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ABSTRACT

This work presents the results of complex gravity observation performed at Shults Cape, Gamov peninsula (42.58°N,
131.15°E), Russia. Absolute laser gravimeter GABL type and Scintrex type relative gravimeter were used for measure-
ment. To investigate the accuracy of tidal corrections we compared the observed tidal parameters of the main tidal
waves Ol and M2 with modeled ones computed from 6 different ocean tidal models: CSR4, FES02, FES04, GOTO00,
NAO99 and TPX06. After discussion a theoretical model based on TPX06 ocean tides model and DDW99 non-hydro-
static body tides model was used for tidal correction of absolute gravity data. Preliminary estimate of gravity effect in-
duced by the Tohoku-Oki earthquake of 11 March 2011 Mw = 9.0 at Primorye territory (Russia) was found to be 5.1 £
2.0 pGal. Co-seismic crustal displacements revealed by GPS data at Far East Russia continental coast are also investi-
gated. Volumetric dilatation of this area is observed at +1.7 x 10~* level.

Keywords: Absolute Gravimetry; GPS; Tidal Gravity Modeling and Observation; Scintrex Gravimeter; Co-Seismic

Effect for Tohoku-Oki Earthquake

1. Introduction

Joint project to measure gravity change associated with
tidal and earthquake’s effect using absolute and relative
gravimeters was started at 2010 year. Well-known co-
seismic effects in gravity and in displacement field dis-
tributed on big territory for the earthquake of Mw > 9.
GPS measured displacement jump at 1 cm level was reg-
istered at 1500 km from epicenter of Sumatran earth-
quake 27.12.2004, M > 9 [1,2]. Gravity effect at 15 pGal
level was measured by GRACE method at 1000 km dis-
tance. The Tohoku-Oki earthquake of 11 March 2011
Mw = 9.0 description is presented in many articles [3-8].
We tried to measure co-seismic gravity effect at south
part of Primorye territory (Russia) at 1000 km distance
from the epicenter. Some GPS results measured during
last years at Far East Russia continental coast are also
investigated. List of points for observation is presented at
Table 1.

Copyright © 2013 SciRes.

2. Gravity Measurement

Gravity observation started on 2010. Absolute gravimeter
GABL [9] was added to the summer observation with
Scintrex gravimeter measurement (Table 2). Observation
was developed at Marine Experimental Observatory
(MEO) territory “Shults Cape” of V.I. II’ichev Oceanolo-
gical Institute Far East Branch Russian Academy of Sci-
ence. MEO is situated at Gamov peninsula (42.58°N,
131.15°E, Russia) on the Coast of Japan Sea (Figure 1).
Special underground cellar with passive temperature sta-
bilization was used for gravity measurement. In 2010 and
2011 three months of tidal gravity record have been ob-
tained during summer time with Scintrex gravimeter.

For the main tidal waves we determine the amplitude
A and the phase difference a, i.e. the vector A(4, &), with
respect to the astronomical tide of amplitude 4,, (Figure
2). The amplitude factor & is defined as the ratio 4/4,,
[10]. For gravity tides prediction we build the modeled
tidal factors based on the body tide amplitude R(R = 4,
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Table 1. GPS and gravity points, coordinates and horizontal coseismic jump in mm.

Point Latitude ¢ (degree) Longitude 2 (degree) dN in mm dE in mm
BRIA 52.09 135.92 -9.0+£2.0 +4.0£2.0
DUKI 51.57 135.87 -7.0£2.0 +2.0£2.0
CHMN" 51.13 133.04 —6.6 0.8 +2.1£0.9
HURM 51.03 136.91 —-8.0+2.0 -2.0£2.0
UKTR 50.36 138.26 -9.0+3.0 +4.0+£3.0
KULD" 49.23 131.73 -8.0+1.1 +4.0+1.5
VANB' 49.09 140.25 —4.7+1.2 -0.7+1.7
KHAJ' 48.52 135.16 -10.8+1.0 +54+1.0
GEOO” 48.47 135.05 -10.9+0.8 +5.1£0.8
ZMEY 48.10 135.59 -11.0+ 1.0 +5.0£1.0
GRNC” 43.69 132.16 —-204+1.0 +31.5+0.9
ARTM" 43.35 132.19 -221+1.3 +34.9+0.9
VLAD" 43.19 131.92 -21.1+0.9 +36.3+0.9
DVGU" 43.12 131.88 -18.8+1.1 +353+12
SH-Cape gravity point 42.58 131.15
Points marked by* from work [12].
Table 2. Technical specifications of GABL gravimeter.
Mean square error of absolute gravity value not more than +4 x 107 m/s?
Mean square error of relative gravity value not more than +2 x 10°* m/s’
Calculation quantity per one measurment 7500
Measurement cycle 10s
Dimensions:
Optic-mechanical 1200 x 700 x 700 mm
unit electron unit 620 x 560 x 660 mm
Total weight 180 kg
Power 1.5 kW (220 V, 50 Hz)
A sin o
e
Oceanic . ~
component L g
Basis model
= i /B
: - , . . 2 \B
Figure 1. Gravity point at marine experimental station of b i
V.I. Il’ichev oceanological institute far east branch Russian R A cos a

academy of science.

Ooppw, 0) computed from the DDW99 non-hydrostatic
inelastic model [11] and the ocean load vector L(L, 1)
computed from nine different ocean tides models. The
modeled vector A4,,(4,,, a,,,) is given as

A,(4,.a,)=R(R.0)+L(L.1) M

Copyright © 2013 SciRes.

Figure 2. Relationship between the observed tidal ampli-
tude vector A(A4, @), the Earth model R(R, 0), the computed
ocean tides load vector L(L, A), the tidal residue B(B, f) and
the corrected residue X(X, y): B=A-R; X=B-L (4).

The modeled amplitude factor J,, is simply given by
the ratio A,,/Ay,.
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The tidal loading vector L, which takes into account
the direct attraction of the water masses, the flexion of
the ground and the associated change of potential, is
generally evaluated by performing a convolution integral
between the ocean tide models and the load Green’s
function computed by Farrell [12]. We used the program
referenced in Melchior et al. [13]. Details and references
can be found in [14,15].

The corrected tidal factors are defined as

Ac (dc.ATheoﬁac)zA(d.Atheo’a)_L(L’/l) (2)
= R(R,0)+X(X,;()

We built also the residual vector B(B, ) defined as
(see Figure 3 for explanation):

B(B,)=A(A4,6,,.a)—R(R,0) 3)

X(X,7)=B(B,B)-L(L,2) @)

The accuracy of the absolute gravity determination
depends strongly on the precision of the tidal correction.
The Trans-Siberian tidal gravity profile [16] demon-
strated that modelled tidal factors, based on the mean of
the 6 most recent ocean tides models (CSR4, GOTO00,
NAO99 with 0.5° x 0.5° grid; FES02, TPX06 wit 0.25° x
0.25° grid and FES04 with 0.125° x 0.125° grid), insure a
precision of gravity tides predictions of the order of 5
nm/s” on the Siberian territory.

The situation is more delicate at Shults Cape which is
located directly on the coast. The resolution of the grid
being at the best of 10 km, the ocean tides models do not
follow accurately the coast line and the precision of the
numerical evaluation is degraded.

Tidal gravity records remain thus important to try to
determine experimentally the tidal parameters, at least in
the diurnal (D) and semidiurnal (SD) tides. However
long records are required to reach the suitable precision
of 0.2% (5 nm/s*) and we have only two summer records
of 3month each. Our precision is only of 0.5% in ampli-
tude and 0.25 in phase (Table 3). The analysis results are
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in agreement with the modelled tidal factors within the
RMS errors for O1 (Figure 3(b)), but the difference is a
bit larger on the tidal amplitude factor for M2 (Figure
3(c)). The analysis of the 3 summer months 2011 (M2
1.1688 £ 0.0056) confirms this result.

A more detailed comparison is given in Table 4.

For the while our gravity tides predictions remain thus
based on the modelled tidal factors. For absolute gravity
measurements the modelling of the long period (LP)
tides is very important. It is the reason why we used only
the three ocean tides models including the LP tides:
NAO99 (0.5° x 0.5%), TPX06 (0.25° x 0.25°) and FES04
(0.125° x 0.125°). Figure 4 displays the spectral dif-
ference between one month of tidal prediction computed
with the three different models. As pointed out in Figure
3(a)-(c), TPX06 and NAO99 are very similar For D and
SD tides, but for LP tides TPXO06 differs from the two
other models. It is thus difficult to make a choice. Dif-
ferences between models remain below +5 nm/s”. It is the
expected precision of the gravity tides prediction at
Shults Cape.

Finally we used the theoretical model based on TPX06
ocean tides model and DDW99 non hydrostatic body
tides model for station Shults Cape and computed tides
with Tamura potential for absolute gravity correction.

Absolute gravimeter situated at Shults Cape station is
presented at Figure 5. As usually, we used corrections
for: solid earth tide, ocean loading, air pressure, polar
motion and instrumental ones. Result of measurements
and corrections are presented at Table 5 and on Figure
6.

Absolute gravity observations were performed during
two periods: 23-30 October 2010 and 15-30 August 2011.
Mean square error of measurements series was 1-2 mic-
rogal. Gravity value increased by 5.1 microgal during
this period including 11 March 2011 earthquake.

3. GPS Measurement
Original and published results [6] computed by GPS data

Table 3. Comparison of the results of SCINTREX CGS5 40301 with modeled tidal factors at Shults Cape.

SCINTREX CG-5 40301 (2010/04-2010/07) 87 days

Wave Modeled DDW99 (non-hydro) 6 Ocean models Comparison
RMS 4.57 ngal
O an (°) ) a(®) OlS  aw (®)-a(®)
0Ol 1.17615 0.416 1.1823 0.157 1.0052 0.259
+0.0052 +0.029
M2 1.17494 0.496 1.1687 0.474 0.9947 0.022
+0.0041 +0.023
M2/01 0.9990 0.9885
Copyright © 2013 SciRes. 1JG



V.TIMOFEEV ET AL. 365

Modelle tidal vectors Mf

N

9 292 2.94 2.96 2.98 3
*

o
=

A

e
S

+NAOY
uTPX06|
AFES04

out of phase (ugal)
=3 =)
R 3

o
a

o
&

in phase (ugal)
(@)
Modelled and observed tidal vectors O1

o
w

I
)
G
>

®

S
¥

*NAO99
®TPX06
AFES04
“*mean6
©SCINTREX

e
—

out of phase (ugal)
=]
—
wn

0.05

%62 3625 363 3635 364 3645 36.5 3655 36.6 36.65 36.7

in phase (ugal)
(b)
Modelled and observed tidal vectors M2
0.5
£045 4
ks
5] 04 —+ .
E n ANAO99
[ . wTPX06
4 0.35 AFES04
B
0.3
0.25
0.2,

475 4755 47.6 47.65 47.7 47.75 47.8 47.85 479 4795 48
in phase (ugal)

©

Figure 3. Modelled and observed tidal factors NAO99, TPX06, FES04 and MEANG: in phase &, 4,.,c08(a;,), out of phase

O Apeosin(a,,) SCINTREX: in phase & A4,,,cos(a), out of phase 8-4,,.,sin(a), with error bars. (a) Mf wave; (b) O1 wave; (c)
M2 wave.

Copyright © 2013 SciRes. 1JG



366 V.TIMOFEEV ET AL.

Table 4. Results of tidal analysis. Station 1406, appareil 403, oceanic model TPX06, component V, model Wahr-Dehant:
non-hydrostatic inelastic case.

Wave ) a B p L 2 X X 0 a AMPL )
Observed Modelled TPX06 DDW
() 1.1823 0.157 0.874 6.40 0.755 20.35 0.228 45.05 1.17715 0.413 30.952 1.15425

M2 1.1687 0.474 0.480 55.10 0.636 36.11 0.239 4.50 1.17456 0.449 40.721 1.16191

1.8
1.67
4
147
i “
| \
1.27 | |
| | i
A / i
A i !
'\\ ) : / L
HE g4 & Y
1.07
0 1 3
Frequency (cpd)

Figure 4. Spectral difference between different theoretical tidal evaluations in nm/s**2. From left to right LP, D and SD tidal
bands. TPX06-FES04 shadow, TPX06-NAQO99 full line, FES04-NAQOY99 dotted line.

Horizontal vector changes from 4.0 cm to 0.7 cm. Mean
square error is ranging from 0.5 cm to 3.0 cm.

GPS measured horizontal displacement jump (5 - 8 cm)
was registered at 1000 km from epicenter of Sumatran
earthquake 27.12.2004, M > 9 [7]. Horizontal jump more
then 1 cm was registered at 1500 km distance. GPS
measurement at Primorye (1000 km distance from epi-
center of Tohoku earthquake 2011) shows 4 cm horizon-
tal jump (Table 1). Vertical jump was observed at
ZMEY station. Subduction was 8§ mm + 3 mm. (Figure
7).

You can see on Figure 8(a) our stations (BRIA, DUKI,
HURM, UKTR, ZMEY), which are belonging to north-
ern part of GPS-network of Far East of Russia, and
Zmey-station (60 km to SE from Khabarovsk). South

Figure 5. Absolute gravimeter (GABL type) at gravity cel- profile cross the Sikhote-Alin range. Our measurements,
lar (Shults Cape). are always performed in September to suppress seasonal

effects [17,18]. A similar procedure was already used at
are presented in Table 1. Data were obtained at points Gorny Altay for yearly measurements [19]. Observations

situated at far epicentral distance (1000 km - 1700 km). were performed during 2 - 5 days at network points

Copyright © 2013 SciRes. 1JG



Table 5. Results of GABL observation and corrections for the period: 18-27 August 2011 year.
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Date GO + g (uGal) Ag_abc Ag_tide h_eff Ag_vac Ag_atm Temperature
18.08.11 05:09 208.3 1.0 29.5 1.034 11.2 0.6 23.1
18.08.11 07:14 207.8 0.4 -0.3 1.034 10.5 0.6 23.1
18.08.11 11:13 203.7 1.0 =773 1.034 8.4 1.0 22.9
19.08.11 03:38 207.2 0.2 0.1 1.034 9.1 1.5 23.1
19.08.11 05:18 206.4 1.3 10.7 1.034 7.7 1.2 232
19.08.11 06:47 204.4 1.3 0.7 1.034 7.7 1.3 233
19.08.11 11:32 204.0 0.7 =74.7 1.034 6.3 1.7 234
20.08.11 00:00 207.2 0.9 -15.8 1.034 10.5 2.6 22.9
20.08.11 03:00 208.4 0.4 -17.5 1.034 10.5 2.6 22.9
21.08.11 03:08 202.2 1.8 -18.5 1.034 14.0 2.3 23.1
21.08.11 08:11 202.5 0.8 -37.1 1.034 12.6 2.0 232
22.08.11 03:00 204.0 1.6 -9.3 1.034 13.3 2.6 232
22.08.11 06:00 203.5 1.7 =37.0 1.034 9.8 2.6 233
22.08.11 09:00 198.6 1.4 -49.9 1.034 8.4 2.6 233
23.08.11 02:05 201.0 29 30.0 1.034 7.0 29 23.9
23.08.11 23:37 211.1 1.1 98.1 1.034 6.3 3.5 23.8
24.08.11 04:04 206.5 4.4 —4.1 1.034 5.2 34 23.9
24.08.11 08:05 204.2 2.0 —68.6 1.034 49 33 23.9
24.08.11 12:32 204.9 1.1 —47.5 1.034 4.2 3.5 24.1
25.08.11 00:28 211.3 2.8 113.5 1.034 5.6 3.7 23.9
25.08.11 08:18 200.0 2.6 =79.1 1.034 4.9 3.5 23.8
25.08.11 13:08 203.2 0.9 —35.8 1.034 35 3.9 24.0
25.08.11 17:42 202.2 1.0 —73.8 1.034 42 3.9 242
26.08.11 01:12 208.3 2.0 124.5 1.034 4.9 4.6 242
26.08.11 08:36 203.3 1.7 —88.1 1.034 4.9 43 24.0
26.08.11 13:45 204.3 0.2 -20.0 1.034 4.9 4.2 24.1
26.08.11 18:47 204.3 0.7 —87.2 1.034 4.0 3.9 243
27.08.11 01:57 206.0 0.8 127.3 1.034 42 4.1 243
27.08.11 08:57 202.6 2.3 -95.3 1.034 42 3.5 243
27.08.11 14:19 204.1 2.3 0.1 1.034 3.5 33 244

(BRIA, DUKI, HURM, UKTR) and 15 - 20 days at
ZMEY base station by two receivers TRIMBLE4700
type with MICROCENTERED antennas. We used hard
benchmarks to monument the network (Figure 8(b)).
Examples of observation curves are presented on Figures
8-10.

Horizontal velocity relative to YSSK permanent sta-

Copyright © 2013 SciRes.

tion for the period 2003-2006 is shown on Figure 8(c).
Anomalous motion is registered at Japanese islands (red
oval). South part of network and Zmey-station are shown
inside a orange oval. Small red point is the epicenter of
Nevelskoe earthquake 2/08/2007, M = 6.3. Big red point
is epicenter of Tohoku earthquake. G-gravity point,
Shults Cape (Gamov peninsula, 42.58°N, 131.15°E).
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Figure 6. Tidal model and absolute gravimeter data (Table
5).

ZMEY North Offset 5354933.811 m
rate(mm/y)=14.94 £ 0.35 nrms=6.02 wrms= 6.2 mm # 4

T T T

2008 2009 2010 2011 2012

ZMEY East Offset 10079356.324 m
rate(mm/yr)=20.60 + 0.34 nrms= 3.77 wrms=3.7 mm # 4

40 ' -

20

2008 2009 2010 2011 2012

ZMEY Up Offset 147 m
rate(mm/yr)=-1.53 + 1.16 nrms= 1.39 wrms= 4.8 mm # 4

T T T

10

2008 2009 2010 2011 2012

Figure 7. GPS results at Far East territory from 2007 to
2011 years. Position changes and coseismic jump for ZMEY
point.

4. Discussion and Conclusion

Connection gravity variation with height change may be
described as:

Ag(t):y-AZ(t)+§ %)
where: j-vertical gradient of gravity g, normal value
-3.08 x 10°° m/s%; AZ(t)—height change, &—error.

Subduction of Primorye region (Shults Cape) was in-
duced by Tohoku-Oki Megathrust. Preliminary result

Copyright © 2013 SciRes.

Figure 8. (a) GPS network at Far East of Russia; (b) Hard
installation into bed-rock for GPS antenna; (c) Horizontal
velocity relative YSSK, 2003-2006 yy.

BRIA North Offset 5798045.921 m
rate(mm/yr)=-16.34 + 0.81 nrms=2.86 wrms=7.4 mm # 4

-30¢ Sy

2008 2000 2010 2011 2012

BRIA East Offset 9297875.402 m
rate(mm/yr)= 19.10 + 0.81 nrms= 1.28 wrms=3.2 mm # 4

401

20f

2008 2009 2010 2011 2012

Figure 9. GPS results at Far East territory from 2007 to
2011 years. Position changes and coseismic jump for BRIA
point.

gravity change 5.1 microgal means 17 mm subsidence of
crust surface. A vertical subsidence of 8 mm was Regis-
tered at ZMEY point by GPS method. It is not clear if it
is regional or local. From other side, if we have deforma-
tion of a medium, the associated variation of g is given
by:

Ag = +2k pe,, H ©)

where: k—gravity constant, p—density of a medium, ¢,
—volumetric strain jump, H—thickness of a layer (earth
crust or lithosphere).

Strain measurements in two orthogonal directions on
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UKTR North Offset 5606025.965 m
wmean(mm)=5948.98 + 1.74 nrms= 8.46 wrms=20.8 mm # 2

20

(mm)

20108 20110 20112 20114 20116 20118
UKTR East Offset 9818977.318 m
wmean(mm)=7329.15 + 1.47 nrms= 7.76 wrms= 16.1 mm # 2

20}
10}
g
€
-10
20108 20110 20112 20114 20116 20118
UKTR Up Offset 254.628 m

Figure 10. GPS results at Far East territory from 2007 to
2011 years. Position changes and coseismic jump for UKTR
point, annual velocity 16 mm/y for N-direction and 20 mm/y
for E-direction (by model).

Shults Cape station.

the flat surface can be used to calculate areal, volumetric,
and vertical strain. For an isotropic medium we get:

& =g, +E, +E, Z(O'XX-FO'W)(I—ZV)/E

= (exx +gyy)(1—2v)/(1—v)
Eootumerie = (£ +6,,)(2/3) (if v=0.25) ®)

where, v is Poisson coefficient.

Level of regional deformation can be estimated by
GPS results (Table 1). We have 0.8 x 107 for EW
KULD-VANB line. For orthogonal NS DUKI-ARTM
line we have +1.7 x 107, We may estimate Volumetric

volumetric

(7

Copyright © 2013 SciRes.

dilatation at +1.7 x 107 level (Poisson coefficient v =
0.25). Gravity changes for lithosphere thickness (50 km,
100 km and 150 km) will be —0.1 microgal, —0.2 micro-
gal and —0.3 microgal (p = 3.5 x 10° kg/m’). It is negli-
gible with respect to subsidence effect. Observed gravity
variation is connected only with height change or with
tectonic plate level down.

Now gravity observation is continued at Shults Cape
station. Microg LaCoste&Romberg (gPhone, nl111) gra-
vimeter is used for the registration of tidal variation
(Figure 11). More precise tidal model will be calculated.
We hope to prepare better model for local gravity varia-
tion. GPS observation started at gravity point at the end
of August 2012 year.
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