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Abstract. During the last decade, the realization of investigate the contribution of the available digital
the satellite gravity missions of CHAMP and depth models to the reduction of gravity anomalies
GRACE, the acquisition of new gravity data and the and geoid heights when a geopotential model with
development of novel processing methodologies hasthe resolution of EGM2008 is used. To this extent,
led to the determination of more accurate and marine gravity anomalies and satellite altimetry sea
higher in resolution global geopotential models. The surface heights are used off-shore the Atlantic coast
spatial scale of ~110 km that EGM96 could of Argentina. EGM2008 is used as a reference
represent has improved today with EGM2008 to the surface to reduce the available gravimetric and
level of ~16 km (full wavelength). This advance in altimetric observations, and the latest bathymetry
the representation of higher frequencies by themodel from the Scripps Institute of Oceanography
geopotential models may signal the need to reassesgroup (SIOv11.1) is employed in order to compute
the methodologies and techniques traditionally usedtopographic reductions based on the Residual
for local and regional geoid determination. The Terrain Model (RTM) scheme. The results acquired
traditional procedure followed is that of the remove- are validated in terms of the reduction they provide
compute-restore method. The input functionals to the available input data, both the mean and the
related to the Earth's gravity field are first reduced standard deviation of the residuals, as well as in
to a reference geopotential model, then the terms of the spectral content of the residual signal
topographic effects are taken into account throughspectrum. Conclusions and recommendations on the
one of the available reduction methods, use of topographic reductions and the treatment of
computations  follow using the reduced topographic effects for geoid modelling in the
observations, and finally the contribution of the presence of a high-resolution geopotential model
global geopotential model and the topographic are also drawn so as to ensure the consistency
indirect effects are added back to the computedbetween data used and results acquired.

reduced geoid values. One crucial point to this

operation is that the attraction of the massesKeywords. EGM2008, Global Gravity Model
considered with a topographic reduction scheme is(GGM), mean dynamic topography, bathymetry
supposed to represent the medium and highmodels, Atlantic Ocean, Argentina.

frequencies in the gravity field, which still remain

in the data, in principle even after they have beenl1 [ntroduction

reduced to a geopotential model. Given that the best

available digital depth models have a resolution of The most popular scheme used during the last years
30 arcsec, which translates to roughly 1 km spatialfor geoid modeling is based on the well-known
wavelength, it becomes apparent that the remove-compute-restore (RCR) method (Forsberg
contribution of such a model to the reduction of 1993, Sideris 1994). This method is based on
gravity and geoid data, when a high resolution removing the long wavelengths by a Global Gravity
geopotential model is used as reference, isModel (GGM) while the short-wavelengths are
guestionable or should be at least investigated. Thissupposed to be modeled by available Digital
final point is the main goal of this paper, i.e., to Topography and Bathymetry Models (DTMs and




DBMs respectively). To that extent, the available 2 Computation strategy and results

DTMs and DBMs should contain enough high-

resolution information and be accurate enough iniIn order to evaluate the performance of the
order to represent frequencies shorter than those oturrently best available DBM towards marine geoid
the GGM, for a rigorous use of the RCR method.  modeling employing the RCR method, ERS1GM

With the advent of the CHAMP, GRACE and Sea Surface Heights (SSHs) and satellite altimetry
GOCE missions and the realization of the derived marine free-air gravity anomalies frane
EGM2008 GGM (Pavlis et al. 2008), the available Danish National Space Agen®NSC08 (Andersen
GGM have much more power up to very-high and Knudsen 2008) high resolution (1 arcmin)
degrees and increasing accuracy. EGM2008 hasmodel are used as input data. The satellite altimetry
been recently released to public by the U.S.data were 70510 Corrected Sea Surface Height
Geospatial-Intelligence  Agency (NGA) EGM (CORSSHs) measurements from the Geodetic
Development Team. It presents a spherical Mission (GM) of the European Remote-sensing
harmonics expansion of the geopotential to degreeSatellite 1 (ERS1), which are generated by the CLS
and order 2159, while additional spherical Space Oceanography Division and provided by
harmonics coefficients to degree 2190 and orderArchiving, Validation and Interpretation of Satellite
2159 are also available. The full degree and order ofOceanographic data (AVISO 1998). The study is
EGM2008 (2159) translates to a spatial resolution carried out off-shore the Atlantic coast of
of ~5 arcmin, but in the present study it has beenArgenting limited by 34S to 55S in latitude and
used only up to degree 1834 since above that the70 W (290 E) to 56W (304 E) in longitude.
signal-to-noise ratio is smaller than 1 (see Figure 1).  Within the RCR frame, EGM2008 complete to
degree and order 1834 is used as a reference
geopotential model and the effect of bathymetry is
“ taken into account through a Residual Terrain
L‘_k Model (RTM) reduction using the Scripps Institute
o of Oceanography SIOv11.1 (Smith and Sandwell
1997) bathymetry model (see Figure 2). The RIO
Dynamic Ocean Topography (DOT) model (Rio
and Hernandez 2004) is used to reduce the
altimetric SSHs to the geoid.

For the RTM reduction, a reference elevation
model is constructed from the fine one with 6
arcmin resolution (corresponding to degree 1834)
oo o by taking simple moving averages. In all
Figure 1: By degree EGMZOOQS signal and error power. Computations the detailed DBM has been used, both

for the near-zone and far-zone effects, since with
) the compute power available today there is little

Contrary to the best available DTMs today peeq to use coarser resolution terrain grids for the
(SRTM-class), which have a spatial resolution of 3 yigtant effects. The resulting residual geoid heights
arcsec, the corresponding DBMs have a spatialang gravity anomalies are evaluated both in terms
resolution of 30 arcsec (best case scenario). Thisyt their statistics, compared to the EGM2008
arises some questions as to whether their spatialeqycedields, as well as in terms of their spectra.
resolution is enough in order to contemplate that of  15p1e 1 presents the statistics of the available
the EGM2008 model. Another possible limiting Ergi SSHs, the DOT as computed on the ERS1
factor in the use of the currently available DBMS, g h_satellite points, the EGM2008 contribution on
for marine gravity and geoid modeling, is their {ha same points and reduced field®which is the
accuracy. Errors in the DBMs will introduce errors difference between the ERS1 SSHs minus the DOT,
in the estimated terrain effects thus deteriorating the ninus EGM2008. Note that in Table F™Njenotes
quality of computed terrain reductions. These yhe DOT corrected ERS1 SSHs. The statistics of the
considerations where the source that set the mainyNscos and EGM2008 gravity anomalies as well
goal of the present study that is to evaluate the ¢ their differences can be seen in Table 2.
performance of the currently best available DBM Following Forsberg (1984) the RTM reduction

towards marine geoid modeling employing the RCR ¢q, gravity anomalies is computed as:
method in the presence of an ultra-high degree

GGM. Orrvm = 2 (h - href )
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0.001




the RTM effects computed using different density
contrasts are presented in Table 3 together wih th
residual Sea Surface Heights that represent the
medium wavelengths of the geoid heights and can
be considered as residual geoid height&(N

Table 3: Statistics of the RTM-effects and residual ERS1
geoid heights for various density contrasts. Unit: [m]
max min mean rms std
=2.67 glem
NF™ 1233 -1.490 0.080  0.19:. 0.174
N 0.955 -3.164 -1.374 1.40¢ 0.309
=2.47 glem
NF™ 1083 -1.308 0.071  0.166 0.152
N 0.948 -3.172  -1.365 1.39¢ 0.296
=2.3 glcnt
NF™ 0955 -1.153 0.062  0.14¢ 0.134
N 0.943 -3.179  -1.357 1.38¢ 0.286
=2.2 glcnd
NR™  0.880 -1.063 0.058  0.13t 0.124
N 0.939 -3.183 -1.352 1.38( 0.280
=2.1 glent
NR™  0.805 -0.972 0.053  0.12% 0.113
N 0.936  -3.187  -1.347 1.37¢ 0.275

Figure 2: The area under study and its bathymetry according
to the SIOv11.1 model.

=1.6 g/cni
Table 1: Statistics of the available ERS1 SSHs, pOoT, N 0429 -0518 0.029  0.06"" 0.060
EGM2008 contribution and reduced fields. Unit: [m] N"e 0.920 -3.206  -1.323 1.347 0.252
max _min __mean  rms std =1.4 g/cnt

bor 190y 0 Taes 1ess sores MM 028 033 001 004 0039
. . i . 0. res
NECMXOE 18995 1014 11.071 11.442 +2.890 N 0.913 -3.214 -1.313 1.33¢ 0.246

Nl 17.732  -052  9.777 10.208 _+2.933 =1.3 glent
N 0912 -321 -1.294 1.316 +0.239 NR™ 0265 -0.324 0.015 0.03: 0.029
N"™ 0.908 -3.218 -1.302  1.32¢ 0.242
Table 2: Statistics of the available DNSCO08 gravity . .
anomalies, EGM2008 contribution and reduced fieldst:Uni Comparing the results acquired from the RTM
[mGal] reduction of the ERS1 SSHSs (see Tables 1 and 3), it
max min mean _ rms std becomes evident that, whatever the density contrast

gre™ 13507 13466 357 2582 2557 used, there is no gain both in terms of the meah an
g 13596  -137.63 357 2597 #2572 the std of the field. In most cases, apart from the
g= 2136 2981 000 367 #367 gpe that a density contrast of 1.3 grichas been
used, the residual X field has larger mean and std.

whereH is the bathymetric depth given by a global These signal that the available bathymetry model
bathymetry modelh. is the depth of a smooth has insufficient resolution to depict more detailed
mean reference surface (the 6 arcmin model in thisbathymetric features than those included in
case as previously described) andis the density = EGM2008. Moreover, given that the SIOv11.1
contrast between Earth’s crust and seawater. DBM has been estimated by inverting satellite

For all terrain effects computations the altimetry data, it can be concluded that such DBMs
GRAVSOFT (Tscherning et al. 1992) suite has need to be augmented by soundings in order to
been used to create the reference bathymetric griddetermine collocated solutions with  higher
and estimate the RTM reduction on geoid heights resolution and accuracy (Smith and Sandwell 1997).
and gravity anomalies. The primary use of the RTM Of course, echo soundings are scarce, especially
reduction is to obtain residual SSHs, so that aftergver such large regions, therefore the improvement
that step prediction and interpolation can be in the DBMs by combined solutions would
performed with a smoother field. The statistics of probably be only local.




The behaviour of EGM2008 is quite peculiar manage to provide significant improvement, which
(see Table 1), since the reduced filed has a verysignals that EGM2008 contains all the power that
large mean value (-1.3 m). This, is not reduced bythe bathymetry has to offer. Therefore, higher-
the RTM reduction, which indicates that some resolution DBMs should be employed, whether else
signal(s) remain in the field which should be the reduction of marine data for the bathymetry,
modelled. Similar mean value results have beenwithin gravity field modeling and gravimetric geoid
achieved for EGM96 (Tocho et al. 2005a, 2005b) studies, may not have any meaning.
and may be due to the truncation of EGM2008 to
degree 1834. On the other hand this behaviourTable 4: Statistics of the RTM-effects and residual gravity
might be due to the incorporation of the DOT model.@nomalies for various density contrasts. tymitgal

for the reduction of the ERS1 SSHs to the geoid max min mean rms _std
Notice that the DOT has a mean value of 1.5 m =1.6 grfent

which is almost equal (with opposite sign) to that g 16.62 -53.07 0.3 1.8.. 1.80
the N°®° field. In fact if the ERS1 SSHs are not __gres 5043 -21.15 -0.12 3.9 391
reduced for the DOT, the EGM2008 reduced SSHs =1.5 grfcnt

have a mean value of 0.19 m only, though the std g&™ 13.77  -4897 0.10 154 153
increases to +0.33 m. This may signal that part of gres 46.34  -18.97 -0.09 3.8.. 381
the DOT of the area is included in EGM2008 =1.4 gr/cn?

spectrum, maybe due to the altimetry data used in g¥™ 10.84 -44.86 0.07 127 1.27
its development. It should be noted though that ges 4226 -16.65 -0.06 370 3.72
when altimetric data are used for marine geoid =1.3 gricn?

modelling, their reduction for the DOT is ™ 701 4076 0.05 10 101

mandatory whether else the surface determined is
not the geoid but the mean sea surface. In similat
studies performed in other areas of the world like . .

the Mediterranean and off-shore Newfoundland F_rom _the _S|gnal .P.SDS of the gravity data

such behaviour has not been observed either fordep'Cted in Figure 3, it is clear th?t EGM2008 has

EGM96 and EGM2008 (Vergos et al. 2005a, almost the same power as the original data. But, the

2005b, 2007). The same holds for this particular two side-lobes in the EGMZOOS PSD (circles)
area under study when other GGMs have been useéndlcate that the geopotential model has somesof it

(Tocho et al. 2007). This behaviour of EGM2008 power in higher degrees and larger correlation
remains to be investigated in future work length than the originalg. These side-lobes are at

Table 4 shows the statistics of both the RTM Wavelengths of harmonic degrees ~85-90 (~244
effect on gravity computed with Eq. 1, using km), so they may indicate the influence of GRACE

various density contrasts, and the residual gravity?a'f[ﬁ n EG'\t/_lZOE% Ir.' any ca_se_l th(tay tsh_ouldthbe
anomalies computed using Eq. 2: urther investigated, since in similar tests iney

areas (Mediterranean Sea) such effects are absent
Oes= Ora-2 G (h-hy)- gom (2 (Tziavos et al. 2010).

From the signal PSDs of the geoid heights shown
where gp, are the free-air satellite gravity in Figure 4, itis clear that EGM2008 has almost th
anomalies from DNSC08 model reduced by the same power as the original data. In the geoid leigh
residual terrain model reduction and the contribution of EGM2008 no side-lobes are
geopotential model. It should be noted that all observed, which is probably due to the fact thss le
density contrasts as in the case of ERS1 geoidpower, compared to g, of the geoid height
heights (Table 3) have been tested as well, byt onl spectrum is contained in higher degrees. After the
the ones with the best statistics after the redncti reduction to EGM2008, the remaining field does
are reported. not present clear random characteristics (noise)

For the reduction of the DNSCg similar results  since the mean value remains quite large. This is
are obtained. Only with a density contrast of 1.3 evident by the fact that the signal gain is reduced
gr/cn? a reduction in the standard deviation (std) but not significantly, even after the RTM reduction.
was achieved by 0.02 mGal only (last line in Tables One factor that can explain that is the presence of
2 and 4), which is clearly insignificant. EGM2008 part of the DOT signal in it, since the spectrum of
performs very well in the contribution tog, since  the latter has power up to ~150 km in the areaunde
the reduced field has a zero mean and a std at thetudy so its contribution will have impact on the
+3.7 mGal level. The RTM reduction did not residual field (bottom right in Figure 4).

39.22 -14.97 -0.04 3.6! 3.65




Figure 3: Signal PSDs of the original gravity data (top leElGM2008 (nmax=1834) contribution (top right), redd gravity
(bottom left) and residual field after the RTM redat(bottom right).

Figure 4: Signal PSDs of the original ERS1 SSHs (top left)M2B08 (nmax=1834) contribution (top right), redugesbid
heights (bottom left) and residual field after the Riéduction (bottom right).

Finally, it is worth mentioning that in related dies is higher compared to that of the DBMs (3 vs. 30
over continental regions where the DTM resolution arcsec), even when EGM2008 is used as a



reference, a significant reduction of the mean and presented at the 2008 General Assembly of the European

std of the residual field can be achieved (Tziaebs Geosciences Union, Vienna, Austria, April 13-18, 2008.
al. 2010) Sideris MG (1994) Regional Geoid Determination. In:

Vanicek P and Christou NT (eds) Geoid and its
. geophysical Interpretations. CRC Press, Boca Raton, FL,
3 Conclusions pp. 77-94.

Smith WHF and Sandwell DT (1997) Global Sea Floor
From the results acquired, it can be concluded that ToPography from Satellite Altimetry and Ship Depth
the spatial resolution of the currently available _ Soundings, Science Magazine, vol. 277, Issue 5334.

- . . . Rio MH and Hernandez F (2004) A Mean Dynamic
DBMs is not enough in order to provide higher Topography computed over the world ocean from

frequency content information compared to altimetry, in-situmeasurements and a geoid model. J of

EGM2008 for marine gravity field and geoid Geoph Res 109(12): C12032.

modeling. Therefore, the methodology followed Tocho C, Vergos GS, Sideris MG (2005a) Optimal marine

during the RCR scheme should be revised, at least 9eoid determination in the Atlantic coastal regioh o

when EGM2008, or other ultra-high degree érged”“”a- '”|: tsanst(_’ F (Ied)AA W”_‘dt‘_’W on tfhe ‘;‘;t“fg 0
. eodaesy, nternationa ssoclation [0} eodaes

geOPOtentla! models, are .used as reference. S.UCh Sympos)i/a, vol. 128, Springer-Verlag Berlin Heidelbergy

high-resolution geopotential models representing ., 3g0.385.

the geoid can be used from now on for DOT and Tocho C, Vergos GS, Sideris MG (2005b) A new marine

time-varying DOT modeling in combination with geoid model for Argentina combining altimetry,

altimetry, GOCE- and GRACE-type of data. Unless  shipborne gravity data and CHAMP/GRACE-type EGMs.

the available global DBMs, which in most cases _ Geod and Carto 54(4): 177-189. o

come from the inversion of altimetric observations, '°¢n® C. Vergos GS, Sideris MG (2007) Estimation of a

. - . . New High-Accuracy Marine Geoid Model Offshore
do not increase their spatial resolution, then they Argentina Using CHAMP- and GRACE-derived

should be used in marine gravity field and geoid  Gegpotential Models. Presented at the XXIV General
modeling with caution. If topographic reductions at  Assembly of the IUGG (IUGG2007), July 2-13, Perugia,
sea are to be used for the latter, then higher- Italy.

resolution DBMs should be developed from Tscheming CC, Forsberg R, Knudsen P (1992) The
combination techniques (altimetry & soundings). GRAVSOFT package for geoid determination. In: Halot

s .
Moreover, a new geodetic mission from altimetry, g’egsrm%irm'\seﬁ%%;%%rzmemal Workshop on the

which will improve the across-track spacing of the tzjavos IN, Vergos GS, Grigoriadis VN (2010) Investigat

currently available multi-mission altimetric record of topographic reductions and aliasing effects to igrav
may improve the currently available DBM and the geoid over Greece based on various digitain
resolution. models. Survey in Geophysics 31(3): 23-67. doi:

10.1007/s10712-009-9085-z.

Vergos GS, Grigoriadis V, Tziavos IN, Sideris MG (2p07
Combination of multi-satellite altimetry data with
CHAMP and GRACE EGMs for geoid and sea surface

The terrain reductions presented in the paper haem be topography determination. In: Tregoning P, Rizos@s]

computed with the GRAVSOFT package (Tscherning et al.  Dynamic Planet 2005 - Monitoring and Understanding a

1992). We extensively used the Generic Mapping Tools  Dynamic Planet with Geodetic and Oceanographic Tools,
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