 for Track 4, the altitudes are 1000 ft and
3000 ft; the large altitude difference makes the short-wavelength
pattern at 3000 ft smaller and smoother.

Data processing of airborne gravity data
for Bouguer anomalies

The observed airborne gravity data were all referenced to the
International Gravity Standardization Net 1971 (JGSN75 in
Japan), and normal gravity was calculated using the Gravity
Formula 1980 from the Geodetic Reference System 1980. In
order to compare with land or shipborne gravity data, the gravity
disturbances provisionally obtained from the airborne gravity
data were changed into Bouguer anomalies. If the GPS-based
ellipsoidal height of a measurement point is transformed to the
geoid-based height, the free-air anomaly or Bouguer anomaly
can be obtained from the gravity disturbances. It is common in
Japan to use the GSIGEO2000 geoid model, supplied by the
Geographical Survey Institute, but this model does not cover this
sea area. Instead, for this work, the EGM96 geoid model was

adopted. This model was published jointly by the United States
National Aeronautical and Space Agency and the National
Imagery and Mapping Agency in 1998 and is currently used
for general-purpose of GPS analysis (US NASA and NIMA,
1998). The geoid height at the Noto airport is set as 37.55m by
GSIGEO2000 of the Geographical Survey Institute (Kuroishi
et al., 2002), and 37.40m by EGM96. The difference is only
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Fig. 6. Bouguer anomalies from airborne gravity data. Assumed density is 2400 kg/m3. Contour interval is 1mGal. Black lines are composed
of dots that mark airborne gravity measurement points.
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Fig. 5. Diagram of terrain correction of airborne gravity data. TL is the unit-
density terrain correction of the free-air region between the observation level
and the surface of land or sea. TW is the unit-density terrain correction of the
water region.
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0.15m, and it will be considered to be unimportant for the present
purpose of comparing Bouguer anomalies.

The formula for the Bouguer anomaly Dg0’ is

Dg000 ¼ g � gþ ðb� 2pGrÞhþ TðrÞ þ CA; ð1Þ
where

TðrÞ ¼ r � TL þ ðr� rW Þ � TW ; ð2Þ
g, g, b (0.3086mGal/m), r,G (6.6730� 10�11m3.kg�1.s�2),CA,
and h are the total terrain correction, the observed absolute
gravity, normal gravity, normal gravity gradient, assumed
density, universal gravity constant, air correction and height
above sea level, respectively.

Equation 2 calculates the total terrain correction with the
assumed density r, and this correction is shown in Figure 5.
The rW is the density of water. TL is the unit-density terrain
correction for the free-air region between the observation point
and the surface of land or sea. The TW is the unit-density terrain
correction for the water region.

Terrain corrections were calculated within a range of 60 km
by approximating the actual topography with an assemblage of
prisms based on digital elevation model (DEM) mesh data. The
DEMfor terrain corrections is presented as ameshofvalues above
sea level. The DEM for terrain corrections was made by revising
the terrain data in the ‘50m DEM’ (~50m by 50m mesh),

provided by the Geographical Survey Institute, and the
bathymetry mesh data in the ‘JEGG500 DEM’ (~500m by
500m mesh) provided by the Hydrographic and
Oceanographic Department, Japan Coast Guard. The spherical
effect on gravity of the topography due to the earth’s curvature
was taken into consideration. Bouguer corrections within a range
of 60 kmwereperformedwith a spherical cap formula. For further
details see Komazawa (1988).

In equation 1, although a free-air correction is included in this
processing, this is not strictly a reductionof theobservations to sea
level based on potential theory. The resultingBouguer anomaly is
the value at the measuring point, not the value at sea level.

Results of survey

The airborne gravity Bouguer anomalies, for an assumed density
of 2400 kg/m3, were gridded and contoured and are shown in
Figure 6. The gridded values were interpolated by fitting 2D
quadratic polynomials with distance-dependent weights to the
local surfaceobservedvalues.Measurements at different altitudes
were conductedonTracks2and4.However, thedata from3000 ft
altitude were not compiled because it is impossible to compile
values observed at different elevations, even at the same
horizontal point on the same track. For comparison, the
Bouguer anomalies compiled from shipborne and land gravity
data are shown in Figure 7.
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Fig. 7. Bouguer anomalies from shipborne and land gravity data. Assumed density is 2400 kg/m3. Contour interval is 1mGal. Black dots denote gravity
measurement points.
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In Figure 6, the result obtained shows that the detailed
structure with a wavelength of ~2 km is clearly extracted. The
low gravity belt was detected, with a width of ~4 km, extending
from east-north-east to west-south-west between 2 and 4 km off
the western half of the Noto Peninsula northern coast, and may
correspond to a syncline structure. Although a similar lowgravity
belt is detected by shipborne gravity, the minimum is shifted a
little to the north. The reason is that the survey vessel, Hakurei-
maru, is 3 kmormore away from the coastwhen themeasurement
was carried out.

Oneflight line for airbornegravitywas taken along the coast so
a steep gravity gradient ~1 km offshore was also detected. A low
gravity regionwith a diameter of ~2 km exists inWajimaBay and
~10 km east and the same patterns appear in Figure 7. Although
the two high gravity regions on land, located ~8 km and 25 km
east ofWajima, are detected on Track 1, the values from airborne
gravity are ~5mGals smaller than those from land gravity. This
might be explained by the upward continuation effect. The low
gravity regions and the high gravity region mentioned above are
marked by bigger character ‘L’ and ‘H’ in Figures 6 and 7.

Gravity reduction toacommondatumlevel andcompilation

A reduction of gravity data to a common datum level was
conducted in order to combine three kinds of gravity data,
from airborne, shipborne and land surveys.

First, we assumed condensation gravity anomalies at a
condensation level, i.e. sea level, and calculated gravity
anomalies at measurement points (refer to Figure 8). For fast
and effective calculation, we used the solid angle numerical
integration method and the iteration method. We set the initial
values of the condensation gravity anomalies to be equal to

Condensation level
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Ωr

Fig. 8. Diagram of gravity reduction processing. h, r1, r2 and a are height,
radius of inner circle, radius of outer circle and central angle, respectively.
The gravity anomaly gp is calculated from the condensation anomaly gr and
the solid angle Vr.
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Fig. 9. Bouguer anomalies at 300mabove sea level from the compilation of airborne, shipborne, and land gravity data.Assumeddensity is 2400 kg/m3.Contour
interval is 1mGal.
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the observed Bouguer anomalies with the same horizontal
coordinates. The solid angle Vr is calculated by equation 3:

Vr ¼ ah 1=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
h2 þ r21

q
� 1=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
h2 þ r22

q� �
; ð3Þ

where h, r1, r2 and a are height, radius of inner circle, radius of
outer circle and central angle, respectively. The gravity anomaly
gp is calculated from the condensation gravity anomalies gr and
the solid angle Vr by equation 4:

gp ¼
X
r

grVr=
X
r

Vr; ð4Þ

where
X
r

Vr ¼ 2p:ð5Þ

Second, the condensation anomaly gr at any point for
equation 4 is calculated by interpolation from observation
points, as described earlier, because the condensation gravity
anomalies may not necessarily be grid values. Third, we correct
the condensation gravity anomaly gr by iteratively checking
differences between the calculated anomalies and the observed
Bouguer anomalies at the measurement points. Tsuboi (1965)
called the reduction gravity anomalies at sea level the ‘real
Bouguer anomalies’ and the gravity anomalies at measurement
points ‘station Bouguer anomalies’. Finally, the gravity
anomalies at 300m above sea level, which is higher than the
highest level of topography, i.e. the the maximum level of
the density distribution, are computed by equation 4 from the
condensation gravity anomalies at sea level, and are shown in
Figure 9. This gravity reduction processing is the same as an
upward continuation from the condensation level at 0m to the
datum level at 300m. We had to add correction values of
2–5mGals in order to combine the airborne and shipborne
gravity data smoothly, so the accuracy of Figure 9 is
considered to be nearly 2mGal on the whole, and 5mGals at
worst in limited or local areas.

Two isolated low gravity regions shown in Figures 6 or 7,
in Wajima Bay and ~10 km east of Wajima, are connected
smoothly in the final gravity reduction, and the low gravity
belt corresponding to a syncline becomes clear in Figure 9.
The two low gravity regions might correspond to small-scale
depressions branching from the syncline.

Conclusions

Because the shipborne gravimetry is conducted on the sea
surface there are some problems. For example, it is hard to
take measurements close to land. However, for airborne
gravimetry, it is easy to plan flight lines anywhere, except for
geographical restrictions. Therefore, a survey along the coast

could be set up freely.Moreover, the survey duration is very short
comparedwith shipborne gravimetry, so drift of the gravimeter is
expected to be small.

The Eötvös effect is large because of the high speed of the
airborne gravity platform, as in this case. The survey was
conducted at 60 km, instead of at 90 km as in a previous
survey, to reduce the Eötvös effect, which is thought to be
somewhat effective. A flight line spacing of 2 km was adopted,
which is about half of the track interval of the previous survey, so
that short wavelength structures could be detected.

From the reduction of gravity anomalies to a common datum
level, it was found that the error of this airborne system is less
than 5mGal.
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