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Abstract 

We have compared the observed gravity tidal loading in two sites, Cueva de los Verdes 

and National Park of Timanfaya, of the Geodynamics Laboratory of Lanzarote (Canary 

Islands) to the theoretically computed ocean loading effect. The study is focused on the 

main eight tidal constituents (Q1, O1, P1, K1, N2, M2, S2, and K2) and improvements 

have been achieved from two sides: On the one hand, the series of gravity measurements, 

carried out with LaCoste & Romberg G gravimeters, have been re-analyzed for this work 

using the capabilities of VAV program to attain higher precision in the estimation of the 

precision of the tidal parameters at both sites. On the other hand, we have increased the 

accuracy of the computed oceanic loads using six recent global ocean tide models 

(TPXO7.2, EOT11a, HAMTIDE, FES2004, GOT4.7 and AG2006) supplemented with the 

regional model CIAM2 for the surrounding waters of the Canaries. In general, the ocean 

tide loading calculations agree within 0.1 µGal and the observed loading keeps in a range 

of 0.2 to 0.3 µGal. Final residues reflect the uncertainty in the calibration of the 

gravimeters at both sites (at the level of 0.4%). High values of the residues found at 

Timanfaya site confirm the response of a porous, local, upper crust under the influence of 

tidal strain. 

 

1. Introduction 

Study of geodynamic phenomena related to height variations and/or subsurface mass 

distribution that, hence, disturbs the gravity field is nowadays being conducted in 

numerous research works. Slow and small gravity variations (e.g., from 1 to 10 µGal, 1 

µGal = 10
-8

 ms
-2

) can be produced as a consequence of the disturbance of the elasto-

gravitational equilibrium of the Earth (Riccardi et al., 2011). Particularly, investigations of 

elastic properties of the Earth’s crust and its dynamic are carried out using high-precision 
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gravity measurements at seismic/volcanic active areas. Then, the most accurate corrections 

for the effects that disturb those gravity measurements must be taken into account in order 

to detect other gravity signals related to seismic/volcanic activity. One of these disturbing 

effects is the ocean tidal loading (OTL). That is, in addition to the solid Earth tides the 

gravity records contain the oceanic tidal effects, namely, the Newtonian (direct 

gravitational) attraction of the tidal water mass and the gravity variations caused by the 

elastic deformation of the solid Earth produced by the water load. Besides, a redistribution 

of mass takes place within the Earth, which induces gravity changes (Baker and Bos, 

2003). 

The Geodynamics Laboratory of Lanzarote (LGL), Canary Islands, meets optimal 

conditions to observe and to analyze geodetic and geophysical parameters in a volcanic 

active area (Vieira et al., 1991). Among others (e.g., measurements of sea level, GPS, 

seismicity, meteorological data), large series of continuous gravity data (in its three 

observable components) are available from the LGL. These observations allow us to study, 

through residual gravity signals, underground mass redistributions that could be related 

with volcanic activity (Arnoso et al., 2001a; 2001b; Venedikov et al., 2006; Arnoso et al., 

2006; Arnoso et al., 2011). 

In this work, we have compared results from the analysis of tidal gravity measurements 

made in two observing sites of the LGL (Figure 1), Cueva de los Verdes (CV) and 

National Park of Timanfaya (TIM). The observations have been conducted using LaCoste 

& Romberg (LCR) model G gravimeters.  

 

 

 

Figure 1: Location of the gravity observing sites CV and TIM at Lanzarote Island. 

 

As well as ocean effects mentioned before, it is well known that atmospheric parameters 

(e.g., air temperature and humidity, air pressure) and instrumental drift affect continuously 
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recording of spring type gravimeters (e.g., El Wahabi et al., 2000; Carbone et al., 2003; 

Riccardi et al., 2008). Figure 2 shows an example of gravity variations observed at TIM 

station using the gravimeter LCR-G003. Apparent gravity changes of hundredths of µGal 

are present in the curve, which show a significant correlation with annual air temperature 

fluctuations. All these cited perturbations (atmospheric, oceanic, drift) should be carefully 

removed, together with the Earth tide signal, in order to attain high quality data for 

studying gravity signals coming from volcanic origin (for instance, gravity changes 

produced by density variations associated with magma ascent process before eruptions). 

 

 

 

Figure 2. (a) Observed gravity data at TIM station from January 2003 to December 2008. (b) 

Gravity residuals obtained after removing the theoretical tide, computed on the basis of DDW 

Earth model (Dehant et al, 1999) and the ocean tide loading. (c) Air temperature observed during 

same period of time. 

 

In the current work, and in order to correct more accurately the oceanic disturbing effect 

previously referred, we have computed the oceanic load using six global ocean tide models 

supplemented with the regional model that we developed recently for the Canaries, CIAM2 

(Arnoso et al. 2006, Benavent, 2011). More specifically, in Section 2, we compute the tidal 
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gravity loading using the formalism of Farrell (1972) and, also, we briefly outline the 

ocean tide models used in this study. Section 3 describes the continuous gravity 

observations made at Lanzarote Island and points out the results of the revisited tidal 

analysis of the gravity data, which were performed using the VAV program (Venedikov et 

al., 2003; 2005). Next, in Section 4, a comparison of the observed and the computed ocean 

load is done for the main tidal constituents (Q1, O1, P1, K1, N2, M2, S2, K2) through the 

different ocean tide models considered in this work. Gravimetric factors and phase lags 

corrected for the loading effect, together with the final residue vectors are presented for the 

observing sites CV and TIM. Finally, last Section is devoted to summarize the main results 

attained in this work. 

 

Table 1: Geographic coordinates of the observing sites, gravimeters used for the measurements and 

observation period. The number of effective days used for the tidal analysis is also listed. 

Station 
 Latitude 

(º N) 

Longitude  

(º W) 

Height 

(m) 

Distance to Sea 

(km) 

CV  29.1601 13.4411 37.0 1.3 

TIM  28.9995 13.7497 381.0 6.0 

  
Gravimeter 

Observation period 
Number of days 

  from to 

CV  LCR-G434 1990.01.01 1997.09.30 2622.6 

TIM  LCR-G003 2001.10.21 2009.04.27 2467.3 

 

2. Ocean tides loading computation 

Calculation of ocean tide loading (OTL) is carried out using the procedure of Farrell 

(1972). According to this method, the gravity tidal loading and attraction L, for each tidal 

constituent, is computed through the convolution integral between the loading Green’s 

function, G, and the ocean tides H, in the following form 

 

 wρ ' ' dΩL r H r G r r  [1] 

 

r and r’ being the position vectors (at the calculation point and at the ocean point that 

produces the load, respectively), w is the mean seawater density and Ω denotes the world 

ocean surface. Thus, the calculation involves, on the one hand, a reference Earth model 

and, on the other hand, a description of the ocean tides.  
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Commonly, the Earth models used are the Spherical, Non-Rotating perfectly Elastic and 

Isotropic models (SNREI). Due to the fact that the stations are located in a volcanic island 

with ocean crust and with an average Moho depth of some 15 km (Dañobeitia and Canales, 

2000), we have adopted the Gutenberg-Bullen average Earth model with an oceanic crust 

and mantle structure, top 1000 km, of Harkrider (1970) and the corresponding Green’s 

functions for the elastic deformation of the Earth’s surface tabulated by Farrell (1972). 

This gravity tidal loading Green’s function presents the following form 
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First term in equation [2] is the direct attraction of the load, having into account the 

elevation h of the calculation point above sea level, and the second term corresponds to the 

elastic effects arising from the Earth deformation. M, R and g0 are, respectively, the mass 

of the Earth, its mean radius and the gravity at the Earth’s surface.  is the angular distance 

between the calculation and the load points, Pn is the Legendre polynomial of degree n and 

'

nh  and 
'

nk  are the load Love numbers. 

The ocean tide models describe the spatial variation of the ocean mass as a direct response 

to the gravitational attraction of the Moon and Sun. Presently, highest resolution ocean tide 

models allow a more precise modeling of those loading effects for the main tidal 

constituents. Most recent models present a typical resolution of 0.5º up to 0.125º. In this 

study, we have considered the recently published models TPXO7.2 (Egbert and Erofeeva 

2002), HAMTIDE (Taguchi et al., 2011), FES2004 (Lyard et al., 2004), EOT11a 

(Savcenko and Bosch, 2010), GOT4.7 (Ray, 1999) and AG2006 (Andersen et al. 2006). 

The construction of models TPXO7.2, HAMTIDE and FES2004 is based on the data 

assimilation of satellite altimetry and tide gauges into a hydrodynamical model. Models 

EOT11a, GOT4.7 and AG2006 are purely empirical determined, and derived as long 

wavelength adjustment from altimetry measurements to existing models, specifically 

FES94.1 (Le Provost et al., 1994) and FES2004. For all six models, observations from 

satellites TOPEX/Poseidon (T/P), ERS-2, JASÓN-1/2, ENVISAT, GFO and GRACE 
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satellites are involved. Spatial resolutions are of 0.5º for AG2006 and GOT4.7, 0.25º for 

TPXO7.2, 0.125º for HAMTIDE, FES2004 and EOT11a. 

Complex coastal geometry and surrounding bathymetry, which characterize the large 

oceanic tidal values and their complex propagation pattern in the Canary Islands region, 

make necessary to supplement the above global oceanic models with the regional model 

CIAM2 (Arnoso et al., 2006; Benavent, 2011) in order to obtain more accurate loading 

computations. This model has a resolution of 5 minutes of arc and it was developed 

through the assimilation of T/P altimetry measurements and data from nine tide gauges 

located at different islands of the archipelago into a hydrodynamical model. 

 

2.1 Results of loading computations 

Table 2 shows the ocean tidal loading computations, L(L, ), at CV and TIM stations, 

for the six global ocean tide models supplemented with CIAM2 for 8 tidal constituents 

(Q1, O1, P1, K1, N2, M2, S2 and K2). The in-phase and out-of-phase components of these 

values are plotted in Figures 3 and 4. 

The ocean tides regime in the zone leads loading effects larger in the semidiurnal (SD) 

band than in the diurnal (D) one. The contribution of the regional model CIAM2 at CV 

station comprises about 40% of the total load for O1 wave and 47% for M2. Also at CV, 

the Newtonian part of the load represents about 32% for SD harmonic constituents and 

35% for D ones. At TIM station both values, the contribution of CIAM2 to the total OTL 

effect and the Newtonian component of the load, increase around 1% for all waves. This is 

due to the fact that TIM is located near the coast and at an altitude higher than the 

observing site CV, which increases the direct attraction of the ocean tide mass on the 

gravimeter. It must be noted that, for all waves, none of the global ocean models used in 

this study give more discrepant values than other at the two stations. 
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Table 2: Amplitudes (L) and phases ( ) of the ocean tidal loading effect computed based on six global ocean tidal models supplemented with the regional model CIAM2 at 

CV and TIM stations. Amplitudes are given in μGal and the phases, in degree, are local with lags negative. 

  Q1 O1 P1 K1 N2 M2 S2 K2 

 CIAM2 + L λ L λ L λ L λ L λ L λ L λ L λ 

CV 

AG2006 0.23 -42.29 0.71 -94.16 0.24 156.25 0.82 148.10 1.75 177.26 8.59 164.07 3.42 143.27 0.90 144.90 

FES2004 0.20 -49.40 0.69 -97.92 0.23 152.87 0.80 150.43 1.76 177.20 8.62 163.93 3.33 142.12 0.85 142.19 

GOT4.7 0.22 -42.65 0.68 -95.86 0.22 152.29 0.81 147.63 1.73 176.63 8.55 163.83 3.40 141.96 0.88 145.55 

TPXO7.2 0.26 -42.21 0.68 -94.89 0.21 154.91 0.81 148.75 1.84 177.59 8.62 164.06 3.35 141.99 0.93 145.57 

EOT11 0.25 -44.02 0.70 -96.48 0.21 157.90 0.80 149.48 1.87 177.28 8.60 163.90 3.34 141.95 0.93 144.88 

HAMTIDE 0.22 -47.12 0.66 -97.04 0.22 148.18 0.82 148.54 1.85 177.26 8.58 163.83 3.32 142.11 0.90 142.94 

 Mean 
0.23 

±0.02 

-44.62 

±2.99 

0.69 

±0.02 

-96.06 

±1.39 

0.22 

±0.01 

153.73 

±3.43 

0.81 

±0.01 

148.82 

±1.01 

1.80 

±0.06 

177.20 

±0.31 

8.59 

±0.03 

163.94 

±0.11 

3.36 

±0.04 

142.23 

±0.51 

0.90 

±0.03 

144.34 

±1.42 

TIM 

AG2006 0.24 -45.51 0.70 -93.36 0.25 157.90 0.82 148.14 1.83 179.09 8.36 165.90 3.37 144.97 0.95 146.99 

FES2004 0.22 -52.50 0.69 -97.10 0.24 154.88 0.79 150.46 1.84 179.04 8.39 165.76 3.28 143.82 0.89 144.57 

GOT4.7 0.23 -45.87 0.67 -95.03 0.23 154.29 0.81 147.63 1.80 178.50 8.31 165.66 3.35 143.64 0.92 147.66 

TPXO7.2 0.25 -45.99 0.68 -94.08 0.22 157.16 0.80 148.77 1.80 178.84 8.39 165.89 3.29 143.70 0.91 147.38 

EOT11 0.24 -47.95 0.70 -95.67 0.21 160.17 0.80 149.42 1.82 178.52 8.37 165.73 3.28 143.66 0.91 146.70 

HAMTIDE 0.22 -51.43 0.66 -96.20 0.22 150.62 0.81 148.48 1.81 178.49 8.35 165.66 3.26 143.82 0.88 144.81 

 Mean 
0.23 

±0.01 

-48.21 

±3.05 

0.68 

±0.02 

-95.24 

±1.38 

0.23 

±0.02 

155.84 

±3.33 

0.81 

±0.01 

148.82 

±1.01 

1.81 

±0.02 

178.75 

±0.28 

8.36 

±0.03 

165.77 

±0.11 

3.31 

±0.04 

143.94 

±0.51 

0.91 

±0.02 

146.35 

±1.33 
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3. Continuous gravity observations 

We have used tidal gravity measurements made at two stations in Lanzarote Island. 

Both stations belong to the Geodynamics Laboratory of Lanzarote (LGL) (Vieira et al., 

1991) and are 35 km distant. Cueva de los Verdes station (CV) is located inside the lava 

tunnel of La Corona volcano to the northeast of the island, at 37 meters above the sea 

level and 1.3 km distant to the nearest coast (Figure 1, Table 1). Timanfaya station 

(TIM) is placed inside the National Park of Timanfaya, located at the southwest of the 

island right above the largest heat flow anomaly in the zone (Arnoso et al., 2001a).  

In both cases, the gravity measurements were carried out using LCR model G 

gravimeters. Data from LCR number 434, for a period of seven years (from January 

1990 to September 1997) were analyzed at CV station. In the case of TIM station, data 

from LCR number 003 were used from October 2001 to April 2009 (seven years). It 

must be noted here that previous to these measurements, other LCR model G 

gravimeter, the number 336, was recording at TIM station from February 1993 to 

August 1996. All gravimeters were equipped with electrostatic feedback system (Van 

Ruymbeke, 1985) that was periodically calibrated by means of the gravimeter screw. 

The stability of the feedback was obtained with a discrepancy of 0.4% for both 

gravimeters. Thus, the precision and accuracy after careful calibration of the LCR 

gravimeter are around 0.1 Gal (Baker et al., 1989). For the normalization factors 

(determined with a scale accuracy of 0.03% and 0.2º for the phase delay), we have used 

tidal observations carried out with other gravimeters, which were operating at these 

stations and that have been calibrated to the Brussels standard (see Arnoso et al., 2011). 

 

4. Tidal analysis and discussion of results 

The tidal analysis were evaluated by the least squares harmonic analysis method with 

the program VAV (Venedikov et al., 2003, 2005) using the tidal potential of Tamura 

(1987). A special option of VAV to find anomalous data during the analysis process 

was used, which allow us to increase the precision of the estimation of the tidal 

parameters by selecting a level of significance and comparing the corresponding 

residuals of the least squares adjustment through successive iterations. 

The results of the tidal harmonic analysis from the two stations for the 8 main tidal 

waves are shown in Table 3. In the case of station TIM, the mean square deviations of 

the gravimetric factors are three times lower than values previously published in Arnoso 

et al. (2001a). Same ratio is found for the errors in the observed phases, being the mean 
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square deviations about 0.09 degrees at the most, for the main harmonic constituents. In 

the case of station CV we simply update the last values found in Arnoso et al. (2011). It 

is important to note the discrepancy between the main constituents M2 and O1 at the 

respective observing sites. For M2, the tidal analysis yields a difference of 1% in the 

amplitude factor and 0.3 degree in the phase lead between both stations. For O1, their 

respective amplitude factors differ about 1.8%, whereas the difference in the phase lag 

is 0.1 degree. These differences mentioned here will be studied with more detail in next 

sections. 

 

Table 3: Observed amplitudes (A), gravimetric factors ( ) and phase differences ( ) of the main 

diurnal and semi-diurnal tidal waves in CV and TIM. The observed amplitude (B) and phase ( ) 

of the tidal residual vector computed from DDW Earth model are shown. Amplitudes are given 

in μGal and phases (lags negative), in degree, with respect to the local theoretical gravity tide. 

 CV  TIM 

 A δ α B β  A δ α B β 

Q1 
6.02 

±0.02 

1.1901 

±0.0035 

-1.892 

±0.167 

0.27 

±0.03 

-48.08 

±0.17 

 5.91 

±0.02 

1.1733 

±0.0038 

-1.771 

±0.186 

0.21 

±0.03 

-62.889 

±0.19 

O1 
30.44 

0.02 

1.1526 

0.0007 

-1.567 

0.035 

0.83 

±0.04 

-93.641 

±0.04 

 29.90 

±0.02 

1.1363 

±0.0007 

-1.527 

±0.038 

0.93 

±0.04 

-121.073 

±0.04 

P1 
13.97 

±0.02 

1.1368 

±0.0014 

-0.162 

±0.071 

0.16 

±0.03 

-165.509 

±0.07 

 14.26 

±0.02 

1.1644 

±0.0018 

0.627 

±0.088 

0.24 

±0.03 

40.164 

±0.09 

K1 
41.38 

0.02 

1.1142 

0.0005 

0.263 

0.024 

0.74 

±0.05 

165.061 

±0.02 

 41.20 

±0.02 

1.1132 

±0.0005 

0.085 

±0.028 

0.75 

±0.05 

175.308 

±0.03 

N2 
10.89 

±0.01 

0.9934 

±0.0012 

0.114 

±0.070 

1.85 

±0.02 

179.327 

±0.07 

 10.74 

±0.01 

0.9771 

±0.0012 

-0.042 

±0.070 

2.03 

±0.02 

-179.778 

±0.07 

M2 
58.05 

0.01 

1.0143 

0.0002 

2.230 

0.024 

8.78 

±0.07 

165.092 

±0.02 

 57.40 

±0.01 

0.9998 

±0.0002 

1.797 

±0.013 

9.50 

±0.07 

169.081 

±0.01 

S2 
28.42 

0.01 

1.0672 

0.0005 

4.018 

0.028 

3.27 

±0.03 

142.428 

±0.03 

 28.59 

±0.01 

1.0702 

±0.0005 

5.148 

±0.025 

3.62 

±0.03 

134.931 

±0.03 

K2 
76.51 

±0.01 

1.0569 

±0.0019 

3.501 

±0.105 

0.90 

±0.02 

148.867 

±0.10 

 7.56 

±0.01 

1.0415 

±0.0014 

3.853 

±0.078 

1.03 

±0.02 

150.291 

±0.08 

 

Figures 3 and 4 show for CV and TIM stations, respectively, the observed tidal 

residuals B(B,β), together with the computed OTL values, L(L,λ), in terms of their 

corresponding in-phase and out-of-phase projections. These residuals vectors are 

obtained by subtracting the inelastic Earth’s body tide response from the observed 

value. The errors bars around the observed values indicate one standard deviation of the 

tidal analysis and the circles the uncertainty in the calibration. At both stations, an 
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uncertainty in the calibration of 0.4% based on the variations observed over time 

between the mechanical dial of the instrument and the feedback system was found. 

At CV station, the in-phase component of the computed load agrees with the observed 

one, within the errors of the last one, for all harmonic constituents excepting for M2 

wave. In this case, the discrepancy is less than 0.2 Gal (that is, within the errors in the 

calculation of the OTL effect). Discrepancies between the computed and the observed 

loads for the out-of-phase component at this station are less than 0.2 Gal for all waves 

(again within the errors of the computed OTL). However, at TIM station we found 

several discrepancies between the computed and the observed OTL effect that must be 

pointed out. For the in-phase component, the discrepancies are of 0.4 Gal for O1 and 

P1 waves, and attain a value of 1.5 Gal for M2 wave. With respect to the out-of-phase 

component the most significant discrepancies are found for K1 (  0.4 Gal) and S2 (  

0.6 Gal) waves. 

 

4.1 Corrected gravimetric factors and phases 

Table 4 shows the observed gravimetric factors and phases corrected for OTL effect 

for the eight tidal waves, using the six global ocean tide models considered here, 

supplemented with the regional model CIAM2, at CV and TIM stations.  

At both stations, the theoretical model DDW (Dehant et al., 1999) takes the value of 

1.1618 for SD harmonic constituents, 1.1542 for Q1 and O1 waves, 1.1492 for P1 and, 

finally, 1.1334 for K1. At CV, the corrected gravimetric factors for the main wave M2 

are in the range of 1.1569 (GOT4.7) – 1.1583 (FES2004 and TPXO7.2), which lead a 

maximum discrepancy of 0.42% with the DDW model. For O1, the corrected 

gravimetric factors are in the range of 1.1541 (AG2006) – 1.1558 (FES2004) that 

results in a maximum discrepancy of 0.14%. At TIM station, the corrected gravimetric 

factors for the main wave M2 are in the range of 1.1396 (GOT4.7) – 1.1410 (AG2006), 

resulting a maximum discrepancy of 1.91% with the DDW model. For O1, the corrected 

gravimetric factors are in the range of 1.1392 (FES2004) – 1.1375 (1.44%), and a 

maximum discrepancy of 1.44% with DDW model is obtained.  

For all harmonic constituents at the two stations, there is no practically difference in the 

results for the six global oceanic models when they are supplemented with CIAM2. 

Nevertheless, it can be noted that model EOT11a has the most regular behavior. 
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Figure 3: Phasor diagrams of the observed tidal gravity residuals, computed for the DDW inelastic (crosses) Earth model, and the ocean tide loading calculations for the 

eight tidal constituents, based on six global oceanic models supplemented with the regional model CIAM2 for the Canaries, at CV station. The error bars were estimated by 

program VAV in the tidal analysis process. Ordinates and abscises axes, given in μGal, represent the out-of-phase and in-phase components, respectively. Circles denote 

the uncertainty in the calibration of the gravimeter. 
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Figure 4: Same as Fig. 3 but for TIM station. 
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Table 4: Observed gravimetric factors, 
c
, and phases differences (in degree, local), 

c
, corrected from ocean tide loading and attraction effects, on the basis of 

six global oceanic models supplemented with the regional model CIAM2 for the Canaries, for eight harmonic constituents at CV and TIM stations. The 

amplitude factors of DDW inelastic model (Dehant et al., 1999) are given for comparison. 

    AG2006 FES2004 GOT4.7 TPXO7.2 EOT11a HAMTIDE 

  DDW  δ
C
 α

C
 δ

C
 α

C
 δ

C
 α

C
 δ

C
 α

C
 δ

C
 α

C
 δ

C
 α

C
 

CV 

Q1 1.1542  1.1560 -0.436 1.1632 -0.427 1.1571 -0.469 1.1521 -0.270 1.1546 -0.279 1.1596 -0.351 

O1 1.1542  1.1541 -0.238 1.1558 -0.274 1.1548 -0.301 1.1544 -0.291 1.1552 -0.259 1.1553 -0.328 

P1 1.1492  1.1545 -0.544 1.1535 -0.583 1.1526 -0.571 1.1525 -0.525 1.1526 -0.477 1.1518 -0.621 

K1 1.1334  1.1330 -0.333 1.1328 -0.276 1.1326 -0.333 1.1328 -0.312 1.1328 -0.296 1.1330 -0.322 

N2 1.1618  1.1530 -0.281 1.1539 -0.291 1.1509 -0.364 1.1612 -0.251 1.1634 -0.300 1.1623 -0.302 

M2 1.1618  1.1579 -0.087 1.1583 -0.110 1.1569 -0.105 1.1583 -0.094 1.1580 -0.110 1.1576 -0.114 

S2 1.1618  1.1676 -0.103 1.1634 -0.104 1.1652 -0.195 1.1637 -0.131 1.1634 -0.126 1.1629 -0.084 

K2 1.1618  1.1570 -0.354 1.1478 -0.373 1.1551 -0.208 1.1610 -0.403 1.1600 -0.464 1.1541 -0.510 

TIM 

Q1 1.1542  1.1394 -0.114 1.1466 -0.110 1.1404 -0.150 1.1378 -0.006 1.1403 -0.015 1.1453 -0.091 

O1 1.1542  1.1375 -0.179 1.1392 -0.214 1.1382 -0.243 1.1378 -0.233 1.1385 -0.201 1.1386 -0.270 

P1 1.1492  1.1833 0.244 1.1824 0.207 1.1815 0.217 1.1806 0.285 1.1807 0.333 1.1799 0.193 

K1 1.1334  1.1321 -0.508 1.1319 -0.451 1.1317 -0.508 1.1319 -0.487 1.1319 -0.473 1.1320 -0.498 

N2 1.1618  1.1432 -0.169 1.1442 -0.176 1.1412 -0.252 1.1404 -0.203 1.1427 -0.251 1.1415 -0.253 

M2 1.1618  1.1405 -0.207 1.1409 -0.231 1.1396 -0.227 1.1410 -0.214 1.1406 -0.231 1.1402 -0.235 

S2 1.1618  1.1694 1.161 1.1653 1.159 1.1671 1.069 1.1655 1.135 1.1653 1.139 1.1648 1.178 

K2 1.1618  1.1483 -0.047 1.1395 -0.073 1.1466 0.095 1.1452 0.106 1.1442 0.049 1.1386 -0.007 
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4.2 Final residues 

We have also computed the final residue vector, X(X,χ), defined as the difference 

between the observed tidal residual and the computed OTL values (X = B - L) for the main 

tidal waves at the two stations. The results are graphically represented as phasor plots 

(components in-phase, Xcos , and out-of-phase, Xsin , with respect to the local 

theoretical gravity tide) in Fig. 5 for CV station and Fig. 6 for TIM station. In terms of 

absolute value at both stations, we found that for all tidal waves the out-of-phase 

component (which should provide indication of instrumental noise or unmodeled tides if 

has value higher than 0.20 Gal, Melchior, 1995) is not larger than 0.2 Gal, except for S2 

wave at TIM station ( 0.7 Gal) and for K1 wave at CV (less than 0.3 Gal). At TIM 

station, the in-phase component of the final residue vector (that is thought to be sensitive to 

regional Earth’s crust response) presents high absolute values for diurnal and semidiurnal 

waves, attaining up to 0.5 Gal for O1and up to 1.2 Gal for M2. Despite these high 

values, the results improve significantly the previous one at TIM station (e.g., Arnoso et 

al., 2001a) where the in-phase component was within a range of 1.8 µGal for M2 wave and 

1.6 for O1 wave. At CV station, the highest absolute value for the in-phase component of 

the residue is only of some 0.2-0.3 Gal for M2 wave. Again, this result improves 

significantly the previous one at station CV where the in-phase component was in a range 

of 0.7 µGal.  

As it was stated by Arnoso et al. (2001a) using the gravimeter LCR-G336 at Timanfaya 

station, the tidal signal observed now with LCR-G003 is similarly affected by strain 

coupling effects and crustal inhomogeneities of the area of study (in fact, the station it is 

located above the main heat flow anomaly of the island). Thus, using new gravimetric tide 

measurements made with other gravimeter and computing new and more accurate ocean 

tide loading values for this station, the results do not differ from those of 2001. That is, we 

observe again negative and equally large anomalies at the cosine component of the 

residuals, for the main tidal constituents O1 and M2. Also, because the election of an Earth 

model does not change the results of loading computations (i.e., other Green functions here 

different to Gutenberg-Bullen could produce differences of less than hundredth of µGal), 

this fact can be related with local features at the upper crust and suggesting a measurable 

upper tidal response (Robinson 1989; 1991). Then, same reasoning as in Arnoso et al. 

(2001) could be given here, indicating that such effect seems to be consistent with a porous 

or cavity filled, local, upper crust under the influence of tidal strain.  
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Figure 5: Vector plot showing the final residue vector for the main 8 tidal constituents, based on 

six global oceanic models supplemented with the regional model CIAM2, at CV station. Phases of 

the vectors are local (Note that scales are different for each tidal constituent). 
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Figure 6: Same as Fig. 5 at TIM station (Note that scales are different for each tidal constituent). 
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Concerning the global ocean tide models, we observe that when they are supplemented 

with the regional model CIAM2, none of them is most suitable than other for modeling the 

ocean-tide loading at CV and TIM stations, and the corresponding loading calculations 

agree within 0.1 µGal for most of the harmonic constituents. 

 

5. Conclusions 

We have updated tidal gravity parameters from observations made at two sites of the LGL. 

The result obtained for station TIM is the most important of this study because it shows an 

improvement of the precision about three times better than previously published in Arnoso 

et al. (2001a) after a suitable reduction of outliers. In both observing sites, CV and TIM, 

the theoretical body tide is observed now with accuracy of some 0.4-0.5%, due to the 

prevailing uncertainties of the tidal analysis and of the gravimeter’s calibration. 

Results of ocean tides loading calculations reflect substantial improvements with respect to 

previous studies carried on at the Geodynamics Laboratory of Lanzarote. Thus, by using 

six recent global ocean models supplemented with the regional model CIAM2, we have 

computed more accurate tidal loading corrections for the gravimetric factors and phases of 

eight harmonic constituents at both observing sites. 

Studies of gravimetric tides carried on in the LGL can be used to investigate the elastic 

properties of the Earth’ crust. As it was put forwarded in Arnoso et al. (2001a) and 

sustained here in the case of Timanfaya site, at a local scale the tidal response can be 

affected by the upper structure of the crust. However, the accuracy in the gravimeter 

calibration (0.4%) limits us to explain the differences found in the response to body tides. 

More theoretical studies and higher quality gravity observations (that is, by improving the 

gravimeter’s sensitivity and the modeling of the long term instrumental drift) are necessary 

to keep analyzing the relation between tidal gravity anomalies and mechanical properties 

of the crust.  

 

AKNOWLEDGEMENTS 

This research was partly funded by projects CGL2007-65110/BTE of Spanish Ministry of 

Science and Innovation, GR58/08-A (BSCH-UCM) of Program of Research Groups of 

University Complutense of Madrid and project VULMAC-MAC/2.3/A7. We are greatly 

indebted to Cabildo Insular de Lanzarote and Casa de los Volcanes for facilitating our 

research activities in this island. 

 



18 

 

REFERENCES 

Andersen, O.B., Egbert, G.D., Erofeeva, S.Y., and Ray, R.D., 2006. Non-linear tides in 

shallow water regions from multi-mission satellite altimetry. AGU WPGM meeting, 

Beijing, China, July, 2006. 

Arnoso, J., Fernández, J., and Vieira, R., 2001a. Interpretation of tidal gravity anomalies in 

Lanzarote, Canary Islands. J. Geodyn., 31, 341-354. 

Arnoso, J., Vieira, R., Vélez, E., Cai, W., Tan, S., Jiang, J. and Venedikov, A.P., 2001b. 

Monitoring tidal and non-tidal variations in Lanzarote Island (Spain). J. Geodetic Soc. 

Jpn. 47 (1), 456–462 

Arnoso, J., Benavent, M., Ducarme, B., and Montesinos, F.G., 2006. A new ocean tide 

loading model in the Canary Islands region. J. Geodyn., 41, 100-111. 

doi:10.1016/j.jog.2005.08.034. 

Arnoso, J., Benavent, M., Bos, M.S, Montesinos, F.G., and Vieira, R., 2011. Verifying the 

body tide at the Canary Islands using tidal gravimetry observations. J. Geodyn., 51, 

358-365. doi:10.1016/j.jog.2010.10.004. 

Baker, T.F., and Bos, M.S., 2003. Validating Earth and ocean tidal models using tidal 

gravity measurements, Geophys. J. Int., 152, 468-485. 

Baker, T.F., Edge, R.J., and Jeffries, G., 1989. European tidal gravity: an improved 

agreement between observations and models. Geophys. Res. Lett., 16, 1109-1112. 

Benavent, M., 2011. Estudio metodológico del efecto oceánico indirecto y desarrollo de 

modelos de carga oceánica. Aplicaciones geodésicas para la Península Ibérica y 

Canarias. Tesis doctoral, Univ. Complutense. Madrid. ISBN: 978-84-694-3115-3. 

Carbone, D., Budetta, G., Greco, F., and Rymer, H. 2003. Combined discrete and 

continuous gravity observations at Mount Etna. J. Volcanol. Geotherm. Res., 123, 123-

135 

Dañobeitia, J.J., and Canales, J.P., 2000. Magmatic underplating in the Canary 

Archipelago. J. Volcanol.. Geother. Res., 103, 27-41. 

Dehant, V., Defraigne, P., and Wahr, J.M., 1999. Tides for a convective Earth. J. Geophys. 

Res., 104 (B1), 1035-1058. 

Egbert, G.D., and S.Y. Erofeeva, 2002. Efficient inverse modelling of barotropic ocean 

tides. J. Atmos. Oceanic Technol., 19 (2), 183-204. 

El Wahabi, A., Dittfeld, H.J., and Simon, Z., 2000. Meteorological influence on tidal 

gravimeter drift. Bull. d’Inf. Marees Terr., 133, 10403-10414. 



19 

 

Farrell, W.E., 1972. Deformation of the Earth by surface loads. Rev. Geophys. Space 

Phys., 10, 761-797. 

Harkrider, D., 1970. Surface waves in multilayered elastic media (2): higher mode spectra 

and spectral ratios from point sources in plane-layered earth models, Bull. Seismo. Soc. 

Amer., 60, 1937. 

Le Provost, C., Genco, M.L., Lyard, F., Vincent, P., and Canceil, P., 1994. Spectroscopy of 

the World ocean tides from a finite-element hydrodynamic model. J. Geophys. Res., 99 

(C12), 24777-24797. 

Lyard, F. Lefevre, F., Letellier, T., and Francis, O., 2004. Modelling the global ocean tides: 

modern insights from FES2004. Ocean Dyn., 56, 394-415. 

Melchior, P., 1995. A continuing discussion about the correlation of tidal gravity 

anomalies and heat flow densities. Phys Earth Planet. Inter., 88, 223-256.  

Ray, R.D., 1999. A global ocean tide model from TOPEX/POSEIDON altimetry: 

GOT99.2. NASA Tech. Memo 209478, 58pp., Sept, 1999. 

Riccardi, U., Berrino, G., Corrado, G., and Hinderer, J., 2008. Strategies in the processing 

and analysis of continuous gravity record in active volcanic areas: the case of Mt. 

Vesuvius. Ann. Geophys., 51 (1), 67-85. 

Riccardi, U., Rosat, S. and Hinderer, J., 2011. Comparison of the Micro-g LaCoste 

gPhone-054 spring gravimeter and the GWR-C026 superconducting gravimeter in 

Strasbourg (France) using a 300-day time series. Metrologia, 48, 28–39. 

Robinson, E.S., 1989. Tidal gravity, heat flow, and the upper crust. Phys Earth Planet. 

Inter., 56, 181–185. 

Robinson, E.S., 1991. Correlation of tidal gravity and heat flow in eastern North America. 

Phys Earth Planet. Inter., 67, 231–236. 

Savcenko, R., and Bosch, W., 2010. EOT10a – a new global tide model from multi-

mission altimetry. Geophys. Res. Abs., 12, EGU2010-9624, EGU General Assembly, 

2010. 

Taguchi, E., Stammer, D., and W. Zahel, 2011. Inferring deep ocean tidal energy 

dissipation from the global high-resolution data-assimilative HAMTIDE model 

(submitted to J. Geophys. Res.).  

Tamura, Y. 1987. A harmonic development of the tide-generating potential. Bull. d’Inf. 

Marées Terrestres, 99, 6813-6855. 

Venedikov, A.P., Arnoso, J., and Vieira, R., 2003. VAV: a program for tidal data 

processing. Comput. Geosci., 29, 487-502. 



20 

 

Venedikov, A.P., Arnoso, J., and Vieira, R., 2005. New version of program VAV for tidal 

data processing. Comput. Geosci., 31, 667-669. 

Venedikov, A.P., Arnoso, J., Cai, W., Vieira, R., Tan, S. and Vélez, EJ., 2006. Separation 

of the long-term thermal effects from the strain measurements in the Geodynamics 

Laboratory of Lanzarote. J. of Geodyn., 41, 213-220. 

Vieira, R., Van Ruymbeke, M., Fernández, J., Arnoso, J., and Toro, C., 1991. The 

Lanzarote underground laboratory. Cahiers du Centre Européen de Géodynamique et de 

Séismologie, 4, 71-86.  

Van Ruymbeke, M., 1985. Transformation of nine LaCoste-Romberg gravimeters in 

feedback system. Bull. Inf. Marées Terrestres, 93, 6202-6228. 

 


