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A joint Taiwan-France project, called Absolute Gravity for
Taiwanese Orogen (AGTO), was initiated in 2006 to study the
orogeny of Taiwan using gravimetry, GPS and leveling
measurements. This project is focused on the analysis of gravity
datum, geodynamics and environmental change in Taiwan. Most
experiments of Superconducting gravimetry (SG), Absolute
gravimetry (AG) and global positioning system (GPS) are
conducted over Taiwan and at Hsinchu (HS). Solid and ocean tide
gravity effects are estimated from five years of SG data and are
compared with models. We model the gravity variations of non-
tectonic origins due to atmosphere, hydrology, and polar motion.
Based on the GPS measuring results, the horizontal rates of plate
motion in southeastern Taiwan are about 7-8 cm year-1. AGTO
measurements show that the average gravity and GPS vertical rate
are -1.39+4.21 pgal year-1 and 0.50+0.94 cm year-1, respectively,
leading to an average gravity-height ratio (2.78 pgal cm-1). Large
(in absolute magnitude) gravity-atmosphere admittances are found
during major typhoons. Typhoon Morakot (August 2008) caused
large landslides at AG3 and AG6 (two stations of AGTO) that
created gravity changes of 53 pgal and 27 pgal, and sediment
thickness changes of 2.45m and 1.25m.
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Abstract

A joint Taiwan-France project, called Absolute Gravity for Taiwanese Orogen
(AGTO), was initiated in 2006 to study the orogeny of Taiwan using gravimetry,
GPS and leveling measurements. This project is focused on the analysis of gravity
datum, geodynamics and environmental change in Taiwan. Most experiments of
Superconducting gravimetry (SG), Absolute gravimetry (AG) and global positioning
system (GPS) are conducted over Taiwan and at Hsinchu (HS). Solid and ocean tide
gravity effects are estimated from five years of SG data and are compared with
models. We model the gravity variations of non-tectonic origins due to atmosphere,
hydrology, and polar motion. Based on the GPS measuring results, the horizontal
rates of plate motion in southeastern Taiwan are about 7-8 cm year’. AGTO
measurements show that the average gravity and GPS vertical rate are -1.39+4.21
pgal year’ and 0.50£0.94 cm year™, respectively, leading to an average
gravity-height ratio (2.78 pgal cm™). Large (in absolute magnitude)
gravity-atmosphere admittances are found during major typhoons. Typhoon Morakot
(August 2008) caused large landslides at AG3 and AG6 (two stations of AGTO) that
created gravity changes of 53 pgal and 27 pgal, and sediment thickness changes of

2.45m and 1.25m.

Keywords : absolute gravity, superconducting gravity, GPS, leveling measurement,

orogeny



Table of Contents

B s 1
AADSEFACT ...t I
TabIE OF CONTENTS ..ottt b b i
LISt OF TADIES ... v
LISE OF FIQUIES .ttt ettt et s b e st e e te e be e steebeenteeaeanreanee s \
Lo INEFOTUCTION .ot 1
2. Estimation of absolute gravimetry .........cccceoiiiiiiiiiiic s 2
2.1 Gravity gradient for gravity reduUCTION ..........cceiiririeieienere e 2
2.2 Quality assessment 0Ff AG MEASUIEIMENT.........cveuriiriierie e siee e see e 6
3. Environmental effECtS .........cooviiiiiiii s 9
3.1 Ocean 10ading BFFECT ........cuiiiiiiiee e 9
3.2 Hydrological 6ffECt ........coviiiiii e 11
3.3 AIMOSPNEriC Pressure EFFECT.........ooviiiiieieee e 12
3.4 Polar motion EffECt..........cooi i 13
4. Modeling temporal gravity ChanQgeS........cccveiieiiiie e 13
4.1 Gravity changes from projeCt AGTO ......ccviiiiiieieiiieeeee e 13
4.2 Gravity changes from MOI AG CaMPAaIgNS.......c.cocevieriieeiieesieeereeeseesseeesreeeneees s 20
5. CONCIUSTON ...ttt bbbttt nb ettt nb b 25
RETEree JOUrNAl PAPEIS .....c.viiviiieie e 26
(070 0] (= (T[0T o= T 1] £ PS SR 27
RETEIEINCES ...ttt b bbbt et 31



Table 2-1:

Table 2-2:

Table 2-3:

Table 4-1:

Table 4-2:

Table 4-3:

Table 4-4:

Table 4-5:

List of Tables

Gravity gradients and standard errors at different times ..................... 4
Gravity gradients and standard errors of AG sites at different times .. 6
Absolute gravity measurements and result on B1 from FG5 #231 in
............................................................................................................... 8
The Location of AG and GPS SIteS.......cccccviverieiiieniiie e 15
Gravity changes relative to observations in 2006 ................cccceenee.e. 18
Gravity changes relative to observations in 2006 ................cccceeenee.e. 19

Gravity gradients and the rates of gravity change at MOI sites ........ 20

Absolute gravity values and uncertainties in 2005 and 2008 at MOI



List of Figures

Fig. 1-1 General geology and absolute gravity sites in Taiwan established by

Fig. 2-2 Gravity gradients with standard errors (vertical bars), and the trends of
010 1= o | A TSSO PUROPRSRPP 5
Fig.2-3 Gravity values (relative to the mean of all measurements) and standard
errors (vertical bars) at pillar B1 observed by the FG5 #224 and #231
01V 101C] (] SOOI 8
Fig. 3-1 Amplitudes of ocean tide from tide gauge records at the Hsinchu Harbor
(8.6 km to HS), and amplitudes of ocean tide loading from the SG gravity
MEASUTEMENTS AL HS ... 11
Fig. 4-1 AG sites in the project AGTO (circle) and GPS sites (Star) .................. 15
Fig. 4-2 The elevation of AG sites in the project AGTO, AG3 and AG6 are
located at the mid-slope 0f @ MOUNTAIN............cccevieiiiie i 15
Fig. 4-3 Formosat-2 images of AG3 and AG6 before and after Morakot............ 16
Fig. 4-4 Accumulation of soil and rock in the riverbed near AG6 due to Morakot
(brown), and the original riverbed (Qreen) ........ccoeriririnieieeeee e 16
Fig. 4-5 Gravity changes relative to observations in 2006 at AGTO sites (each
CUTVE TEPIESENES @ YEAI) w..vvererereerrereereeeeeseseesesessesesseseseesesessesesseseseesesessesessesensns 18
Fig. 4-6 Gravity changes relative to the observations in 2006 at the AGTO sites
(BaCh CUIVE rePreSENtS @ SITE).......oiveriiiiieeieeie e 19
Fig. 4-7 Absolute gravity values and rate at DSIG, FLNG, HCHG, JSIG, KDNG,

LYUG, PKGG, SMLG, TAES, TCHG, TLGG, WFSG, YHEG, YLIG and YMSG



Fig. 4-8 Two-dimensional (lateral) distribution of gravity rates interpolated from
the rateS At AG SITES ....iiuiiiieeieieie e 23
Fig.4-9 Horizontal displacement rates (arrows) and vertical displacement rates
(color) from GPS. An arrow corresponds to a continuous GPS station. ............. 24
Fig. 4-10 Vertical displacement rates (color) from 2068 measurements of

LEVEIING. .o 24

VI



1. Introduction

Taiwan is located at the converging zone of the Eurasia Plate and the Philippine
Sea Plate. The tectonic motions create vertical displacements and mass changes that
may be detected by repeated gravimetric and GPS measurements. The joint
Taiwan-France team was using gravimetry, GPS and leveling to study the orogeny of
Taiwan from 2006.

National gravity datum service (NGDS) also establishes and maintains a
network of absolute gravity sites on Taiwan and offshore islands. NGDS is also
responsible for delivering SG data at HS to GGP. Taiwan joins GGP since 2006 and
the SG data from Taiwan (HS) have been used by most of the SG scientists. In fact,
GGP recommends that both AG and SG are submitted to the GGP data center for a
variety of purposes, including CF determination, SG drift estimation and regional
plate tectonics study.

Fig. 1-1 shows the geological structure (Ho, 1986; Hickman et al., 2002;
Mouyen et al., 2009) and distribution of the AG sites, including those for the ATGO
project. The gravity values at the AGTO sites (AGLl to AG9) are collected every
November from 2006 to 2010 by a joint Taiwan-France team. Other gravity sites in
Fig. 1-1 are occupied by AG irregularly. Measurements on some of the sites in Fig.
1-1 have been suspended. Repeated measurements of gravity values at most of these

sites over different times yield gravity changes that were used for geodynamic studies.
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Fig. 1-1 General geology and absolute gravity sites in Taiwan established by MOI

2. Estimation of absolute gravimetry
2.1 Gravity gradient for gravity reduction

Gravity gradient is needed to reduce the height effect on gravity observations.
For example, a raw FG5 observation may refer to a reference point along the dropping
chamber and it may be reduced to a gravity value at the pillar marker or at a desired
height for later applications. The relationship between vertical position z and
gravity gis:

d?z

a2 979 (2-1)



where t is traveling time of the test mass, g and g, are gravity and gravity

gradient. The traveling distance is a function of time, velocity and gravity:

1 ., gt g,t° g,t?
z(t)=§g(t +1’—2)+v(t+ :3 )+X(l+y7) 2-2)

where x and v are the initial position and velocity. In this project, a
GRAVITON-EG gravimeter is used to measure gravity gradients.

A GRAVITON-EG is a fully automated and portable gravimeter for
determination of relative gravity. For gravity gradient determination, a
GRAVITON-EG is set up at different heights (Fig. 2-1), where the gravity values are
measured. The ratio between the differences in gravity and height is the gravity
gradient. The measured gravity gradients at pillar A1, A2, A3 and B1 of laboratory of
geodesy and geodynamics (LOGG) are listed in Table 2-1 and are used for gradient
reductions for AG measurements at LOGG. Six campaigns of gravity gradient
measurements are illustrated in Fig. 2-2. We find that gravity gradient measurements
at A3 are more stable than those at A1, A2 and B1 (pillars at the LOGG, Hsinchu).

Because a gradient is computed as the ratio:

g, = 9:-0:
" h,—h (2-3)

where g,, g,are the measured gravity values at different height h,, h,. We can

determine the standard error of gravity gradient as :

/ 2 2
_ 091 +692

% T T Ch (2-4)



where o, is the standard error of each site. The mean gravity gradients at AL, A2, A3

and B1 range from -2.69 to -2.57 pgal cm™. Such variations are due to different
accuracies of the GRAVITON-EG that are largely results of environmental noises. For
example, a large rainfall, a strong wind and a busy traffic will lead to large gravity
perturbations that result in a degraded gravity measuring accuracy. The mean values
in Table 2-1 are used for gravity reduction. Table 2-2 shows the gradients of different

AG sites in Taiwan.

Table 2-1: Gravity gradients and standard errors at different times

illar Al A2 A3 Bl
time (ngal cm™) (ngal cm™) (ngal cm™) (ngal cm™)
1 -2.60+ 0.19 -2.60 + 0.19 -2.38+ 0.17 -2.52+0.18
2 -2.50+ 0.18 -2.54+0.18 -2.36 + 0.17 -2.69+0.19
3 -2.59+0.19 -2.63+0.19 -2.39+0.17 -2.60 + 0.19
4 -2.52+0.18 -2.70+ 0.19 -2.72 £ 0.20 -2.68 + 0.19
5 -2.51+0.18 -2.62 +0.19 -2.80 + 0.20 -2.73+0.20
6 -2.69+ 0.19 -2.63+0.19 -2.82 +0.20 -2.89+0.21
mean -2.57 + 0.08 -2.62 + 0.08 -2.58 + 0.07 -2.69 + 0.08
]
e
255c¢cm
T e t | S -
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EEEEe <

Fig. 2-1 Measuring gravity values at different heights for gradient determination
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Table 2-2: Gravity gradients and standard errors of AG sites at different times

2005 2008
AG : :
_ gradient gradient
sites 1 1
(ngal cm™) (ngal cm™)
8PG | - —3.260.11
CYIG —3.13£0.07 —3.15+0.06
DSIG —2.73+0.13 —3.31+0.07
FLNG | - —2.90£0.03
HCHG —2.52+0.01 —2.60+0.06
JSIG —2.51+0.07 —2.90+0.06
KDNG —2.26x0.06 —3.39+0.02
LyuG | - —4.30£0.28
PKGG | - —2.72+0.03
SMLG —3.35£0.04 —3.52+0.01
TAES | - —3.09+0.04
TCHG —2.70+0.06 —2.72+0.15
TLGG —1.77+0.03 —2.31+0.02
WFSG —3.72+0.09 —4.00+0.05
YHEG —2.69+0.08 —2.44+0.01
YLIG —1.76+0.02 —2.32+0.06
YMSG —2.82+0.05 —3.61+0.06

2.2 Quality assessment of AG measurement

The estimated precision of an AG gravity value is based on the repeated
measurements from the total drops, plus the standard errors (uncertainties). First, the
standard error of a single gravity measurement is estimated from repeated

measurement at the same location as :

(2-5)



where o is the standard error, n is the number of measurements, g, is the
measurement, and g is the average of the measurements. The standard error of the

mean value is

g ﬁ (2-6)

In addition to measurement errors, the uncertainties in models include the

environmental gravity effects. A corrected mean gravity is:

K
g'=9-2.C

i=1

(2-7)

where C, are the environmental gravity effects. If the gravity effects are uncorrelated,

the total standard error (or total uncertainty) is

k
2 2
0@': ’O‘§+iZ:1:O'Ci (2-8)

where aéi are the error variance of the model corrections. The g software can

estimate the total uncertainties based on repeat measurements and the built-in
correction models.

FG5 #231 has been set up at LOGG to measure gravity values on B1 and T48 is
set up on B2. More than 70 AG observation records have been collected on B1 from
2006 to 2011. There is a sample of AG measurements on B1 in 2010 (Table 2-3). The

mean gravity gradient of B1 is -2.69 pgal cm™ (see Table 2-1) and it is used for the



reduction of raw FG5 records to ground values. The mean gravity from 2006 to 2011

is 978,901,463 pgal. Fig. 2-3 shows the gravity values with standard errors. The total

standard errors (uncertainties) range from 0.14 to 0.53 pgal, and such variations in the

total standard errors are mostly due to background noises/vibrations that affect the

laser frequency.

Table 2-3: Absolute gravity measurements and result on B1 from FG5 #231 in 2010

Time Drop | Gravity (pgal) | Standard error [Total uncertainty
number of mean (ugal) |(ugal)
January 27, 2010 | 2977 978,901,199 0.25 2.06
January 31, 2010 | 21976 | 978,901,199 0.16 2.03
March 6, 2010 2591 978,901,192 0.53 2.08
March 15, 2010 3786 978,901,194 0.48 2.08
July 23, 2010 28310 | 978,901,187 0.14 2.03
September 16, 2010 2989 978,901,202 0.18 2.02
20
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Fig.2-3 Gravity values (relative to the mean of all measurements) and standard errors

(vertical bars) at pillar B1 observed by the FG5 #224 and #231 gravimeters




3. Environmental effects
3.1 Ocean loading effect

The raw absolute gravity values must be corrected for environment-induced
gravity changes as follows. First, ocean tide will exert extra attraction and deform the
earth, resulting in ocean tide loading gravity effect, which can be clearly identified in
SG records, where the ocean tidal amplitude of M, is about 1.7 m in HS. The ocean tide
loading gravity effect can be expressed as the convolution between ocean tide and the

Green’s function:

_Gp, ff_h@.A)(p-u) . _
ag=-2+1f Lr p—2p0) pu [[ g, DK () (3-1)

where G is the Newtonian gravitational constant, p, is the density of sea water, R is

the mean earth radius, his tidal height (depending on latitude ¢ and longitude 1), y
is spherical distance, u=cosy, p=(R+H)/R,ds = R?cosgdgdA, and K is Greens’
function based on the loading love numbers of Farrell (1972). The first and second
terms of the right-hand side of Eq. (3-1) represent the effects of attraction and loading,
respectively. The detail of our ocean tide loading model and software development
used in the study is given by Hwang et al. (2009). Note that the Newtonian (attraction)
effect depends on station height H through variable p.

In the Taiwan Strait, the amplitude of the M, ocean tide increases toward the
central part of the Strait and it reaches a maximum (about 2.2 m) at a latitude about
24N, and then decreases almost linearly northwards to the East China Sea and
southwards to the South China Sea. Also, there is a standing M, ocean tide near the
central Taiwan Strait (Jan et al., 2004). As an example, the M, amplitudes at Keelung

(25.29N, near the East China Sea), Hsinchu (24.89N, near HS) and Pintung (22.09N,



near the South China Sea) are 0.6, 1.6 and 0.2 m, respectively.

SG observations can also be used to estimate ocean tide loading gravity effects, as
carried out by Boy et al. (2004). This is achieved by removing an adopted solid earth
tide model from the SG data, and all the other known, well modeled signals, so that the
residual SG gravity values are assumed to contain the ocean tide loading gravity effects
only. However, such an estimated ocean tide loading gravity effects will be highly
dependent on the adopted solid earth tide model. As an experiment, we removed the
DDW solid earth tide of Dehant et al. (1999) from the raw SG gravity records. The
remaining gravity values were then used to estimate ocean tide loading gravity effects
at HS by ETERNA software. The estimated ocean tide loading gravity effects will be
then called the “observed” ocean tide loading gravity effects. Fig. 3-1 shows the
amplitudes of the “observed” ocean tide loading gravity effects at HS and the
amplitudes of the ocean tide at the SHJU tide gauge station. In the amplitude spectra of
Fig. 3-1, six leading components are identified: O;, P1, Ki, N2, My and Sy. It is
interesting to note that the relative magnitudes of these components are different
between the ocean tide loading gravity effects and the ocean tide. For ocean tide
loading gravity effects, the order is M,, O1, Ky, Sy, Np, and Py, while for the ocean tide,
the order is My, S;, Ny, Ky, Oy, and P;. For both the ocean tide and its gravity effects,
the M, component is dominant. For ocean tide, M, contributes 47% to the total signal,
while for ocean tide loading gravity effect the M contribution is only 23%. In addition
to M3, several other non-linear tides are also present in Fig. 3-1. The SG observation in
HS is used to study non-linear tides in the Taiwan Strait, as done by Boy et al. (2004)

for European shallow waters.

10
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Fig. 3-1 Amplitudes of ocean tide from tide gauge records at the Hsinchu Harbor (8.6
km to HS), and amplitudes of ocean tide loading from the SG gravity measurements

at HS

3.2 Hydrological effect
The hydrological gravity effect is largely due to variations in groundwater and soil
moisture. Based on the model of a Bouguer plate and a homogeneous horizontal layer,

the gravity effect of groundwater is computed by

&, = 22Gp,PH =0.42P3H (3-2)

where P is the porosity of soil in percentage, p, is the density and JH is

11



groundwater level variation in m and the average of groundwater level is 24.54 m. For
the soil moisture effect, we adopt P =5% as the optimal porosity for the Toukeshan

formation so that

&, = 22Gp,HP =—0.65HP (3-3)

where H is the depth of unsaturated soil layer and oP is the recorded soil moisture
change in percentage . Here we adopt H =2m and the average of soil moisture is
14.2 %. The minus sign in Eq. (3-3) is due to the fact that T48 is housed in a tunnel

beneath the unsaturated soil.

3.3 Atmospheric pressure effect

Time-dependent gravity variations sensed by a SG are caused by a number of
phenomena. In this section, we model the gravity variations that are of non-tectonic
origins (Torge, 1989), namely, the gravity effects due to atmosphere, hydrology, and
polar motion. First, atmospheric pressure variations affect the gravimeter output in two
ways: directly by the gravitational effect and indirectly by the deformation effect
(Warburton and Goodkind, 1977). A simple Bouguer plate model of atmospheric

pressure gravity effect is:

&, = AP (3-4)

where A is gravity-atmosphere admittance and &p is the pressure change. According
to data processing of SG, the gravity-atmosphere admittance of T48 is -0.35+0.003

ngal hPa™ (average over the ETERNA and BAY TAP-G result), which is different from

12



the standard value of -0.3 pgal hPa™ (Torge, 1989).

3.4 Polar motion effect
Polar motion is the motion of the instantaneous rotating axis of the earth with

respect to a mean axis. The motion of the axis results in change of gravity as

&, =5,0°Rsin2¢(x, cos A -y, sin 1)

: : (3-5)
=1.164x10°w’Rs i rg(x, cost—y s i)

where ¢, 4 are latitude and longitude, @ is the angular velocity and x,,y, are

polar motion components in radian, which are available from the international earth

rotation service (IERS, http://www.iers.org/ ). The polar motion effect on SG
represents a long periodic effect. Based on Torge (1989), and the dominating
frequency is associated with the period (403 days) of Chandler wobble. Ocean tides
will also lead to polar motion at shorter periods (diurnal and semi-diurnal periods),

but their gravity effects are too small to be considered in this project.

4. Modeling temporal gravity changes
4.1 Gravity changes from project AGTO

The AGTO used gravimeters (FG5 #228) from France and from Taiwan (FG5
#224). In this project, ten gravity-GPS sites (Table 4-1) along an east-west transect
across southern Taiwan have been selected for gravity and GPS (Fig. 4-1)
measurements, which are used to analyze vertical movements and mass transfers due to
orogeny. Because the gravity effects of soil moisture and groundwater are mostly

seasonal, we collect absolute gravity values in the same month of the years (November)

13
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to reduce the hydrological effect. The gravity changes collected over 2006 to 2010 at
most sites was explained by the vertical movements from GPS, but large
environment-induced gravity effects lead to significant conflicts between the
gravimetric and GPS results. For example, typhoon Morakot (August 2008) caused
large landslides that led to gravity change of 53 pgal at AG3 and 27 ugal at AG6 (Fig.
4-2). Here orogeny-induced gravity changes are significantly interrupted by such
extreme events as typhoon Morakot.

With the river sediment data from Water Resource Agency (WRA) of Taiwan and
satellite images of FORMOSAT-2 from National Space Organization (NSPO) before
and after Morakot (Fig. 4-3), such gravity changes were used to estimate the sediment

thickness based on a simple Bouguer plate model:

24
Hx p% =<2 4-1
p @059 (4-1)

where & is the density of sediments in kg/m® in the riverbed, p% is the

percentage area of the sediments and &g is the gravity change e in pgal at AG site.

The sediment densities range from 1300 to 1800 kg/m®. Fig. 4-4 shows the sediments
near AG6. Within a radius of one km, there is 40 percent area lying in the riverbed.
Based on the gravity changes at AG3 and AGS6, the sediment thicknesses of H
which was near AG6 range from 1.76 to 2.45 m, and the sediment thicknesses near

AG3 range from 0.90 to 1.25 m.

14
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Fig. 4-1 AG sites in the project AGTO (circle) and GPS sites (star)

Table 4-1: The Location of AG and GPS sites

AG | Location (Lat, Lon) | GPS Location (Lat, Lon)
AG1 | (22.658°, 121.476°) | LANB (121.439°,22.023°)
AG2a | (22.970°, 121.300°) | TUNH (121.186°,22.982°)
AG2Db | (23.142°,121.280°) | TAPO (121.111°, 23.124°)
AG3 | (23.133° 121.119°) | WULU (120.917°,23.151°)
AG4 | (23.201°,121.026°) | MOTN (120.933°, 23.182°)
AG5 | (23.264°,120.961°) | TENC (120.802°,23.269°)
AG6 | (23.109° 120.706°) | PAOL (120.587°,23.108°)
AG7 | (23.057°,120.412°) | LNCH (120.289°,22.969°)
AG8 | (22.999°, 120.220°) | CKO1 (120.111°,22.963°)
AG9 | (23.565° 119.563°) | PANG (119.543°,23.565°)
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Fig. 4-2 The elevation of AG sites in the project AGTO, AG3 and AG6 are located at

the mid-slope of a mountain
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Before -
Morakot Betore

Morakot

Fig. 4-4 Accumulation of soil and rock in the riverbed near AG6 due to Morakot
(brown), and the original riverbed (green)

Typhoon Morakot caused erosions mainly at foothills and high mountains, rather
than flat areas. The erosions lead to gravity changes at some of the AGTO sites. This
difference in erosion was seen from the gravity changes at ATGO sites. For example,
compared to other AGTO sites, the gravity changes at AG3 and AG6 are significantly
larger. AG3 and AG6 are situated at foothills. Based on Fig. 4-2, the height difference
between AG6 and AG7 is less than 300 m, while the height difference between AG6
and AGS5 is over 2000 m. Likewise, the height difference between AG3 and AG2b is
less than 200 m, while the height difference between AG3 and AG4 is over 1000 m.

The height difference and location (foothill vs. high mounts/flat area) explain partially
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why the gravity changes at AG3 and AG6 are significantly larger than others.

The atmospheric gravity effect for AG data at the AGTO sites is based on the
average admittance of -0.35 pgal hPa™. Also, there are no groundwater and soil
moisture observations near all AGTO sites to model the hydrological effect. However,
because all the observations were made in November, we expect that the hydrological
effect is reduced when differencing gravity observations between two successive
years at the same site. Table 4-2 summarizes the gravity values relative to the values
in 2006; see also Fig. 4-5. Some of the gravity values are suspicious and outliers, e.g.,
the gravity value at AG8 in 2007. The large gravity values at AG3 and AG6 in 2009
are caused by typhoon Morakot. Fig. 4-6 shows the rates of gravity changes at the
AGTO sites. The rates are computed without using the anomalous gravity values
caused by typhoons. The gravity rates are compared with vertical displacement rates
from GPS (Table 4-3). The gravity rate varies from one station to another. The
average gravity and vertical rates are -1.39+4.21 pgal year™ and 0.50+0.94 cm year™,
respectively, leading to an average gravity-height ratio (2.78 pgal cm™). This ratio is
different from the ratio of 2.0 pgal cm™ based on a vertical displacement a Bouguer
plate with a rock density of 2.67 g cm™. The difference between the observed and

theoretical rations (2.78 and 2.0 pgal cm™) is a subject of future project.
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Table 4-2: Gravity changes relative to observations in 2006

Sites 2006 2007 2008 2009 2010
(ngal) (ngal) (ngal) (ngal) (ngal)
AG1 0 6.15 1.28 -2.6 -0.23
AG2a 0 3.11 -0.64 -1.68 4.01
AG2b 0 5.47 -1.17 -7.74 -5.37
AG3 0 -8.1 -14.44 38.35 61.21
AG4 0 -0.77 5.82 -6.86 1.25
AG5 0 -0.84 1.94 - -
AG6 0 1.46 2.93 30.01 27.65
AG7 0 3.44 -1.79 -6.86 -6.9
AG8 0 -45.87 -7.84 -13.92 -9.28
AG9 - 0 -1.61 -4.45 -0.36

gravity changes (ugal)

AGTOD
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2007711
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2009711
2010411
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Table 4-3: Gravity changes relative to observations in 2006

Sites Gravity rate GPS rate
(AGIGPS) (ngal year™) (cm year™)
AG1/LANB -0.92+£3.24 -0.07£1.10
AG2a/TUNH 0.32+2.47 0.09+0.84
AG2b/TAPO -2.39+5.11 1.11+0.87
AG3/WULU -71.21+£7.24 0.82+1.04
AG4/MOTN -0.36+4.56 0.25+1.07
AG5/TENC 0.97+1.43 0.05+£0.99
AG6/PAOL 1.46x1.47 1.02+0.89
AG7/LNCH -2.41+4.49 1.59+0.99
AG8/CK01 -2.8215.79 0.30+0.88
AG9/PANG -0.52+2.02 -0.14+0.57
AVERAGE -1.39+4.21 0.50+£0.94
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4.2 Gravity changes from MOI AG campaigns

In addition to the AGTO sites, we also collected AG data at 15 MOI-defined
gravity sites over the entire Taiwan and some offshore islands (Fig. 1-1). Some of
sites were just visited once. At the MOI sites, we also observed gravity gradients for
AG data reductions, and shows the rates of gravity change from 2004 to 2010 in Table
4-4. The average rate of gravity change is -0.58 pgal year™. Most of the gravity
gradients are different from the normal gradient of -0.3086 mgal m™, suggesting that
the rock densities at these sites are different from 2.67 g cm™ and large gravity
anomalies may have further caused the substantial deviations of the observed

gradients from the normal gradient. Table 4-5 lists the gravity values in 2005 and

2008. Fig. 4-7 shows the gravity values from 2005 to 2010. Table 4-6

Table 4-4: Gravity gradients and the rates of gravity change at MOI sites

Site Gradient . . Gravity rate
(ugal cm'l) Duration Times (ugal year'l)
18PG -3.26 £ 0.11 - - -
CYIG -3.15 £ 0.06 -- - -
DSIG -3.31+£0.07 2005-2009 2 -2.14
FLNG -2.90 £ 0.03 2006-2009 8 0.72
HCHG -2.60 £ 0.06 2004-2009 4 -1.37
JSIG -2.90 £ 0.06 2005-2009 2 -2.63
KDNG -3.39 £ 0.02 2004-2009 8 -6.98
LYUG -4.30 £ 0.28 2004-2009 2 -0.73
PKGG -2.72 £ 0.03 2006-2009 7 6.49
SMLG -3.52 £ 0.01 2005-2009 2 -5.91
TAES -3.09 £ 0.04 2004-2009 6 16.23
TCHG -2.72 £ 0.15 2005-2009 2 -8.99
TLGG -2.31+£0.02 2005-2008 2 -0.58
WFSG -4.00 £ 0.05 2005-2008 2 0.71
YHEG -2.44 + 0.01 2005-2009 2 -6.06
YLIG -2.32 £ 0.06 2005-2008 2 0.93
YMSG -3.61 £ 0.06 2004-2010 10 1.68
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Table 4-5: Absolute gravity values and uncertainties in 2005 and 2008 at MOl sites

Site 2005 2008
Gravity' | uncertainty gravity uncertainty
(ngal) (ngal) (ngal) (ngal)

18PG -- -- 820.2 2.1
CYIG 906.5 2.2 -- --
CYIG -- -- 694.3 2.2
DSIG 684.4 2.2 675.6 2.1
FLNG -- -- 165.4 2.1
HCHG 698.6 2.2 008.7 2.0
JSIG 627.5 2.1 618.7 2.0
KDNG 504.9 2.2 512.5 2.0
LYUG -- -- 130.4 2.1
PKGG - -- 864.0 2.1
SMLG 464.6 2.1 442.4 2.0
TAES -- -- 793.2 2.2
TCHG 510.2 2.1 477.4 2.1
TLGG 583.2 2.1 581.5 2.1
WFSG 887.6 2.1 894.0 2.1
YHEG 735.3 2.1 710.5 2.0
YLIG 891.7 2.1 894.4 2.1
YMSG 909.0 2.1 888.7 2.0

Lrelative to the mean value

Some of the gravity changes given in Fig. 4-7 is explained below. TAES is
located in Yunlin County and is over an area of large subsidence. Here the gravity rate
is 16.2 pgal year™, corresponding to a subsidence rate of 8.1 cm year™, provided that
the rock density is about 2.67 g cm™and there is no significant plate motion here.
Like TAES, PKGG is also situated over an area of subsidence, and the gravity change
here is largely caused by subsidence, but with a smaller subsidence of 3.2 cm year™
compared to that of TAES. YMSG is visited most frequently among all stations. Here

the gravity rate is 1.68 pgal year™ and it has been hypothesized that this gravity
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increase is potentially caused by the rise of magma in the Tatun volcano groups. More
evidence is needed to support this hypothesis.

Virtually all gravity sites along the Central Range show negative rates ranging
from -5.91 pgal year! (SMLG) to -6.06 pgal year” (YHEG). Station TCHG is situated
in the city center of Taichung and also experiences a large, negative rate of -8.99 ugal
year™. Despite fact that the gravity point density is low, in Fig. 4-8 we show a
two-dimensional (also lateral) distribution of gravity rates over the entire Taiwan. In
order to correlate the gravity changes with vertical displacements, in Fig. 4-9 we show
the rates of horizontal displacement and vertical displacement derived from more than
300 continuous GPS stations. In Fig. 4-10 we show the rates of vertical displacements
derived from more than 2000 leveling measurements. Because mass transfer
originating from the orogeny of Taiwan is at the sub-pgal level (Mouyen et al., 2009),
the gravity rates in Fig. 4-8 are largely explained by the vertical displacements given
in Fig. 4-9 and Fig. 4-10, based on a simple Bouguer model that translates a one-cm
plate uplift to a 2 pgal gravity decrease. However, deviations from such a simple
Bouguer model can occur under the following conditions:

(1) Man-made movement of gravity site

(2) Large subsidence such as TAES

(3) Large hydrological effect not removed from the gravity observation
(4) Data errors

(5) Anomalous subsurface mass movement such as magma at YMSG
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Fig. 4-8 Two-dimensional (lateral) distribution of gravity rates interpolated from the
rates at AG sites

23



GPS Trend
2006-2011) o 4 z
o5 1cm/year S E\/\%
\;\Q‘\
&
24 :
&
: %
290
200
118° 120° 121° 122°
-60 -45 -30 -15 0 15

mm/year

Fig.4-9 Horizontal displacement rates (arrows) and vertical displacement rates (color)

from GPS. An arrow corresponds to a continuous GPS station.

o5° b

24°

23"

22°

119° 120° 121° 122°
-100 -80 -60 —-40 -20 0 20 40 60
mm/year
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5. Conclusion

This project summarizes the result of the absolute gravity measurement campaign
in the AGTO project, and from the observations of two SG (serial no. 48 and 49) in
Hsinchu. The major findings and potential applications of this project are listed below:

1. The mean gravity and vertical rates at AGTO sites are -1.39+4.21 pgal year™
and 0.50+0.94 cm year™. The sediment thicknesses changes near AG6 and
AG3 due to landslides caused by Typhoon Morakot are 2.45 m and 1.25 m.

2. The average rate of gravity change from 2005 to 2008 is -0.58 pgal year™ in
Taiwan. Using repeated absolute gravimetric and levelling measurements to
determine gravity changes at islandwide (Taiwan) stations, and the
preliminary causes of such changes are identified with the help of GPS and
levelling data.

3. The SG gravimeter, T49, is currently at Hsinchu, but it can be deployed in a
new location (other than Hsinchu) that has a different geodynamic feature.
With two SGs at two locations, many research opportunities can be
explored. For example, a proposed new site for T49 is Mt. Yangming (see
Fig. 4-7, YMSG), where possible volcano eruptions can occur and
hydrological changes will induce large mass and gravity changes. Records
from two SG can be used to study gravity changes in sea level ocean
circulation associated with the Kuroshio Current.

4. Use of gravimetry to study groundwater in central Taiwan. Since 90 % of all
unfrozen fresh water is hidden underground, it is difficult to determine its
volume. The volume can be estimated with a network of AG sites around
central Taiwan.

The list of publications related to this project is as below:

25



Referee journal papers

1.

Hwang, C., R. Kao, C. C. Cheng, J. F. Huang, C. W. Lee, and T. Sato, 2009.
Results from parallel observations of superconducting and absolute
gravimeters and GPS at the Hsinchu station of Global Geodynamics Project,
Taiwan. J. Geophys. Res., 114, B07406, doi: 10.1029/2008JB006195.
(IF=3.147)

Mouyen M., Masson F., Hwang C., Cheng CC., Cattin R., Lee CW. , Le
Moigne N., Hinderer J., Malavieille J., Bayer R., Luck B., 2009. Expected
temporal Absolute Gravity change across the Taiwanese Orogen, a modeling
approach, J. of Geodynamics, 48, 284-291. (IF=1.692)

Yeh, TK, C Hwang, JF Huang, BF Chao, and MH Chang, Vertical
displacement due to ocean tidal loading around Taiwan based on GPS
observations, Atmospheric and Oceanic Sciences, in press, 2011. (IF=0.643)
Hwang, C, and JF Huang, SGOTL: model and computer program for
high-resolution, height-dependent gravity effect of ocean tide loading,
Terrestrial, Atmospheric and Oceanic Sciences, Vol. 22, No. 4, pp. 373-382,
2011.

Hwang, C and JF Huang, Numerical model of displacements due to ocean
tide loading: case study at GPS stations in Taiwan and western Pacific,
submitted to Journal of Chinese Institute of Engineers, 2011.

M. Mouyen, F. Masson, C. Hwang, C.-C. Cheng, N. Le Moigne, J. Lee, R.
Kao, W.-C. Hsieh, B. Luck, J.-D. Bernard. Time-lapse absolute and relative
gravimetry in Taiwan : identification of hydrology, tectonics and erosion
effects, in preparation for Geophysical Journal International.

Mouyen M., Masson F., Mouthereau F., Simoes M., Hwang C. and Cheng

CC. Gravity change in Taiwan estimated from different orogeny models, in
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preparation for Tectonophysics.

Conference papers

1.

Hsieh, W. C., C. W. Lee, R. Kao, M. H. Peng, C. Hwang, M. Yang, F.
Masson, and N. Le Moigne. Absolute gravity measurements in Taiwan,
Asia Oceania Geosciences Society, Korea, June 16-20, 2008.

Masson F., Mouyen M., Hwang C., Cheng C., Lee C., Le Moigne N.,
Hinderer J., Cattin R., Luck B., Bayer R., Malavieille J. Study of the
Taiwanese orogen from absolute gravity data , AGU Meeting, San
Francisco, 2008

Hwang, C, R Kao, CC Cheng, JF Huang, CW Lee , and T Sato, Results from
two years of superconducting observations at the Hsinchu (HS) station, Taiwan,
European Geophysical Union, General Assembly, Vienna, Austria, April
19-24, 2009.

Kao, R., C. Hwang, C. W. Lee, M. H. Peng, W. C. Hsieh, 2009.
Atmospheric pressure effect of SG measurements, The 28™ Conference on
Surveying and Geomatics: 2009, Taoyuan, Taiwan.

Masson F., Mouyen M., Hwang C., Cheng C.C., Le Moigne N., Lee C.W.,,
Kao R., Hsieh N. (2009) - Utilisation des variations temporelles de
pesanteur pour I'étude de I'orogene taiwanaise : le projet AGTO, Collogue
G2, Strasbourg, 2009.

Mouyen M., Masson F., Hwang C., Cheng C., Le Moigne N., Lee C., Kao
R., Hsieh N., Four Years of Absolute Gravity in the Taiwan Orogen
(AGTO), AGU Meeting, San Francisco, 20009.

Cheng, C., R. Kao, N. Hsieh, and C. Hwang, Monitoring the gravity
changes of seismic deformation by the absolute gravimetric network, 2"

Asia Workshop on Superconducting Gravimetry, Taipei, 2010.
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11.

12.

13.

14.

15.

Hsieh,W., B. Chao, C. Lee, C. Hwang, and M. Yang, Monitoring gravity
change over Mt. Yangming for detection of volcanic activity, Western
Pacific Geophysics Meeting 2010, Taipei, 2010.

Kao. R., C. Hwang, C. W. Lee, Atmosphere Loading effects of SG48 in
Hsinchu (HS), 2nd Asia Workshop on Superconducting Gravimetry, Taipei,
2010.

Huang, J. and C. Hwang, Modeling and observing shallow water tides at
the Hsinchu (HS) station of GGP, Taiwan, Western Pacific Geophysics
Meeting 2010, Taipei, 2010.

Cheng, C., T. Lien, and C. Hwang, Coseismic deformation monitoring by
absolute gravimetry —case study of Jiashan earthquake Mw=6.4,
Geodynamics and Environment in East Asia International Conference & 6"
Taiwan-France Earth Science Symposium (GEEA 2010), Aix-en-Provence,
France, 2010.

Hwang, C., C. Cheng, J. Huang and R. Kao, Superconducting and absolute
gravity observations for geodynamic applications, APSG 2010, Shanghai,
China, 2010.

Kao, R., C. Hwang, C. W. Lee, M. H. Peng, W. C. Hsieh. Taiwanese
Orogeny From Absolute Gravimetry: Comparison of Observation and
Model, The 29" Conference on Surveying and Geomatics : $G2010, Taipei,
Taiwan, September 2-3, 2010.

Mouyen M., Masson F., Hwang C., Cheng C., Le Moigne N., Lee C., Kao
R., Hsieh N. Four Years of Absolute Gravity in the Taiwan Orogen (AGTO),
EGU Meeting, Vienna, Austria, 2010.

Mouyen M., Masson F., Mouthereau F., Hwang C., Cheng C. Modelling

temporal gravity changes through the south of the Taiwan Orogen, EGU
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2010.
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USA, 2010.

Mouyen M., Masson F., Hwang C., Cheng C., Le Moigne N., Lee C., Kao
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From: IUGG Presenters [mailto:lUGG2011presenters@arinex.com.au]
Sent: Monday, March 28, 2011 11:40 PM

To: 'Cheinway Hwang'

Subject: ITUGG 2011 - Oral Acceptance Letter

Ref: 4475

Mr Ricky Kao

National Chiao Tung University

2f., N0.539-3, Sec. 2, Jingguo Rd., North Dist.

Hsinchu TAIWAN 300

TAIWAN

Dear Mr Ricky Kao,
IUGG 2011 General Assembly
Earth on the Edge: Science for a Sustainable Planet
28 June - 7 July 2011
Melbourne, Australia
ACCEPTANCE FOR PRESENTATION

On behalf of the Scientific Program Committee we have great pleasure in confirming your
abstract(s) (details below) has been accepted for an Oral Presentation at the IUGG 2011
General Assembly, in Melbourne from 28 June - 7 July 2011.

The details of your presentation are as follows:

Abstract Title: The orogeny of Taiwan from
Absolute Gravimetry and GPS:
observation and model

Abstract Number: 5595.00

Symposia Sub-theme:: JG04

Presentation Type: Poster Presentation

Session Details: Will be confirmed to you in due

course




Please advise your fellow co-authors the above abstract has been accepted.

Reqistration Information

All presenters are expected to register by 11 April 2011, the Early Bird Registration deadline,
to guarantee their inclusion in the program and to take advantage of the early-bird
registration rate. Payment of the registration fee should also be made at this time. Payment
of the registration fee after this date will attract the higher standard registration fee.

If you have not already registered, please ensure your registration is linked with your abstract
account, using your existing personal record - click here

Note this registration form is only for use by the submitting/presenting author and offers
registration rates minus the A$30 author deposit. Please ensure you register by 11 April
2011.

Grant Applications

Notification relating to Grant Applications (Registrations, Travel Expenses, Food and
Lodging) will be communicated separately by the Local Organising Committee. Those
awaiting acceptance for registration, will receive further details on how to complete their
waived registration.

Presenting and Co-Author Information

If you are not the presenting author for the above abstract, please notify us by email quoting
your abstract number and the reference codes as per above.

The Speaker Zone has been re-opened to allow you to check and edit the author listing for
the above abstract submission. It is the responsibility of the submitting/presenting author
for the accuracy of the information provided on co-authors and affiliations. The Scientific
Program Committee, Local Organising Committee and the Assembly Managers do not take
responsibility for this when published.

Please click here and enter your access key (EWZX7HNS8K) in the field provided.

Please note you are unable to edit any other areas of your abstract as it has already been
accepted. If you need to amend any other areas please email us.

Important Information

The Committee is in the process of finalising the program sessions and a preliminary
program (outlining the dates for symposia sessions only) will be available 8 April 2011.

The details of your presentation including the date you will be presenting, length of

5



presentation, time of your presentation, along with briefing notes and details on how to
submit your PowerPoint presentations will be provided on 26 April 2011.

Should the release of the program affect your registration or participation, please contact the
General Assembly Managers (iugg2011presenters@arinex.com.au).

Attention International Presenters

Please use this letter to apply for grants or when applying for an Australian Visa for travel.
It is highly recommended that you apply for your Australian Travel VISA as soon as
possible.

An online ‘Letter of Invitation’ can be completed with your details here. Please visit the
IUGG 2011 website for further visa information.

Please be aware it may take up to 6-8 weeks for visas to be processed.

If you have any questions regarding your acceptance please do not hesitate to contact the
IUGG 2011 General Assembly Program Managers.

The support you have shown for IUGG 2011 is greatly appreciated and we look forward to
your involvement in the Scientific Program.

Kind regards

IUGG 2011 General Assembly Managers

Phone: +61 3 9417 0888
Email iugg2011presenters@arinex.com.au

Website www.iugg2011.com
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Taiwan i located at the comverging mne of the Eurssia and the Philippine Sea
Plate and move northwestwands st & rate of 7 on'vear (Fizure 1 Jeft). Such a
plate motion crestes verfical displacement: and maz changes that can be
detected by repeat gravimeter and GPS messurements. Ten sites which slonz a
EastWest tranzect crossing the south part of Taiven have been defined for
sbzolute gravity (AG) messurements (Fizure 1 right). In cwlaborstion with a
French team led by Fredenc Mamon, thit project aims i study Taiwanese
Orogeny wing gravimetry and GPS, mldne advantaze of the gmvimetry fadlity
provided by the Mimstry of the Interior in southern Taivan and Hiinchu. We
develop modds sccounfing for such gmvity varstions as solid earth tide, ocesn
loading, hydrologicl and stmospheric effect: from Superconducting zrevimeter.
Theze modek can help us o detect the effect of environment chanze. Due to larze
rainfll and ocenic snd sdsmic effect, temporal gmvity varisfion in Taiwm
are dgmificant, and alissed inio the zravity ziznsl of omgeny and st be
removed.

Fizure 1: (Left-a) Global location and plate tociomic xm:.. (Left-b) zenera zealesy of
'l:un'mlﬁ!rﬂo{mb] and Ficlanam o 2l 002}, The mine sitex for abselute ity
mezzuremenrs of the AGTO projece from AGL o AGS, are reprecented (bloe dor) with
ako rhe 45 cites defined for relative sravity messnrements neoverk (red dorz) Oor 1D
madeling xrody & performed alons the dached line. (Rizh) Ten picture show the locaton
amd diroetien for AC dtes {virde) . mother are P35 dives (3ir)

. Observadon by abselute gravimeoy of AGTO

The abzolute gravimetry (AG) iz repeated every wvear Q2006-2010), uwsing
Taiwanese #124) and French (5128) FGS gravimeters. Bemuse the ten AG site
snd GPS sites are built slons the southern croz-lnd hizhway (Table 1}, the
Table? descrbe the gravity chanze snd the trend of each site. Fizure 2 shows
the heizht of tem AG =ites . Larze gravity jumps st AGS E3pGal) and AGE
{2TuGaly between 2003 and 2009 ocowmred, and were caused by Tvphoon
Momkot {day of landfall is Angnst 8% These jumps make the gravity trends
become positive. AGS (Yalau) & disapper after Typhom Momlot, snd we
cannot rebuwlt it at the same lomtion. We prefer to rebullt 8 concree pillar st
Tienchih where i3 near the Yakon AG3 iz lomted in the mountin, and the
gravity chanze should show s trend simdlar to AG4 and AGE, but the result turms
out to be different (Fiz. 7-8). AGS izin Tainan dty, the backsround noke & large,
itiz worth continwing to explore the ressms: for observatio.

Tahle 1: Location of AGL ro AGH @ Teble 1: AG graviry valoes frmm AGTO are
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Figure 2: A6 20d AGH am awt of the Taimwaz lazd AGIa2 0 AGE arsbedl abay the mukers crz-
&03ed igheere. Wo mill sibedha cazeres pilar ar Tovnchik o rophcs A0 whick & dzappoarafmr
Trphaae Marabot

3. Vergeal displacements by contnusus GPS meoasuwrements

The tectonic motions create vartim] displacement and mas chanzes that may be detected
by GPS messurement and repested sravimetry. Taivan has 313 GP3 tracking smtoms
(Fizure 3} mainmin by the Minztry of the Interior, Academia 3inim, Central Weather
Bureau and Central Geologim] Swrver. This project comsiders the fesdbility of
estalizhing & svstem for motinwely GPS receivers compare with 27 AG records (Figure
4, include AGTO) in Taiwsn.

TV
Figurs 3: Harizesed velastes frecnm, soals & in e
=pper ft carmer) and mergcal mlaci: ralarzeals)
Eazed oz camfmam CPEresards overd 20H-3 201

Figure 4: The orend of 27AC chazgeiz Tewaz. I
shams de grmi chazgw incomdhere & bagmer daz
=arébers iz TEmwaz.

4. Effectof Tvphoon Morakor

A tphoon & an extremely low pressure svstem with abundant predpitating waters m
the surface and in the sir. Tvphoon Momlaot hit the southesst of Taiwan, and brinz
amounts of minfll durng 58 Azt 20 [Fizure 5). Trphoon Momlot brought
nmdflow and it mused 53 pGal chanzedin AGH and27 pGal changedin AGS. Typhom
Momkot mused larze landslides that led i AGS wes gonesfter W09 If we want to see
the information from table 2, we need o zepamte the tatie into two specified fime
(2006 o 2008 and 2009 to 2010). Collecting the Formosat? imszes (Fizure §) before
and after Tvphoon Morakot waz detected analyzi to identify sravity change.

Figure 5: Trrphoselaraksr wieh b
A R ———
Taiman dwring 33 Amges 108,

Figers §: Witk rverzedimen dan azd zandn imags fram

Farmazatd befareasd afer Marakat seckgravie chasge

reare muadaled

3. Conclusion
GPS and gravimetric messuwrements collected in AGTO are useful took to companizon
verti] movement and maz transfrs (Table 3). The final result of gravity chanss| -
139Gl vear) which is consistent with the trend of GPE{ 0,63 an'vear). The sbsolute
ravity messurement and GPS messurement have s strong interest to preczely
sepamte maz transfer effects and elevation changes o support thiz project. After
Typhoon Moralot, the s0il erozom by the river i 8 3en0®E problem, it raize the sravity
(Fizure 7). As the excavator motinwie minine, 3o that the gravity does not incresze in
AGA. Thiz project is 8 strong proof for uz to continwows messure in the foture.

Teble 3: Comparizon with the

trend of AG and GPS, rhe

rend of AGE snd ACS 2re L
removed 2009 and 2010 : i
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