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Mapping the geoid for Iberia and the Macaronesian Islands using multi-

sensor gravity data and the GRACE geopotential model

J. Catalah M. J. Sevilld

! University of Lisbon, Faculty of Sciences, IDL, LAEX, Lisbon, jcfernandes@fc.ul.pt

?|nstituto de Astronomia y Geodesia, UCM-CSIC, Mdgdsevilla@mat.ucm.es

Abstract

A new gravimetric geoid model (ICAGMO07) has beetedmined for the North-East Atlantic Ocean,
Iberia, and the Macaronesian Islands using mutissegravity data and a GRACE derived Earth
geopotential model. A high resolution gravity mqgdkdtermined using least squares optimal
interpolation of marine, land, and satellite dediggavity anomalies, was used to resolve the medium
and short wavelengths of the geoid. Long wavelengththe geoid were provided by the GRACE
derived Earth geopotential model. The topograptieces were computed in the spectral domain
using a high resolution (100 m) digital terrain rabderived from SRTM mission data and
cartographic charts. The remove-restore technicaseused to compute the geoid model on a 1.5 arc
minute grid, and the residual geoid height was agtegbusing spherical FFT and a modified Stokes’
kernel. The effects of different Earth tide modaisthe geoid were computed and analyzed.
Comparison over the sea with an oceanographic gegamined from CLS01 MSSH and Rio05
MDT vyield a relative accuracy of 8 cm, with larghfferences close to the shoreline. Over land,
comparisons with 1646 GPS/levelling marks indieateverall precision of 8-10 cm and relative
vertical datum offsets of up to 2 m. This new gaoiadel represents a significant improvement over
existing geoid models, with a homogeneous relabairacy of 8-10 cm over both marine and land
areas, and exposes the inaccuracies of local &keditums as references for studies of vertical

deformation.
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1. Introduction

The Iberia-Canary-Azores (ICA) gravity and geoiddebis a project being undertaken by Iberian
countries and is aimed at determining a high pi@tigeoid model for Iberia, the Macaronesian
Islands (Azores, Canary, and Madeira), and thetNBest Atlantic. The main purpose of constructing
this geoid surface is to enable connections to &genbetween the various different vertical refeeenc
systems in Iberia, the Azores, and Canary Islaadd, also to establish the geoid as the reference
surface for real time kinematics positioning withthis geographic area. Further, this geoid model
should be able to be used to recover dynamic s#acsutopography from satellite altimetry and

thereby to derive oceanic circulation.

The ICA is a vast area extending from the mid-Aiarridge to the Balearic Islands in the
Mediterranean Sea and from the Pyrenees to ther€Carehipelago (Fig.1). It is a heterogeneous area,
of which more than 70% is covered by sea, and deduthe continental areas of Iberia and North
Africa and three archipelagos with a total of 2@ansgls. The ICA is also a very dynamic area
characterised by ongoing tectonic and volcaniovégtihigh gravity amplitudes and gradients, and a
geoid gradient of about 10 m/degree on the AfricaaBian Plate boundary segment of south Portugal-

Gibraltar Strait (Miranda et al. 1998).

The need for accurate geoid models has been dow&PS users for ellipsoidal to orthometric height

conversion aimed at the replacement of time-consgnevelling procedures. The geoid issue has

attracted the interest of various national mappiggncies and of the geo-information community, and

specific projects related to geoid computation hdee=n implemented. Examples include: the

densification of gravity measurements using landvesys or airborne surveys in remote areas
2
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(Forsberg et al. 2000; Kern et al. 2003; Hwangle2@07; Scheinert et. al 2007); the investment in
dedicated satellite gravity missions CHAMP (Reigberl. 2002) and GRACE (Tapley et al. 2005),
and in global high-resolution DTMs (Digital Terraiodels) derived from the SRTM (Shuttle Radar
Topography Mission) (Bamler 1999); and the develepnof new methods and techniques for geoid
computation (Gitlein et al. 2004; Schmidt and Kues@®05; Serpas and Jekeli 2005; Sjoberg 2005;

Klees et al. 2007; Prutkin and Klees 2007).

As a result, several regional geoid models haven laetermined for various land masses including
Australia (Featherstone et al. 2001), Canada (featiog et al. 2000), Europe (Denker et al. 2005),
Iran (Kiamehr 2006), Japan (Kuroishi et al. 200Ripraltar Strait (Sevilla 1997), and USA (Smith
and Milbert 1999). Also, some geoid models, inahgdihe Artic geoid (Forsberg and Skourup 2005;
Knudsen et al. 2006) and the Atlantic geoid (Fedearet al. 2000; Vergos and Sideris 2003; Forsberg
et al. 2004), have been determined for marine amadshave been more focused on oceanographic

issues.

The explicit separation between marine and landdgemodels is based on practical rather than
conceptual (or theoretical) considerations, beigivated mainly by the use/application of the model

It is not usual to have geoid models covering land marine areas with high (sub-decimetre) and
homogeneous accuracy over both domains (Tziavak 8005; Vergos et al. 2005). The main reason
for this is that there are specific difficultiesasiated with the land/sea transition, relatedoesly to

the lack of offshore gravity and bathymetry datasatellite altimetry data degradation (Rodriguez-

Velasco et al. 2002; Fernandes et al. 2006), disimontinuities in topographic/bathymetric datalsase

Therefore, the main purpose of this paper is toesfdthe problems associated with the determination
of a geoid model for land and marine areas, wighkand homogeneous accuracy for both domains,
with particular respect to the ICA area. A geoiddelowas first computed for the ICA area by Catalédo

and Sevilla (1998) with sparse marine gravity datel rough DTMs using the remove-restore
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technique, and the geoid was estimated by leastregcollocation. Other gravimetric geoid solutions
have been attempted by Fernandes et al. (200@hdéoAzores area and Arabelos et al. (1999) for the
Iberian coast, both using FFT techniques. Sevetatrostudies have considered, respectively, the
effect of bathymetry on the estimation of the gg@dtaldo and Sevilla 1999), satellite altimetryada
processing (Fernandes et al. 2006), the adjustamehtvalidation of marine gravity data (Cataldo and
Sevilla 2004), the merging of multi-source gravigta (Cataldo 2006), and the effect of mass density

on the estimation of the geoid (Cataldo and Bos8p00

In this study, a new gravimetric solution for ti@Al area is computed by means of spherical FFT with
state-of-the-art data validation and treatment ouwdh using updated heterogeneous data (measured
marine and land gravity, and satellite derived aalgs). Recently released geopotential models based
on geopotential missions (CHAMP and GRACE) and @bagl DTM from the SRTM mission are
incorporated into the ICA geoid model. The Earithetimodel is discussed and its impact on the
comparisons evaluated. The resulting geoid surf@®mpared over sea with the CLS01 mean sea
surface and the Rio05 mean dynamic topography (MRAJ over land with 1646 GPS/levelling

points from 14 different vertical datums.

2. Data compilation

2.1 Land and marine gravity data

A concerted effort was made to compile all grawetyservations made in the geographic area of
interest. For that purpose, a gravity databasesesp using a GIS (Geographic Information System).
The database included absolute and relative (baotd Bnd marine) gravity observations collected
from a large variety of data sources (includingrfrpublic institutions, private organisations, and

universities) and from different measuring instramse Within the GIS the visual validation was

simplified by using simple queries to the datahaseg native SQL language.
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Land data were supplied primarily by IGP (Instit@Geogréafico Portugués), IGN (Instituto Geogréfico

Nacional, Spain), and IAG (Instituto de AstronomjiaGeodesia, Spain). In addition, data were
available from six absolute gravity stations (Fr€&aial, S. Miguel, Mertola, Gaia, and Madrid).

Details concerning data acquisition and validafimnthe Iberian Peninsula can be found in Kol and
Vasconcelos (2000) and in Sevilla et al. (19974 & the Azores archipelago can be found in
Cataldo and Bos (2008). The observation errorddiod data were estimated to be 0.5 mGal for
gravity and better than 10 cm for the height of sketion. The gravity surveys have generally been

tied to both the first-order gravity network aneé tevelling network.

Marine gravity data were supplied by the NGDC (biaéil Geophysical Data Centre, USA, GEODAS
data, Version 4.1.18), and cover an area with ¢flewing limits: 20°$<50°,40°W<4<10°W. Most

of the data were acquired from institutions in thA, in the United Kingdom, and in France during
the period from 1970 to 2005. This data bank wagaved with a gravimetric campaign held in 1997
under the scope of the PDIC/C/Mar project (Fernaneleal. 1998) and the AGMASCO project
(Timmen et al. 2002). The complete data set usehlisnstudy, obtained from a simple merge of data
files, was cleaned from repeated missions recondelifferent data banks, and resulted in a data set

containing 856141 data points and 824 tracks.

Track bias was determined through a global weiglaigidstment of the external COE (Cross Over

Error) (Cataldo and Sevilla 2004). After the adjustt, the standard deviation of the COEs reduces to
3.8 mGal, from an initial rms of 12.3 mGal, withmanimum and maximum reduced to -29 and 47

mGal, respectively. The adjustment solution (biasls applied to each track and the associated
individual (i.e., for each track) estimated staodaleviation was assigned to each observation
belonging to a track. The resulting file contairs38,718 gravity anomaly observations each with an
associated standard deviation that does not reafleabbservation’s estimated precision but thealver

quality of the track to which it belongs.
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The final database contained 101,264 gravity anesalver land and 533,718 ship-track gravity
anomalies over the Atlantic and Mediterranean sAasew set of ship-track observations offshore
from the Canary Islands was included, increasimgsipatial density of gravity data for this ared. Al
gravity data were then referred to IGSN71, andGI$R80 system was used for normal gravity. The
geographical coordinates were transformed to th&8&wRellipsoid. The distribution of gravity data for

the area of interest is presented in Fig. 1.

2.2 Satellite altimeter derived gravity grid

There are several public domain altimeter derivesvity anomaly data sets with global coverage.
These models, in grid format, were computed eittieectly from sea surface heights (KMS02;
Andersen et al. 1999), or through deflections @f Wlertical (Sandwell and Smith 1997). KMSO02 is
one of a series of satellite derived gravity anaesatlata sets supplied by Kort-og MatrikelStrymelse

and can be freely downloaded from ftp://ftp.spanesedk/pub/GRAVITY/pub/GRAVITY.

Numerous comparisons between marine observatiahsaellite altimetry derived gravity anomalies
data sets have been made (Sandwell and Smith ¥98irsen and Knudsen 1998). The reported
precision ranges from 3 mGal to 14 mGal and vatea function of geographic location. In the North
Atlantic, the reported precision for the model a@h8well and Smith (1997) is 7.6 mGal and for the
KMS02 model is 5.8 mGal (Andersen and Knudsen 1988)S02 shows the best agreement with

ship-borne gravity data and on this basis we adijhie model (KMS02) as our background model.

2.3 The geopotential model

With the recent dedicated gravimetric satellite siiss CHAMP and GRACE and the in-coming

GOCE mission, the long (about 200 km) wavelengthth® gravity field will be able to be accurately

determined using satellite data only. Based on GRA¥Gta, a new generation of Earth geopotential

gravity field models has been derived, namely EIGEBIO3C and EIGEN-GL04C (Forste et al. 2005;

2006) and GGMO02C (Tapley et al. 2005). These modeiscomplete to degree and order 360. The
6
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original GGM02C model complete to order and de@@@ was extended to degree and order 360 by
using the EGM96 (Lemoine et al., 1997) coefficiemtisour study, these global geopotential models
and EGM96 were evaluated for the ICA area, andherbisis of the comparisons (as detailed below

in Section 5) the chosen model was the extended &M

2.4 The digital terrain model

There is a direct relation between the quality @®&M (Digital Terrain Model) and the precision of
estimated quantities of the gravity field suchhesdeoid or gravity anomalies (Forsberg 1984). difext

of DTM resolution and accuracy on the accuracyedigy models has already been investigated for the
area over the Azores (Cataldo and Bos, 2008), liegedifferences on the geoid of up to 3 cm rms. Fo
the area over Iran, Kiamehr and Sjoberg (2005) hiseereported differences (of up to 1 m) with eesp

to the geoid height from old Globe DTM to SRTM DTMeoid solutions, computed with rough global

DTMs, are characterised by geoid degradation axgged areas.

In this study, the objective was to construct amO@solution DTM for land areas and a 500 m resmiu
DTM for marine areas. This was accomplished udmegSRTM DTM (with 3" resolution) combined
with medium scale maps (1:50,000 and 1:25,000)thHe@Azores Islands and mainland Portugal, a better
vertical accuracy DTM was constructed from 1:25,008rts of the National Army Geographic Institute.
It was verified that SRTM data contain a large namdf gaps which, in this study, were carefullytedli
and fixed with background data from older DTMs. Tverall estimation of the planimetric and vertical
accuracy is 20 m and 16 m, respectively, reprasgrai90 % confidence interval. A precise shoreline
(supplied by IGP) in ETRS89 coordinates was usethiquely define the land-sea transition for atada
sets and to smooth the transition. Over marinesatbe GEBCO (General Bathymetric Chart of the
Oceans, http://www.gebco.net) grid was used, amdséone areas around south Portugal (including

around the Azores archipelago), precise data fesmant multi-beam bathymetry surveys were used.
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The final DTM comprised a set of rectangular gfi$°® x 5° plus an envelope of 1° to create a two-
degree overlap between adjacent blocks. For maneteseffects, a continuous grid with a 0.005 degree
(500 m) resolution, and covering the whole area wanstructed using all higher resolution gridse Th
accuracy of high resolution grids was assesse@impuating the differences with the set of GPS/Iavgll
points subsequently also used for evaluating ggaality; the assessment resulted in a 3 m vertical

accuracy (for Iberia and the Azores).

3. Gravity data processing
3.1 Computation of geopotential model contribution

A geopotential model is usually defined by a setasfficients from degree 2 to.N. At a point P the

gravity anomaly is computed from the global geoptiét model by:

Nmax n n
Age (¢,/1,r)=G|Z/I >, (n—l)(gj > (AC,, cosni +AS, | sinA) P, (sip 1)
r n=2 r m=0
and the geoid height by:
GM Nz (g & . .
Noou (@ A1) =752 | | 2, (ACyy, cosmi +AS,, i) By, (sirp @
n=2 m=0

where: @ A, r) are the spherical (geocentric) coordinatespoint P; AC,.,, AS., are the fully

normalized geopotential coefficients of the anomslpotential; GM is the geocentric gravitational
constant; a is the semi-major axis of the referegitipsoid; Ry, are the fully normalized Legendre
functions; y is the normal gravity (GRS80) at point P; ang,Nis the maximum degree of the

geopotential model.

Importantly, the coordinate r must be referredch gurface of the geoid and is not known beforehand

This can be solved through an iterative proced@rrst approximation of the location of point P is

given by the evaluation of Equation (2) for h=0.eTtirst approximation for the geoid ellipsoidal
8
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height is used in Equation (1) to compute the gysamomaly on the geoid and also in Equation (2) to

recompute the geoid undulation.

Regarding the gravity anomalies, the computatiors vpgrformed point-wise on the gravity
measurement location. The reduced gravity anomaligs; were obtained by subtracting the

geopotential model anomalies from the free air ifyanomalies:

Agred = AgFA - AgGGM (3

If the gravity anomalies determined by the globabgptential model are close to the observed gravity
anomalies, it is reasonable to presume that theajeotial model is suitable to represent the long

wavelength for a regional geoid model.

The last factor affecting the computation of theidéeneight is the tide system, i.e., the defornmatid

the Earth caused by the Sun and the Moon. Diffaidateffects lead to different geoids. Three types
of tide system are considered (Rapp et al. 199%icBand Rapp 1992): tide-free, where the effects of
the Sun and the Moon (both direct and indirect)rareoved; mean-tide, where no permanent effects
are removed; and zero-tide, where the permaneattdind the periodic effects of the Sun and Moon
are removed but the indirect component relatedatstie deformation is retrieved. The same reasoning
can be applied to the ellipsoid associated withgibeid. The effect of changing a tide system adfect
only the Gy term and does not affect the,Walue (geoidal constant). The defauly Coefficient of

the GGMO02C geopotential model is zero tide valuadnordance with the IAG resolution n. 16 of
1983, which means that the resulting geoid modeh ia zero tide system. The geoid height was
computed on a grid in the zero tide system in atamce with the IAG resolution, and was later

converted to the mean tide system for comparisdlim mean sea surface heights.

3.2 Computation of topo-bathymetric effects
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In order to satisfy the boundary value problem lofgical geodesy, the topographic masses outside the
geoid must be condensed onto it or removed. Fdarphgpose a DTM must be used to compute the
topographic effects on the measured gravity questitThe classical terrain correction, in planar

coordinates and for a constant denpitis given by (Forsberg 1984):

X Yo Zp (Z_hp)

C. =G,0J' j j ———dxdydz (4)

N1 4 ¢

where: G is the gravitational constapt;is the mass density; and is the distance between the
computation point (% Yyp, hp) and the integration point (x,y,z). The verticaieigration is taken from
the geoid, z to the surface,,zThe integral is evaluated over the irregularitéthe topographic mass
relative to a Bouguer plate passing through thepedation point. In this study, the terrain correnti
was computed for all individual data points usihg prism integration procedure implemented in the
TC programme of the GRAVSOFT package (Tscherning.et992). This terrain correction is added
to the reduced anomalies in order to obtain thiy fidlduced anomalies in agreement with Helmert's

second condensation method.

The shifting of masses which are above the geoid gurface layer on the geoid in the Helmert
condensation method implies, in practice, a gra@tjuction and hence also a reduction in the gravit
potential and a change in the geoid. This changefésred to as the indirect effect. The indirdt¢a

of Helmert’'s second condensation reduction on theidyis given in planar approximation by

(Wichiencharoen 1982):

N :—@hz

ind

(5)

Gp (% y)—h’ (%, Ys)
(Xp,yp)—6—y” 5 dx dy

S

where: s is the planar distance between the poiahdPthe integration point. The topographic and
bathymetric effects were computed with densitie@@70 kg it and 1000 kg i, respectively. The

indirect effect has a maximum value of -0.68 nthatsummit of Mt Teide volcano (3718 m).
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3.3 Gravity data merging and gridding

The gravity measurements obtained from differestituitions and from different sources needed to be
merged and integrated into a consistent data $&t.rmerging process was executed in three steps:
first, land data were analysed for temporal vasigiand for bias between surveys; second, land data
were merged with satellite derived gravity anonslend a background grid thus derived; and third,
the shipborne data were assimilated with the backgt model by least squares optimal interpolation.

These steps are described below.

The background model was constructed from satelétésed gravity anomalies in the KMS02 gravity
data model. A mask with the coastal line with afistadre buffer of 20 km was constructed and used to
clean all satellite data inside that area on adcolitne data degradation characteristic of coasgibns.
Land data were used to fill these blank areas dimhbgrid was constructed containing satelliteivks
gravity anomalies over sea and observed anomal@dand areas, with the same correlation distafice
10 km as used to compute the KMS02 model. The psooé gridding is subject to aliasing in the
presence of a high-frequency signal. With graveyad part of this high frequency signal is duehi® t
topography and can be removed from the originalaigy removing the residual terrain model effect

on the Bouguer plate. The resulting residual an@®are given by:

A9rrvm =Adea ~Adgem —27Gp (Hp —Ht) +Cp (6)

The terrain correction Owas calculated from the irregularities of the t@phy, after removal of a
Bouguer plate (using Equation 4). The tem&GR(Hp-H.er) Was estimated from the irregularities of the
topography with respect to a topographic refereswréace of 100 km resolution, the same resolution
of the geopotential model. The topographic refezesurface was generated by low-pass filtering the

original 100 m resolution DTM. The standard dewatof the residual gravity anomalies was reduced
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from 32 mGal to 11 mGal when the GGMO02C geopotémtiadel was used and the mean value

reduced to almost zero.

The gridding was performed by means of least sguenocation using residual gravity anomalies.
Data were detrended prior to gridding by removihg tmean value (0.11 mGal) and using a Gauss

Markov covariance function model (an exponentialction that decays with radial distance):

v
cW)= co[1+ %je a @)

where: Y is the spherical distancep & the variance of the data; andis the correlation length. A

correlation length of 20 km was used, the valuendpaietermined from the empirical covariance
function computed with the residual gravity anomsliThe computation point was the centre of a cell
with a resolution of 0.025 degrees, extending fRIND125N to 44.9875N in latitude and 39.9875W to

7.9875E in longitude and containing 1000 rows a@@0lcolumns.

The final step in the merging and gridding process the merging of ship-borne data with the
background gravity model. The discrepancies betwien background model and the ship-borne
measurements were computed and exhibit a mean 98ke96 mGal and a standard deviation of 7.1

mGal, in agreement with the results presentechferarea by Andersen and Knudsen (1998).

The unbiased residuals, associated background ewwariance, and observation error model
covariance were used to derive a correction surigcmeans of least squares optimal interpolation.
The correction surface was assimilated into thédpaeind model (constructed using satellite derived
gravity data) thereby yielding the best possiblenese of the gravity field. The resulting gravity
model shows a misfit against the marine observatai?.6 mGal, with a considerable recovery of the
high frequency spectrum of the gravity field. Flpathe geopotential model contribution was

repositioned and ther®Bp(He-H,e) term was added, yielding Faye anomalies. It igdrtant to note
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that the removal of both effects was made poinewad the recovery was performed in grid format.

The results for the final free air gravity anomslége presented in Table 1.
Insert Table 1.

The gravimetric effect of the geopotential model ahe residual terrain model is pronounced,
reducing the gravity field variability almost thréed from 31 mGal to 11 mGal. This is a remarkable
improvement compared with earlier solutions (Cataéd Sevilla 2004) in which a residual standard
deviation of 17 mGal was obtained, and reflectshigh quality of the DTM used here in the RTM
computation. The final grid of free-air gravity analies for ICA region (ICAGRAQ7) are depicted in

Fig. 2.

4. Geoid computation

The Stokes integral for computing the geoid undotalN at an arbitrary point on the geoid can be

expressed as (Heiskanen and Moritz, 1967):
R I 1
N(@A) =, [[SW) Ag (¢ 1) do Y]
Ty ~;

where:Ag are the gravity anomalies referred to the ges{dh) is the Stokes functiorg is the Earth’s
surface; R is the mean radius of the Earth;\aisdthe mean normal gravity. There are two drawback
to the direct application of this expression: fitbie integral should be evaluated for the wholetEa
and second, there should be no masses outsidestlie. 3he former can be solved by the use of a
global geopotential model removing the long wavgtencomponent of the signal from the gravity
anomalies. The latter implies that the gravity meaments must be reduced to the geoid. In this
study, masses were shifted to the geoid using He&bnsecond condensation reduction and the

associated downward shift of the data from the gogphic surface to the geoid is given

13
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approximately by the terrain correctiory (Equation 4). The resulting residual gravity anbesaare

obtained by:

Agres = Agea —Adgem +Cp (8)

where:Agr4 are the observed free-air anomalies. The statifiticthese residual gravity anomalies are

reported in the last row of Table 1. The Stokesgrdl is applied to the residual anomalies

R
Nsprer = HHS@U) (AgFA —Aggem t+ CP) do ©)

and then the low frequencies are restored as gewldlation given by the Earth geopotential model.

The final geoid undulation is given by:
N = NGGM + NSPFFT + Nind (10)

where: Nsgv is the geoid undulation derived from the globaential model; and;N (Equation 5)
is the indirect effect resulting from using Helmgravity anomalies in Stokes’ formula. The long
wavelength and short wavelength contributions relveady been computed in Sections 3.1 and 3.2,

respectively.

In this study Stokes’ formula was evaluated ustmg $pherical FFT approach (Forsberg and Sideris
1993) in which the geoid signal is obtained by ahar of bandwise Fourier transformations given
by:

N(@.A) = % F {F(S) [F(Ag, cosp)} (1)

where: F is the two-dimensional Fourier transfoqrig the latitude; and S is the Stokes function.

Page 14 of 41



In order to avoid distortions in the long-waveldngeoid signals caused by the local data overlgppin
the reference geoid data, a modified Stoke’s fonci used:

sw=Y 2f—lw P (cosy) (12)

=N mog

The cut-off modification parameter.® is, in principle, the spherical harmonic degreevtuch the
reference field is known to be error-free andsamthe spectral weights dependent on the erroregeg

variances of the potential coefficient model andhef gravity anomalies (Denker et al., 1995).

Several geoid models were computed with 1-bandutiirao 20-band spherical FFT solutions and
varying the degree of the geopotential modghbJdNThe solutions were compared with mean sea
surface data and the best agreement was obtairiedawlong-Gore modification with Ng = 120,

i.e., when considering all geopotential coefficierfig. 3 shows a shaded relief image of the final
geoid height model, ICAGMO07 (lberia Canary Azoresod Model-07). The geoid heights range

from a low of -5.7 m in the south-west mid-Atlant@ a high of 64.4 m to the north of the Azores.

Most of the geoid signals are correlated with teitdeatures.

5 Geoid accuracy assessment

The validation and accuracy assessment of the ICAGYHtavimetric geoid model over sea was made
using mean sea surface (MSS) and mean dynamicrapog (MDT) and over land was made using

GPSl/levelling data. The comparison can be achiesadand, by applying the simple relationship

between the ellipsoidal height h (given by GPS3,dboid model N, and the orthometric height H:

h=H+N (13)

Over sea the equivalent relation should be given by
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MSSH = N + MDT (14)

where: MSSH is the ellipsoidal mean sea surfacghiteand MDT is the mean dynamic topography.

Due to several factors, including datum inconsiges inherent to each vertical reference system,
distortions in the height data (ellipsoidal anchorhetric) and long wavelength geoid errors, thevabo
expressions are not exact and must not be diraptiied. In addition, the geopotential model usad f
the geoid computation does not have degree zermubedhe Earth’s mass and potential are poorly
determined. This effect on the geoid correspondsatbias that must be determined globally.
Furthermore, the orthometric heights are referced tocal reference system connected to a tideegaug
Therefore, a transformation is necessary. Genesiadyparameter affine datum shift transformatioith(w
no rotations) is used to remove datum shift parareeind long wavelength geoid errors, detecteditis a
The most common 4-parameter model used is the ifietpmodel provided by Heiskanen and Moritz
1967:

(h=H) =N =Ng,, =Ny, =AXcosgcosi +AY cosgsind +AZsing + N, (15)

grav
where: (h-H)-N can be substituted by (MSSH-MDT)-Iepsea/AX, AY, andAZ are the datum shift
parameters; and Ns a global geoid bias close to the missing zemgreteterm in Stokes’ formula.

Higher order corrector surfaces will lead to adrettdjustment of geoid and ellipsoidal height, Jailit

also absorb GPS and network error into the model.

The data used for comparison over sea areas weld®s data in CLS01 (Hernandez and Schaeffer
2000) and GSFCO00.1 (Koblinsky et al. 1999). The OMRIio05 (Rio and Hernandez, 2004)
oceanographic MDT data were also used for the casgra The CLS01 MSS was determined with

TP data (from 1993-1999, cycles 11-280), ERS-1 (fatan 1993-1999, 64 cycles), Geosat data (from
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1987-1988, cycles 1-44), and ERS-1 geodetic phase 1994-1995). The GSFC00.1 MSS was
computed by combining multi-mission satellite akter data with six years of T/P data (Cycles 11 to
232), multiple years of ERS-1/2 35-day repeat cglela, Geosat ERM data (Cycles 1 to 41), Geosat
GM data, and ERS-1 168-day data. The CLS CMDT Riw@S computed for the 1993-1999 period,
by means of a multi-variate analysis using hydrpigiadata, surface drifter velocities, and altimetr
The estimated model is based on both the CLS01 MESEN-GRACE 03S geoid and Levitus '98

climatology data (referenced to 1500 dbar).

Over land, a total of 1646 geodetic marks of knasiometric and ellipsoidal height were used for
the geoid evaluation. The orthometric heights waetermined by trigonometric levelling on the
Azores and Madeira Islands and by spirit levellieigewhere. The global estimation for both
techniques is about 1 cm for spirit levelling artdcin for trigonometric levelling. Ellipsoidal heigh
were determined from GPS observations. The observateriod for GPS surveys was 2 hours
minimum for each benchmark, with an observatioe Gft30 s, connected to the ETRS89 reference
system for Iberia. For the islands, the orthomédigghts are referred to the local vertical daturd a
the ellipsoidal heights (h) are referred to the FBR reference frame for the Azores archipelago, and
were surveyed between 1995 and 2000. For the Caslands, the ITRF89 was adopted, for which

surveys took place in 2003 and 2004.

The first comparison was aimed at selecting thé-fitegeopotential model for the ICA region. Four
geopotential models were evaluated: the EGM96, GBBIACGO03C, and GL04C. Four gravimetric
geoid models were computed, each with a differeapgtential model used in the remove-restore
procedure. The evaluation was made with CLS01 M&38 dnd Rio05 MDT data over sea (570607
data points) and with GPS/levelling data over kgRortugal, 135 data points and Spain, 317 data
points). The MSS was converted from the mean tiggem to the zero tide system (see Eakman
(1989) and Rapp et al. (1991)) in order to be coaiga with the geoid. The statistics of the

comparison are summarized in Table 2, which presiet mean residual and standard deviation with
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respect to the mean. The geoid model computed @#HM02C (third row of Table 2) agrees with

GPS/levelling data to better than 12 cm for Ibenia for that area is clearly superior to the geoids
computed using other geopotential models. Overtieaagreement is essentially equivalent between
models. The regional solution (third row of Tab)d<2a considerable improvement with respect to the
global geopotential solution (GGMO02C, first rowTdible 2), increasing the relative accuracy from 21
cm to 8 cm over sea and from 27 cm to 12 cm ovet (8pain). Therefore, GGM02C was used as the

reference geopotential model for the ICAGMO7 gauitel.

Insert Table2

In order to obtain an external, independent vexifan of the accuracy of the ICAGMO07 geoid model
over sea, two different MSSs determined from g&edlitimetry and the Rio05 oceanographic MDT
were used. The MSSs are in the mean tide systenwarelconverted to the zero tide system in order
to be compared with the geoid. Un-modelled datucolierencies were minimised with a 4-parameter
affine datum shift transformation parameterized h&s and a tilt. The residual statistics applyingach

surface are presented in Table 3.

Insert table 3

The ICAGMO7 geoid model has a relatively good agrest with the MSS with a mean residual of 23

cm and a relative accuracy of 15 cm. The bias batwmth surfaces may be due to the missing zero
degree harmonic term of the disturbing potentialmaty represent the mean value of the MDT. The
tidal correction contributes to the reduction o s$tandard deviation by 2 cm (Table 3), removing a
plane-like tilt dependence on latitude. The meaidreal value is not changed. The highest residuals
are close to the shoreline and between islandschwiban be explained by satellite altimetry

degradation close to land areas and consequeritheter in the MSS. The difference between the

geoid and the MSSH is likely to reproduce the MDIhe misfit of the derived MDT to an
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oceanographic MDT (Rio05) is 8.1 cm. Again, thehieist values are still close to the shoreline and in
the inter-island areas. If these measurements ¢to$end are not considered, the relative accuracy
reduces to 6.1 cm. Fig. 4 reveals a periodic (-g¥ales) longitudinal effect in the residual pattanal

also a circular effect over the Canary archipel®&mth effects seem to be related to the geopotentia
model. The first can be explained by the zonal le&imdependence on the satellite data. The second
effect represents an aliasing problem of the menhable to reproduce the high frequency gravity
signal of Tenerife Island. This is a finding thatishbe taken into consideration in future releages

the geopotential model.

The GSFC00.1 MSS and the CLS01 MSS are virtualgntidal in the ICA region. In fact, the
difference has only 2.8 cm on the standard dewviatiih a bias of 3 cm (Table 3). The adjustment
with a 4-parameter transformation shows that tlemo improvement in the geoid model accuracy.
This means that there is no significant tilt orwtatshift between altimeter data and the geoid,abut
considerable bias of -1.95 (due to the MDT) wascted and recovered into the adjusted geoid

model.

The results demonstrate that the ICAGMO07 model aggo® be one of the best geoid solutions for the
Atlantic, with an agreement in the order of 8 cnthwindependent models derived from satellite
altimetry and oceanographic data. This agreemembush less than the typical values of 14 cm
obtained previously (Vergos and Sideris 2003; Vergd al. 2005) although is similar to those

presented in the GOCINA project (Knudsen et al.&00

Over land, a total of 1646 geodetic marks with knawthometric and ellipsoidal height were used for
the geoid evaluation. Most of these geodetic manies in the Canary archipelago (932) and the
remaining are distributed homogeneously throughbatother islands (see Table 4). Although the
GPS/levelling pair of observations is likely to repent the geoid, their dependence to a localcaérti

datum, defined by the mean sea level over a perididne, could render these observations useless.
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However, the GPS/levelling data are the only olmesus able to be used to control the gravimetric
geoid on land, and the local datum effect can lwkiged to a (local) bias. Furthermore, these
observations provide a measure of the geoid pedbom for transforming ellipsoidal to orthometric
heights, which is the first application for geoieights on land. The evaluation and analysis ovet la
was divided into the archipelagos (Macaronesiaanti$) and the Iberian peninsula. The geological
framework is different between these areas andydloeletic instrumentation and techniques used for

height computation were also different.

Insert table 4

The standard deviation was computed for each iséamtla range of values between 6.5 cm on Faial
and 29.5 cm on Tenerife Islands was determineds iBhihe best way to assess the precision of the
geoid, but in this particular case (the Azores @adary Islands) the geoid residual standard deviati
must not be viewed as purely geoid error but adatoimg levelling and GPS position errors and
surface vertical deformation as well. Particulariythe Azores, each island has experienced differen
tectonic and volcanic dynamics during the lengtleyiqa between the trigonometric survey (1940-
1950) and the GPS survey (1995-1997). In fact, hesée active islands, the residuals between the
gravimetric and geometric geoid may be due to lgedlical deformation in addition to the expected
observational and modelling errors. The mean resichetween the gravimetric geoid and the
GPS/levelling vertices varies in the Canary ardaige from 0.89 m on La Palma and -1.17 m on
Tenerife, and in the Azores archipelago from -Od4n S. Miguel to -0.64 on Pico. These mean
residual values may be interpreted as the verigaim shift relative to the geoid surface giverthmsy
ICAGMO7 model. In the Canary archipelago, the alsdivalues are unrealistic at about 2 m vertical
difference between two islands. As discussed almxar, sea there are also large discrepancies around
the Canary archipelago with a concentric wave tgbect attributed to the GGMO02C global

geopotential model. This effect was also seen pusly in the EGM96 geopotential model.
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Finally, a locally adjusted solution was determiried each island using a 4-parameter model. This
geoid solution will be useful for local transforrwat between orthometric and GPS heights. The geoid
residual standard deviation was considerably retiucem a maximum of 22 cm on La Palma to a

minimum of 2.2 cm on Faial. This latter value isypromising for enabling the transformation of old

orthometric heights to ellipsoidal heights, allogithe determination of time series of vertical

deformations. The same reasoning applies to ther asfands but with less precision. Over Faial, the
geoid model performs much better than on othendsgartly because of the high quality and density
of gravity measurements, about 1 point per’kibut also (and mainly) because of the recent
orthometric heights used in the external evaluatide external evaluation performed on the other
islands includes not only the geoid errors but aéhsoold orthometric errors and possible temporal
vertical deformation. On a regional scale, the ltesof Table 4 provide the expected precision for

transforming orthometric to GPS heights.

For lberia, ICAGMO7 was evaluated with 452 GPS/elkng marks. The geodetic networks in
Portugal and Spain were treated separately duddiv tespective different vertical datums. For
Portugal the vertical datum is Cascais (on the rAitacoast) and for Spain is Alicante (on the
Mediterranean coast). Notwithstanding the differgabdetic networks and different countries, the
standard deviation is similar for both areas, bdtfore and after the removal of datum
inconsistencies, although the mean residual haBesethce of 16 cm. This bias may be viewed as an
offset of 16 cm between the vertical datum for Bgat and Spain and is close to the 17.1 cm obtained
from the EUVN, revealing a very good precision bistgeoid model with respect to vertical data
unification. An absolute comparison was also madth wearlier geoid models: the GGM02C
geopotential model; the EGG97 model (Denker e1285); and the IGG2005 model (Corchete et al.
2005). The statistics of the comparison are sunmadrin Table 5. For Portugal, ICAGMO7 is
considerably better than other models, most prgbdbk to the use of a precise DEM for terrain

effects computation. However, for Spain, the EGG®fution reveals a slightly better fit with
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GPS/levelling data. After a 4-parameter adjustntenthe local GPS/levelling data, the standard

deviation of the residuals reduces by about 1 choth territories.

Insert table5

7. Summary and conclusion
This paper has summarized the data preparationmatidodology used in the computation of a new
gravimetric geoid model (ICAGMO07) for the North-eahtlantic Ocean, and Iberia, Canary, and

Azores land areas.

The gravity data were obtained from several dathasnd were compiled, edited, and validated.
Particular care was taken in offshore areas toaguee the continuous transition of gravity and DEM
/bathymetry from land to sea. The merging of sigelberived gravity anomaly and marine

measurements was performed using optimal interipolaDifferent geopotential model solutions were
evaluated and it was found that the GGM02C geopiadlemodel, augmented to degree 360 using
EGMO96, fits the local gravity field slightly bettéhan other geopotential models. A new DTM, the
computed SRTM, and local high precision DEMs redutiee gravity field variability almost three

times from 32 mGal to 11 mGal. This is a remarkablprovement on earlier solutions, and reflects

the high quality of the DTM used in the RTM compiga.

The geoid was computed using the remove-restoreriggh FFT method using gravity data reduced
by Helmert's second condensation method. The loagelengths from the geopotential model were
subsequently repositioned and the indirect effddied. Geoid accuracy was evaluated both over sea
and over land. The marine evaluation was achieyeddmparing the geoid with an oceanographic
geoid computed from CLS01 mean sea surface andbRian dynamic topography (MSSH-MDT).
The comparison indicates an overall relative aaguod 8 cm relative to a mean of 23 cm, and no tilt

was detected between these surfaces. A periodiitimiinal effect in the residuals was detected and
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circular effect over the Canary archipelago, witithbeffects seemingly related to the geopotential
model. The periodic effect is explained by the tdr@amonic dependence on the satellite data, while
the circular effect is an aliasing problem of thedel which renders it unable to reproduce the high
frequency gravity signal of Tenerife Island. Théseings must be taken into consideration in future

releases of the geopotential model.

Over land, a total of 1646 geodetic vertices witlon orthometric and ellipsoidal heights were used
for the evaluation of the geoid. The standard dmnawas computed for each island and a range of
values between 2.2 cm on Faial and 22 cm on La &#tands was determined. Over lIberia, the
standard deviation was 9cm and 10cm for Portugdl &pain, respectively. The mean residual
between the gravimetric geoid and the GPS/levelliagices was determined for each island and
Iberia, and interpreted as the vertical datum gieifative to the present-day mean sea surface. The
relative bias between local vertical data was asskand a maximum relative vertical datum shift, of
2.06 m, was determined between La Palma and Teriskdnds. This large relative bias was attributed

to the global geopotential model.

Overall, significant progress has been made towda@somputation of a high precision gravity model
and gravimetric geoid for the north-Atlantic aread towards the unification of the 14 local veltica
datums currently in use. This geoid model, ICAGM@V¥ovides a significant improvement over
existing geoid models for this area. The improveimisnespecially significant over sea and in
mountain areas such as the Pyrenees, North Partaigdlthe Azores archipelago. ICAGMO7 will
allow further studies on characteristics of theioegl ocean circulation and on earth dynamics (e.qg.

isostatic compensation, admittance computation dgndmic processes in the mantle).
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Table Captions

Table 1. Statistics for the gravity anomalies, iGah (10°m/s). FA is the measured free-air gravity
anomalies; Cp is the terrain correction; and RTMhis residual terrain model correction. GGM02C

was augmented with EGM96 for degrees 201-360.

Table 2. Statistics of the differences betweergthgimetric geoid computed with different geopatant
models and the oceanographic geoid and GPS/leyaljigometric geoid. The first line indicates the

difference for the GGM02C geopotential model. Valage in m.

Table 3. Statistics for the comparison of the ICAGMgeoid model with mean sea surface minus
mean dynamic topography (MSSH-MDT) and conversimmf mean tide system to zero tide. The

statistics are referred to the CLS01 and GSFCO@dnnsea surface models and the MDT Rio5 mean
dynamic topography model. The last line is thetinedaaccuracy after 4-parameter adjustment. Values

are in m.

Table 4. Statistics for the comparison of ICAGMOIMGPS/levelling data over 12 islands. The last
column is the relative accuracy after long wavelengmoval determined from a local 4-parameter

adjustment. Values are in m.

Table 5. Statistics for the comparison of ICAGMOIThwGPS/levelling data over Iberia (Portugal and
Spain). Accuracy evaluations of other geoid mod€€2005 and EGG97) are also reported. The last
column is the relative accuracy after long wavetkngmoval determined from a local 4-parameter

adjustment. Values are in m.
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Table 1.

Gravity anomalies (mGal) Mean Std Min Max
Agep 9.56 31.91 -244.00 488.81
JiYs PN AYs Pt 0.06 15.92 -304.16 347.12
AQen —Ddgom —2TGp (Hp —H ) + Cp 0.11 11.21 -283.09 117.86
Agen —DAdgem + Co 0.25 15.96 -288.79 384.31
Table 2.
M SScL s01-M DTRigost tide GPS/levelling GPS/levelling
Portugal Spain
mean Std mean std mean Std
N cemoze -0.97 0.212 -0.89 0.222 -1.13 0.275
Nsperrt Negmost Ning -1.21 0.097 -0.76 0.111 -0.88 0.167
Nsperrt Neemozet Ning -1.21 0.082 -0.86 0.103 -1.02 0.117
Nsperrt Negoset Ning -1.19 0.092 -0.86 0.132 -1.00 0.154
Nspeert Neloact Ning -1.21 0.082 -0.90 0.116  -1.02 0.136
Table 3.
N = Nspeert Negmozet Ning mean Std min max
MSSH(CLS01) - N 0.23 0.154 -0.77 1.35
MSSH(CLSO01) + TideCorr — N 0.23 0.135 -0.82 1.32
MSSH(CLSO01) + TideCorr - MDT (Rio05) — N -1.21 008 -2.29 -0.11
MSSH(GSFC00.1) + TideCorr - MDT (Rio05) - N -1.95 0.081 -2.99 -0.88
MSSH(CLS01) — MSSH(GSFCO00.1) 0.03 0.028
After biastTilt correction
MSSH(CLSO01) - MDT (Rio05) + TideCorr - N 0.0 0.081 -1.09 1.11
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Table 4.

(mGal) Arch  # Mean std min max Std
(4-param)
S. Miguel Az 77 -0.44 0.258 0.102 1.057 0.125
Faial Az 33 -0.60 0.065 -0.720 -0.502 0.022
Pico Az 55 -0.64 0.196 -1.058 -0.297 0.125
Terceira Az 61 -0.56 0.111 -0.837 -0.211 0.090
Lanzarote Cn 127 -0.04 0.091 -0.218 0.218 0.069
Hierro Cn 77 0.35 0.095 0.122 0.534 0.067
La Palma Cn 125 0.89 0.242 0.001 1.664 0.223
Gomera Cn 92 -0.30 0.146 -0.576 0.017 0.076
Tenerife Cn 160 -1.17 0.295 -1.712 -0.573 0.165
Gran Canaria Cn 213 0.10 0.161 -0.393 0.509 0.106
Fuerteventura Cn 138 0.00 0.110 -0.366 0.273 0.083
Madeira Md 36 -0.19 0.146 -0.44 0.091 0.133
Table 5.
# mean std min max Std
(4-param)
Portugal Mainland
GGMO02C 135 -0.89 0.222 -1.415 -0.307 0.19
EGG97 135 -0.41 0.225 -0.912 0.090 0.16
ICC2005 135 -0.37 0.234 -0.869 0.547 0.21
ICAGMO7 135 -0.86 0.095 -1.087 -0.518 0.08
Spain Mainland
GGMO02C 317 -1.13 0.275 -1.928 -0.237 0.26
EGG97 317 -0.54 0.109 -1.098 -0.305 0.10
ICC2005 317 -0.41 0.234 -1.363 0.222 0.22
ICAGMO7 317 -1.02 0.117 -1.325 -0.398 0.10
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Figure Captions

1. Gravity data distribution across the ICA areheTarea includes in the north-east the Iberian
peninsula (Portugal and Spain) and the Mediterrarsea, in the south-east Africa (with almost no

gravity data), and in the remaining area the AitaBicean and the Azores and Canary archipelagos.

2. Final free-air gravity anomalies for the NorthsE Atlantic, Iberia, and Macaronesian Islands,

derived from marine, land, and satellite altime@plour scale is in mGal.

3. Gravimetric geoid model (ICAGMOQ7) of the NortladE Atlantic, Iberia, and Macaronesian Islands.

Contours are in m.

4. Differences between the gravimetric geoid arel adheanographic geoid computed from MSSH-
MDT surfaces. The meridional set of stripes andreutar shape around the Canary archipelago are

effects attributed to the geopotential model.
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