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Introduction and Problems GOCE GGM validation EGM2008 2 S(GRACE), G, A Pavlis et al. 2008 GOCEIGRACE GGM:s and spec"al evalution GOCOO03s provides the overall best results with smaller errors up to degree n~175 compared
Monitoring the Earth’s gravity field both over marine and continental regions has been  The first methodology aims to study the spectral content of the GOCE-based GGMs EIGEN-51C 359 S(GRACE CHA’I\/II;) G A Bruinsma et al. 2010 oS —— to the EGMO8 and n~175 compared to EGMO08. Its predecessors GOCO01S and GOCO02S
the focus of extensive geodetic research during the past decades and it has been con- through their a) degree and error degree variances and b) the evaluation of anomaly EIGEN-6C 1420 S(GOCE, GRACE, LAGEOS), G, A Eorste et al. 2011 y _” — coct cocoois e were better than EGMOS8 to degree n~153 and n~166 respectively.
siderably increased due to the recent gravity-field dedicated satellite missions. With the differences w.r.t. EGM2008 ’ ’ ’ 3y ’ ) | |
missions of CHAMP and GRACE setting the path, the latest ESA mission of GOCE is offer- o | ez 240 S(GOCE, GRACE, LAGEOS) Forste et al, 2011 The strong V-shape in both the GOCE-DIR and GOCE-DIR-R2 models is due to GRACE-GOCE
ing new opportunities for improved insights i;Ito the Earth’s gravity field and geoid The second approach will be based on the evaluation of the GOCE-based GGM contribu- EIGEN-6C2 1949 S(GOCE, GRACE, LAGEOQS), G, A Forste et al, 2012 : E 5 combination. This is not shown in the rel. 3 DIR model, which has smaller formal errors,
while the synergistic use of geodetic and oceanographic data are promising improved  tion to gravity anomalies and geoid heights through comparisons with a) local gravity GOCOO015 224 S(GOCE, GRACE) Pail et al., 2010 £’ compared to the earlier releases, by 2-3 orders of magnitude. GOCE-DIR-R3 is better than
representations of the ocean circulation and the sea level variations mechanisms data and b) local GPS/Leveling geoid heights at collocated BMs. GOCO025 250 S(GOCE, GRACE, CHAMP, SLR) Goiginger et al., 2011 oo |- "’ EGMOS8 to degree n~188.
' , , , 250 S(GOCE, GRACE, CHAMP, SLR) Mayer-Glirr, et al. il : N
Moreover, the combination of GOCE-type high-quality and accuracy gravity field models The Ihlrd appr(?ach will bg based on the spectral evaluation of the GGM content on GOCOO03S 5012 e *,,f —ecremes — o :H H 2 T:ele and R2 GbOCE-or.IIy GGMZ are betLer than GRA;:El-baseil) onzs abO\f/e n~140 f] ue ]:co
with altimetric observations from ENVISAT, ERS1/2 and Jason1/2 missions, offer new op- gravity anomalies employing a) 2D-FFT transforms and b) wavelet transforms e GRACEY0108 180 S(GRACE) Mayer-Giirr et al., b E o . e e M o e B ggcsvc\j/ac’i;)cccfn?cr asrer\t/zt'l”(;nseisri o.fl\clioRt,iCtE E:br:eor?/tarc?c?nse ;I?irsesitizetio(r)\ncsaswe;n:onr; Sleotel
pOrtUnltIES fOr the dEtermlnathn Of the marine ge0|d, Vertlcal datum UnlflcatIOn, as A” approaches alm to come to some Conclu5|ons on the power Of the Spectrum bands 2010 - : Wlth the R3 mOdelehIChx:ncor Orate abOUt 1 5 N Of.GOCE data The DIR-gR3 errorps eCY
well as the introduction of a global vertical datum and the determination of dynamic  that GOCE aims at, i.e., those between d/o 60 and 250. The tentative list of GOCE, GIF48A 360 S(GRACE), G, A Ries, et al. 2011 - trum is imoroved by ~4 order ofpma itude cor.n yared ‘o R1 and R.2 while the TIM-R3pone
ocean topography (DOT) modeling in different scales. GOCE/GRACE and combined GGMs is provided in the Table, while new releases that will 240 S(GOCE + background model EIGEN- Bruinsma et al., 2010 o P y _ & P ‘
, _ , _ DIR_R1 | : by about 1-2 order of magnitude.
emerge during the progress of the project will be incorporated as well. 51C)

The present work summarizes the objectives of the GOCESeaComb project funded by

£ 1.E-02

- . . o P i E 1.E-03 £ W.th GOCE b t. d, th iri fl - . .f- t . “ h b. d
ESA in the frame of the PRODEX program and the work carried out thus far. The key As far as the degree-variances and error degree-variances concept is concerned, two DIR_R2 240 S(GOCE+ background model ITG Bruinsma et al., 2010 : e i t— [T .I more 0 S_Q'T"a |<.)ns H5€ cirin u.ence 'S SignTTicant espetlally When comuine
oints in studies to determine rigorously stationary components of the gravity field approaches will be followed. The first one will use degree variances and error degree GRACE20105 ) e o with GRACE data. This is evident when comparing the ITG-GRACE2010s model and GO-
b . . : . . . . ' . DIR_R3 240 S(GOCE, GRACE, LAGEQS) Bruinsma et al., 2010 ® 1608 A A\ CO02s, where GOCE data in the latter boost its error degree variances to be smaller than
(e.g., geoid) and quasi- or non-stationary constituents (e.g., DOT, time-varying DOT and variances from the CHAMP-only, GRACE-only and GOCE-only GGMs in order to deter- . s B S g 1207 & Al
. . . . . . . TIM_R1 224 S(GOCE) Pail et al., 2010 Al A A - those of EGMO08 up to degree n=175 contrary to n=142 for the former.
steric and eustatic sea level variations), are: mine the GGM signal power, error, rms signal power and rms signal error by degree and TIM_R2 550 S(GOCE) Pail et al. 2011 —coctonceisg - cotionGmdtre — e MGl s SR (e
o , _ . cumulatively. The second approach will focus on the determination of the differences — . " 4G w  GOCE G0C003s Goid Sanal - ~GOCE GOCO0 Geod Eror 110 .II,.*‘,W,/ Egg_g;g'g”;;‘;;fg:;?;;%;;;l ;;28&:2‘3"6?;3*52‘;':;::’r;r From the GOCE-only GGMs, it is concluded that the R3 versions of GOCE-TIM, GOCE-DIR and
a) the utilization of calibrated and validated input data, . , TIM R3 250 S(GOCE) Pail et al., 2011 ey D i SRARRI Gl e GEAGHICIRNGATH et e T T e w w e w : : :
between coefficients from CHAMP-only, GRACE-only and GOCE-only GGMs with the co- SPW_ R1 210 S(GOCE) Micliaccio et al.. 2010 Banes T GOCO are better than the first and second releases, since they have smaller errors to higher
b) the investigation of the spectral content of the input data, and efficients provided by EGMOO0S8 as reference. SPW_RZ 240 S(GOCE) Ml'g l',aCCI,O eta I" 5011 degrees. This is due to the use of more GOCE data (~1.5 yrs) in the R3 releases and as far as
_ igliaccio et al, : : : : )
c) the development of data optimal combination methods, considering the statistical For the comparison with local data, analytic evaluation of various GGM cut-off frequen- DGM-1S 250 S(GRACE, GOCE) Hashemi et al., 2012 Degree and error degree variances of the TIM, DIR and Gofo?sT:;d::; (R1, R2, R3) (left) and the respective cumulative geoid er- zgit[:g? TgiTCISSEaI\:eS?LanZ?rtnheedl’:{;hSnL:ese of ITG-GRACE2010s as a reference for the R3 model
behavior of the input observations, towards the achievement of high-quality and ac-  cies will be performed in order to investigate their agreement with the available GPS/ (Data: S = Satellite Tracking Data, G = Gravity Data, A = Altimetry Data S Y ’
curacy predictions. Levelling geoid heights. The evaluation with local gravity data refers to the reduction the GRACE (Gravity Recovery And Climate Experiment] In terms of the cumulative geoid errors, the improvement of the rel. 3 models is evident. Comparing GOCO-01S, 02S, and 03S, each reaches the 1 cm geoid error to d/o 143, 159 and 190 respectively. It is clear that the inclusion of
PR - - - i : . : more GOCE data in the rel. 3 models, offers a significant boost to the reduction of the formal geoid errors. On the other hand, this improvement by 3 orders in the total cumulative geoid error of the GGMs to their maximum d/o of
Given the above, we outline the initial processing strategy to be followed, the GOcg/ ~ °CMs provide in ordzr to asslejsb tf;e:lr perjc;rmancgd ;In d stehario that a remove CHAN_'P (CHAllenging Mml-satelllte-Paonz.ad) expansion, e.g., from 15.6 cm 5.4 cm between GOCOO01S and GOCOO3S, is
GRACE Global Geopotential Models (GGMs) to be used along with their pre-processing, ~ cOMmpute-restore procedure would be followed for geoid determination. GOCE (Gravity field and steady state Ogean C”'CI_I'at'O” Explorer) Statistics of the original f . i+ i c tribution of th ious GGM | letteri d reduced fields (itali
and, finally, the local gravity and GPS/Leveling data that will be employed for validation. ~ As far as the validation of the spectral content of GOCE data is concerned, this will be in- LAGEOS (Laser GEQdynamics §ateII|te) atistics ot the original free-air gravity anomalles over Greece, colr;nrilt [umlgglf € various s (normal lettering) and reduced fields (italics).
L . . . vestigated via a wavelet-based and FFT-based multi-resolution analysis of GOCE GGMis. SLR (Satellite Laser Ranking)
Moreover, the DOT and SLA determination methodologies are outlined along with the GOCE/GRACE GGMs effects on local gravity data [mGal] GOCE/GRACE GGMs effects on local gravity data [mGal]
heterogeneous data combination strategy. The spectral content of the § Y Y GPS/Leveling geoid height differences at the network of 1542 BMs over Greece for the various GGMs. Unit [m]. max min mean ms std ® Y

Some first results on the investigation of the GOCE/GRACE GGM spectral content are re- GOCE.-onCij, GOCEQGEACIE’ e L. el el e e o 10 S L 6. L ONS 220 25088360 I 112008 12 125 2100 269.927 -236.099 -22.731 77.522 74.114 EVEACLEDED min mean rms std
ported as well as their validation against the local data. To this respect, the GGM abso- EZIm r;r\]/?t (csjgtg/lsvjirl]l bte :nz: Skl os mi:n szi izzj ":72;7 ;jjj ":';f:—:'jj: :j;z :j::jj: 00:25 Sfjj:fﬁ 2] i I I et R 213.982 -236.870 -22.451 77.582 74.263 AVl XpAEY) 113.186 -196.837 . . . GO-DIR (240)
lute and relative accuracies on geoid heights are determined in order to investigate the Iyze{:’:l boYch wIth wavelet. p— n:ean 0'351 0'045 _0'292 _0'273 _0'275_0'308 ' ' 0'309 ' - ;Zj ;ZZ (;;; (;72258 Zz‘; 25;57 (;277 92.084 -147.407  -0.280 5.871 CR-{-’8 Ag red EGM2008 216.119 -136.974  -4.251 27.601 27.217 NE{L KoMl
accuracy achieved .by the GGMs, the Improvem.ent .brought by GOCE daIta in modelling based techniques at various - v7aa| 1388 lo7esl 6794 |o.caalessr 0,403 L 1'734 1'386 0'713 0'719 0'644 0'505 0'510 117.056 -192.911 -18.461 73.346 70.985 mmIcl\i[or:FpL1e) 104.643 -193.634 -18.088 73.104 70.831 pc{oZI 8 v Ayri1)
the long- and medium-wavelengths of the gravIty fl?|.d spectrum and, flnglly,.the accu- evels of decomposition 0350 oot losod 0008 L0.303.033 0.361.0.349  -0.302 — Toa0l ooar \osod 0205 \osoiozal 0350 210.259 -138.388 -4.270 27.074 26.735 RNACLRIVPIL 226.427 -132.401  -4.463 28.755 28.378 REAL:A(I-Kc[oE][ T v
racy that can be reached when GPS/Levelling is utilized for the determination of or- = . " = 5 s 13| 1386 |ozus| 072z |owesiloses 0.478/0379| 061 wd |173s| 1386 lo71sl 0722 |osas|oass| o0.4a2 117.929 -189.708 -18.594 73.385 70.991 [l EITAbLL)) 106.050 -190.976 -18.387 73.143  70.795 [EcleE[:EETPLN)
thometric heights. niques by employing 2D- mean 0.350  0.041 -0.303 -0.296 -0.302-0.356 0.356-0.344 -0.389  -0.388 Y . con lo3a3l 0037 loso7 -0305 l0.3100.348 210.370 -139.195 -4.136 27.054 26.736 Y41 R3lI R0 223.690 -129.921  -4.344 28.096 27.758 E\V-E{IKcloBIi8E]
GOCESeaComb Objectives wavelet and 2D-FFT trans- . = g . St 1733 138 0715 0727  0.651 0.525 0.475 0.374  0.149  0.137 2 =224) 1.734 1.383 0716 0.720  0.663 0.544 98.953 -180.089 -17.373 71.843 69.710 By ES:INdFLILYEED) 98.634 -190.849 -17.815 72.792 70.579 Hclenil\Nv¥Z:)

. o o o forms, respectively. o T —— S ——- m mean 0.350  0.042 -0.302 -0.300 -0.307-0.344 -0.358 mean 0.345  0.038 -0.305 -0.301 -0.306-0.345 -0.360 251.906 -147.804  -5.358 30.889 30.421 EENRCLRi(cEcY-NeFIENE 227.824 -138.574 -4.915 29.148 28.731 \-ALKe[oRlY
::;;E':,:g’gg"‘; I;’f”t:AeTic:gEEs:salc/‘;Tnﬁsz;'gictto'jv ;i?;is;‘:nt:jemp":ﬁzt'i;’n” (.:;(,j:(;a Local gravity data to be used  GPS/Leveling data to be used 1733 138 0716 0722 06460508 0512 td 1733 1384 0716 0720 0644 0.525 0502 97.867 -190.283 -17.821 72.728 70.511 [RecloleeliitYpPLY 107.867 -193.859 -18.333 73.032 70.694 [ReloRiIVEPRPI)

. , . . g P . for GOCE validation for GOCE validation mean 0.349  0.041 -0.304 -0.308 -0.299 BN can 0347 0010 0304 0298 -0.303-0.337 0.356 228.526 -137.327 -4.909 29.146 28.730 IINERIlo Lol iE 222.635 -132.988  -4.937 27.831 27.482 N TLRE o RILE:P:
understanding of Earth Observations parameters as the geoid, sea level and DOT in the T o o @ e m s w ow x e o+ o v v ¢ o owowow o x o« 20108 1738| 1386 lo716] o0.692 o690 Y NPy SN Gy S— — 107.419 -193.351 -18.314 72979 70.644 IR RRrrn 109.486 192.800 “18.385 ' 73.158 70810 ISR N eI
Mediterranean Sea. prs \< \\“}m _' . S o hI e e f_: ‘ . o o 7 e mean 0.349 0.041 -0.304 -0.298 -0.303-0.341 -0.363 (e XISl mean 0.345 0.042 -0.300 -0.297 -0.303-0.371 . . . . . 223574 133430 4346 27 680 27337 A d GO-TIM-R3

\/\/y \(ﬁ"“;}\ ey g% o f{k“iw O ; o !w@{ std 1.734 138 0.716 0.720  0.647 0.527  0.515 (n, . =210) 1.735 1.388 0.714 0.725 0.675 0.586 223.161 -132.423 4416 27.869  27.517 EEAESCieSelre - — — ' ' gre i i
To reach the main goal of the project, several sub-objectives have been identified, given /” \x . y\\/}\ () %“R T f, N (ol sk mean 0.349  0.041 -0.303 -0.301 -0.305-0.341 mean 0338  0.029 0312 -0309 -0.315-0.347 -0.345 107.499 -191.915 -18.312 73.027 70.694 [cleleelicJbL1y)
that the entire study can be broken-down in the following three major steps: w0 ,,_lf' “ | "\)\/&""/\/ i B N '. _ | *‘ / j P max=224) 1734 1386 0716 0.714  0.661 0.547 A 0 [1732] 1384 |0716| 0719 |o6a2]os30| 0537 224.651 -132.057 4419 27.779 27.425 QOR{ Qe eelEl Conclusions
o . 8/ \ ~;\ : ) \/1‘ / \/ﬁ : L!w \: , : % a5 e Ll , ) ~ . . GOCO002S NLSC 4 Relative differences for Gravimetric geoid model and the GGMs
. Study Of data prerequisites ahd methodo/ogles deve/opment’ Q ‘/ 4 WP />< ANAN Vi X - 24 1.734 138 0.716 0.718  0.643 0.522 0.501 0.119 1. 083 -0.392 +0.416 0.140 . ! I I I I s GOCESeaComb aims to evaluate the internal and ex-
1 ~~ Y Y~ VY Y Y Y/ ) 7 g —~ /s — & — NEGMOB
2|, I ol A 2 af G e N 2 mean 0.349  0.041 -0.304 -0.299 -0.303-0.335 -0.353 2 N, - @ oRRs |
. collection, validation and processing of heterogeneous data and e e II —_——— — — — . std 1733 1.386 0.717 0717  0.645 0.510 0.496 .y i ternal accuracy of GOCE, GOCE/GRACE and com-
_ ; T— | | | ' S | B - bined products in the form of GGMs.
. optimal combination of the afore mentioned data for gravity field multi-resolution rep- Jason-1 GM data in the area under study P
resentation, ocean circulation modeling and sea level variations determination. [——_ oo w w w w @ w ow From the GPS/Leveling geoid height differences with the available GGMs, the improvement offered by the GOCE-based Release3 modes, w.r.t. the earlier releases is evident. For the GOCO “r Y | The methodologies proposed will focus both in the
.. LIVEROEEAET™ e T models, the std of the differences drops by ~5 cm between R1 and R3, while the improvement is at the same level for the TIM models. The improvement for the DIR is marginal, at the 2 cm 16 b ~ in i -
Data prerequisites and area under study I NN g | . oTops by P - T ) P | 5 5 space and the frequency domain in order to con
| “ i I level, given that its R1 model provided an accuracy equal to that of the R2 for GOCO and TIM. This is due to the a-priori information from EIGEN-5C used in the development of GO-DIR-R1. B Mo 4 clude on the improvement brought by GOCE to the
A s NN

The entire Mediterranean Basin has been selected for the project experiments. The
Mediterranean Sea may be characterized as a “natural laboratory” for geosciences,
which is justified by the plurality of phenomena and processes, the alternating morphol-
ogy and the temporal variations found.

The performance of the GOCE/GRACE models is equivalent to that of EGM2008, when truncated to a d/o 250, being inferior by just 1-2 cm for the latest, R3, releases. This shows the great medium frequencies of the gravity field spectrum.

improvement offered by the inclusion of more GOCE data, especially in view of the fact that EGM2008 contains detailed local gravity data over Greece even at that d/o.
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The results from a first evaluation of the recent
GOCE/GRACE GGMs has been presented, using col-
located GPS and Levelling data for 1542 BMs and
294777 irregularly distributed free-air gravity
anomalies.
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Ix W GOCOO03s has a std of 49.6 cm to d/o 250, so considering the geoid omission error of 30.3 cm and the GOCO03s cumulative geoid error of 15.5 cm an un-modeled error of ~¥36 cm remains.
o o N L U N This may stem from the quality of, mainly, the orthometric heights within the HVD, which are known to be of low, yet unknown, accuracy. The same results are derived for the other com-
The data collected and to be used for GOCE validation, DOT and SLA determination have . A wi—. . ) . . . . : , . : .

: bined GGMs, such as GO-DIR-R3 which has a std with the GPS/Leveling geoid heights at 48.2 cm (d/o 240), with a geoid omission error of 32.1 and a formal cumulative geoid error of only 5.6
already been pre-processed and refer to: ERS1/2 and ENVISAT ERM data in the area . . . L . . . . L
under study cm. The latter signals that the formal error degree variances are quite optimistic, so that proper error modeling would require external information for validation.
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a) Local gravity anomalies and collocated GPS/Leveling observations over Greece. From the results acquired, the improvement of in-

From the relative differences and short baselines, up to 10 km, the contribution of local gravity data to the LSC-based geoid is clear, since it is better by 2 ppm compared to EGM2008, El- _ _ A
GEN6C and EIGEN6C2. As expected the GOCE and GOCE/GRACE GGMs have inferior performance by as much as 13-15 ppm compared to the local model and high degree GGMs. This is re- " spherical distance classes (km) *  corporating more GOCE data in the GGMs is evident,

solved for longer baselines, e.g., greater than 40-50 km, where the satellite only GGMs provide an error close to the 1 cm level, in the relative sense. Relative differences AN*">-AN*"" and AN°">-AN®*™ for baselines up to 100 km. ranging from 2 to 6 cm in terms of geoid height dif-
ferences w.r.t. the GPS/Levelling data and the few

All gravity data have been referred to GRS80/IGSN71 and refer to the geoid (free-air
reduced). A collocation-based blunder detection and removal test has been applied
to remove blunders.

Absolulte differences for the local gravimetric geoid model Absolulte differences for GOCO03s Absolulte differences for GO-DIR-R3 Absolulte differences for EGM2008

- i . . - o mGal level when compared with the free-air gravity

The GPS/Leveling data.refer to observations over trigonometric BMs covering conti- / _ _ _ _ anomaly field. The latest (Release3) versions of the
nental Greece and the islands. All data refer to GRS80 and the TF system. S Y _E”' T T——— | — . P mate GOCE/GRACE GGMs manage to provide a 1 cm relative
b) Satellite altimetry data from ERS1, ERS2, Jason-1, Jason-2 and ENVISAT missions T P T T o Tms .',:; ;:,;"-J..,':-‘-.f',.'-".;’;j &, Y .'.‘.;‘*‘-f-':-i:f T accuracy for baselines larger than 40-50 km.
Geoid heights from GO-TIM-T3 (N p,0x=250) Geoid heights from GOCOO03s (N,qa,=250) B - B ok bt ;',’«“,..m '*";g T ""”: ’zﬁ* ,qp:;«, | . .
Uniform geophysical corrections, all orbits readjusted to GDR-D Jason-2 orbital alti- in the area under study in the area under study e 3 3 ik -"‘i‘%ﬁ*%’* S o ;;.. £ The latest combined GGMs EIGEN6C and especially El-
tude. o ANZNS2OFESRUARY _ aN(-2003:5091 MARCH AN 200331121 APRL AN E2003 1211421 I 2 SR Bt L GEN6C2 provide slightly better results compared to

EGM2008 even for lower maximum degrees of expan-
o sion. Therefore, the crucial point is that combined
5 i oo e TRl B ® ¥ B g P GGMs, employing all available GOCE, GRACE, gravity and

ébsolute difjerences
ébsolute difjerences
ébsolute difjerences
ébsolute differences

c) GOCE, GRACE, GOCE/GRACE and combined static GGMSs
All have been referred to the TF system while the GRS80 ellipsoid has been used as a

normal field. altimetry observations can now be determined with in-
o | T i i i i e i i i i T e s T i creased accuracy, compared to older models, in the me-
d) GRACE monthly gravity fields in the form of GGMs T O Em Ee 0 oEm - TN e . L L28 :
8 6 4 2 mmD : ¢ % ¥ B W R mmﬂ : L 42 mmD : " 8 8 & 4 2 0 2 ¢ % Spherical distance (km) ® ” . ’ ” * Spherical distance (km) B N . 0 B K Spherical distance (km) K i s dlum Wavelengths.
GFZ R5 monthly models have been used with the DDK1 smoothing filter applied. Geoid height variations for four consecutive months form the monthly GRACE

models Absolute differences AN°™-AN** and AN°™-AN°™ for baselines up to 100 km (200,000 baselines). The red curved line in all figures represents the error model am-a.,s'/’ with a,,-2cm/km and S the spherical distance. The (%) denote the number of baselines with errors smaller than o,y.
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