Report on our activity in the framework of the grant ESA PECS               C 98056 during 2009
Contributors to this report

Aleš Bezděk,  Jaroslav Klokočník, Jan Kostelecký, 

Pavel Novák, Ivan Pešek, Josef Sebera

Editors     

Jaroslav Klokočník, PI,
Aleš Bezděk
Ondřejov, January 2010
This grant project began in September 2007. It consists of 4 areas of simulations and preparation for the actual GOCE data (which will be available since spring 2010, after a delay), three submitted, accepted and supported by ESA in 2007 in the frame of ESA GOCE AO from 2006; one remaining (the first item in the following list) has occurred as a result of consultations with Dr. Rune Floberghagen (at that time ESA ESTEC, Noordwijk), GOCE Project Manager and his colleagues. The following items are studied:
Item  1.  Orbit choice and tuning for GOCE measuring phases 
 (responsible person Aleš Bezděk)
Item 2.   Novel geodetic computational methodologies

               (responsible person: Christian Gruber replaced by Josef Sebera during 2009)

Item 3.  Comparison of detailed satellite and terrestrial data
               (responsible person: Pavel Novák)

Item  4.  Detection of hidden impact (meteoritic) structures on the Earth surface

               (responsible person:  Jaroslav Klokočník)

1.  Orbit choice and tuning for GOCE measuring phases 

(prepared by A. Bezděk, J. Klokočník, and J. Kostelecký)

Following the successful insertion of GOCE in its orbit on 17 March 2009, we closely followed the actual orbital decay of the spacecraft from the initial altitude of 280 km in a nearly “free-fall” regime, where the commissioning of the onboard instruments took place. We analyzed both this early orbit phase as well as the repeatability conditions of the planned GOCE orbits during the measurement operational phases (MOPs) in the paper by Bezděk et al. (2009).

Due to the still very low solar activity, which affects the atmospheric drag to be counteracted by the onboard ion thrusters, the GOCE team chose the altitude for the first measurement phase to be 254.9 km, which is 8 km below the altitude announced at the time of the launch. This is a 61-day repeat orbit. This is an important change from the point of view of the repeatability character of the groundtracks (regular and dense enough grid of the groundtracks is essential for the success of the whole mission). Thus, we updated our computations and graphs for this new lower altitude range. In a short report sent to the GOCE team, we stated our main conclusion that a nearby 62-day repeat orbit (200 m higher than the actually planned 61-day orbit at 254.9 km) would produce a more regular Earth coverage. GOCE Mission Manager Rune Floberghagen answered us that even if this suggestion had come too late for the actual planning of the altitude for the first measurement phase, this 62-day option would certainly be considered in the following MOP 2.
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In the figure on the right, the equatorial node separation (ENS) indicate the spatial resolution achieved after the particular repeat period is completed. The first panel shows the orbit (in violet) with the mean altitude of 254.65 km; one can assess the gaps between the successive ascending groundtracks on the equator to be approximately 30 km and 70 km wide; indeed, in the bottom panel the histogram corresponding to 254.65-km orbit have large peaks around 26 km and 73 km. In the second panel, the groundtrack grid of the 61-day repeat orbit (in blue) is shown, with equatorial gaps of 35 km and 45 km, directly corresponding to the information given by the blue histogram below. The groundtrack grid in red, labelled by 254.85 km, is the 41-day repeat orbit, whose equatorial gaps have ca. 60 km. The green colour marks the 62-day repeat orbit, which has the most homogeneous groundtrack grid, its peaked histogram being centred at 40 km. Finally, the last orbit (in cyan) has the irregular equatorial gaps similar to the first orbit (in violet).

We will present these and other results concerning the fine tuning of GOCE orbits at the ESA Living Planet Symposium in Bergen in July 2010 and publish subsequently. And, of course, we will hope that our conclusions may contribute to the success of the GOCE mission or even be taken into account for the actual orbit planning of MOP2.

The success in fine orbit tuning for GOCE, which is a follow-on analysis of the GRACE problem with the 61/4 resonance, inspired us to extend our analysis on the planetary orbiters (Klokocnik et al 2010). Situation for the Mars orbiters is similar to artificial Earth satellites while for slowly rotating bodies like the Moon, Mercury of Venus, the problem is different. We will bring more information in the report next year.
Published or submitted contributions:

· Bezděk A, Klokočník J, Kostelecký J, Floberghagen R, Gruber Ch, 2009. Simulation of free fall and resonances in the forthcoming GOCE mission. Journal of Geodynamics 48(1), 47–53.
· Klokočník J, Bezděk A, Kostelecký J, Sebera J (2010) Fine orbit “tuning” of planetary orbiters for maximum gain in accuracy of gravity field information,  Journal of Guidance, Control, and Dynamics (under review).

Oral or poster presentations:

· Bezděk, A., Klokočník, J., Kostelecký, J., Floberghagen, R., Gruber, C., 2009. Simulation of free fall and resonances in the forthcoming GOCE mission. EGU General Assembly, Vienna, Austria, 19–24 April.

· Bezděk A., 2009. Geodetická mise GOCE - aktuality, výběr dráhy pro měřickou fázi. Meeting of the Centre of the Earth's Dynamics Research (CEDR). Třešt' Castle, September 2009.

2.   Novel geodetic computational methodologies 
(prepared by J. Sebera)
The modern computational capabilities will enable us to process the GOCE data in a full complexity allowing to determinate the geopotential parameters with the complete information about its inner accuracy stored in the covariance matrix. Such a matrix is a suitable tool for error estimation of the derived potential quantities (e.g. geoid undulations, gravity anomalies, etc.) on the ground level, where the external validation provided by terrestrial/airborne techniques can be applied. Majority of the simulations was performed with the covariance matrix of the EGM 96 gravity field model up to degree and order 70 (it corresponds approximately to matrix 5000×5000). The calibration computations with this matrix gave a very good agreement with the official results provided by the authors of that model. In the figures, one can observe the main feature of the error propagation in a case of a combined model that is the strong differences between the accuracy over the ocean and land areas, where the gravity field model is based on qualitatively different methods. Despite the fact that the algorithms work well, a further development is still needed to get better performance because the GOCE processing will concern matrices with around 60000 rows and columns (it roughly corresponds to spherical resolution 250, expected for the GOCE mission).
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Standard deviation of the gravity anomaly (left) and the second radial derivative of the disturbing potential (right) projected from the covariance matrix of the EGM96 gravity field model up to 70.

The main research objectives for the year 2010 is to continue both in the gradiometry itself and in the combination with the satellite altimetry data. Namely the second topic is now studied in a close cooperation with DGFI in Munich, where I currently work on the DOT (Dynamic Ocean Topography, mainly caused by ocean currents) effect on Calibration/Validation procedure of the GOCE data by satellite altimetry. It was found that this residual and very thin shell of water, which oscillates around the geoid, cannot affect the GOCE measurements by its gravitational action, but it can adversely affect the quantities derived from the equipotential surface (geoid) provided by satellite altimetry. In the figure below, the dominant effect of DOT on the second radial derivative is displayed, where the magnitudes (tens of mE) exceed the expected accuracy of the GOCE gradiometer (few mE). 
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DOT effect on the second radial derivative of the disturbing potential estimated with DOT08 model. The largest magnitudes correspond to the main ocean currents (e.g. Gulf Stream, Kuroshio).  

Objectives for further study are outlined and will be presented at EGU 2010 in Vienna and at the ESA Living Planet symposium in Bergen. They concern a research on the non-traditional parametrizations of of the GOCE observations (poster for Vienna) and a testing of the methods upwarding the gravitational quantities from the ocean surface (given by satellite altimetry) to the GOCE altitude for the validation purposes.
Published or submitted contributions:
· Sebera J (2009) Radial orbit error as a tool for comparing Earth gravity field models accuracy. Geodetický a kartografický obzor 55(6): 125-132.

· Bouman J, Bosch W, Sebera J (2009) Assessment of systematic errors in the computation of gravity gradients from satellite altimeter data. Marine Geodesy. submitted on December 2009.
Oral and poster presentations:

· Gruber C, Sebera J, Novák P (2009) High resolution harmonical synthesis & analysis on the sphere using FFT. 6th EGU General Assembly, Vienna, April 2009.

· Sebera J (2009) Accuracy of the spherical approximated quantity derived from the covariance matrix of geopotential. JUNIORSTAV 2009, Professional Conference of Postgraduate Students.
3.   Comparison of detailed satellite and terrestrial data 
 (prepared by  P. Novák)
The mathematical apparatus formulated in the initial phase of the project was coded and tested in various alternative settings by using both simulated (synthetic) and real gravity data. The gravity field model is being solved in terms of a database of discrete values of the gravity potential (or geoidal heights) in the grid of curvilinear coordinates (either spherical or Gauss-ellipsoidal coordinates). This solution is particularly advantageous for spatially limited gravity observations that represent functionals of the gravity potential, namely its first- (gravimetry) and/or second-order (gradiometry) directional derivatives (gradients). These data (hetero-geneous in terms of physical meaning, accuracy, spectral content, spatial and temporal sampling) are collected in space and time by various sensors located at the Earth’s surface (ground/marine gravimetry), aircraft (airborne gravimetry) and spacecraft (spaceborne gravi-metry and gradiometry).   

The mathematical model for combined processing of local ground/airborne and global spaceborne data is based on the theory of potential and its boundary-value problems, namely the Dirichlet (first) boundary-value problem for the Laplace equation. The solution is based on Greens’s surface integrals over the unknown potential function at some simple, closed and connected surface (geocentric reference ellipsoid). Observation equations in the form of the surface integral can be formulated for all types of currently available gravity field observables. Due to the observation noise, a system of inconsistent equations must be solved with the solution estimated through some criterion (such as minimizing the quadratic form of the vector of residuals).  Basics of this model were presented at 7th Hotine-Marussi symposium in Rome, July 2009. More details are described in a paper submitted for publication to the proceedings from this conference. The stability of the solution was tested by using the Gerschgorin theorem that was described in the article published in Studia Geophysica et Geodaetica.

The derived model was tested in co-operation with Geodetic Survey Canada. The new Earth Gravitational Model EGM08 was used as the synthetic gravity field model for evaluation of the testing dataset of ground gravity anomalies.  New results of this testing were presented at the Scientific Assembly of the International Association of Geodesy in Buenos Aires, September 2009. The mathematical model can be used only when certain theoretical assumptions are met. For example, the solved potential must be a harmonic function of the 3D position outside the boundary surface. This requirement can be satisfied by reducing all observed values for the gravitational effect of all external masses (topography, atmosphere, lakes and sea water, glaciers). 

Moreover, these effects must be studied in context to observed values that are often subject to various pre-processing steps such as filtering, re-gridding, averaging etc. Possible methods were investigated in the article published in Journal of Geophysical Research. Mathematical formulas and results for the gravitational effects of topographical masses, sea water and atmosphere were presented at the Scientific Assembly of the International Association of Geodesy in Buenos Aires, September 2009 and published in Surveys in Geophysics. The gravitational effect of distant topographical masses by using Molodensky’s approach was also studied with first results published in Studia Geophysica et Geodaetica. Gravitational effects of large glaciers in polar region were also investigated with results presented at the General Assembly of the European Geosciences Union in Vienna, April 2009.

Besides solving for geographically-limited values of the gravity potential, methods based on global parametrization of the gravity potential were also tested. Namely a method of 2-D Fourier representation of the Earth’s gravity potential at the surface of a geocentric sphere was tested because of the approximate spherical symmetry of the Earth’s gravity field. Numerical coefficients in this series can be estimated directly from observed data, however, this approach requires some stable algorithms for the spherical harmonic analysis and synthesis. These methods were also investigated and results were presented at the European Sciences Union in Vienna, April 2009. 

Published or submitted contributions:

· Novák P, Kostelecký J, Klokočník J (2009) On accuracy of current geopotential models estimated through a comparison of quasi-geoid models and GPS/levelling data. Studia Geophysica et Geodaetica 53(1): 39-60.

· Tenzer T, Novák P, Prutkin I, Ellmann A, Vajda P (2009) Far-zone effects in direct gravity inversion by means of Molodensky's truncation coefficients. Studia Geophysica et Geodaetica 53(2): 157-167.

· Novák P, Kostelecký J, Klokočník J (2009) The new global model of the Earth gravitational field EGM08. Geodetický a kartografický obzor 55(3): 44-53.

· Tsoulis D, Novák P, Kadlec M (2009) Evaluation of precise terrain effects using high-resolution digital elevation models. Journal of Geophysical Research 114, B02404, doi:10.1029/2008JB005639.

· Novák P, Klokočník J, Kostelecký J, Zeman A (2009) Testing EGM08 using Czech GPS/leveling data. Newton's Bulletin 4: 126-132, ISSN 1810-8555.

· Novák P (2010) High resolution constituents of the Earth gravitational field. Surveys in Geophysics 31(1): 1-21, doi: 10.1007/s10712-009-9077-z.

Oral or poster presentations:

· Novák P (2009) Local geoid modeling in the era of high-resolution Earth's gravitational models. Pecný Observatory, Ondřejov, February 2009.

· Novák P, Huang J (2009) Two alternative integral solutions of the gravimetric geoid. 6th EGU General Assembly, Vienna, April 2009.

· Tenzer R, Hamayun, Vajda P, Novák P (2009) A smoothing effect of the topographical correction on gravity disturbances in rugged mountains and flat regions - Case study for the Canadian Rocky Mountains. 6th EGU General Assembly, Vienna, April 2009.

· Tenzer R, Hamayun, Vajda P, Novák P (2009) Global modeling of the ice stripping correction in terms of the ice thickness spherical functions. 6th EGU General Assembly, Vienna, April 2009.

· Novák P (2009) On combination of heterogeneous gravitational observables for cm-level accurate geoid models. 7th Hotine-Marussi Symposium, Rome, July 2009.

· Novák P (2009) Selected constituents of the high-resolution Earth gravitational model. IAG Scientific Assembly "Geodesy for Planet Earth", Buenos Aires, September 2009.
· Novák P, Huang J (2009) Local geoid modeling in the era of EGM08. IAG Scientific Assembly "Geodesy for Planet Earth", Buenos Aires, September 2009.

· Novák P (2009) Gravity field modeling in the era of EGM08. Meeting of the Centre of the Earth's Dynamics Research (CEDR). Třešt' Castle, September 2009.

4.  Detection of impact (meteoritic) structures on the Earth surface

(prepared by  J. Klokočník and J. Kostelecký)
We have surveyed the Earth with the 2160×2160gravitational potential model EGM08 using both its computed gravity anomalies in spherical approximation and second radial derivatives. Over most of the well known impact crater sites we find the second derivatives offer finer discrimination of the circular features than the anomalies themselves.  We also find some of the sites show evidence of double or multiple craters which need further ground verification by geophysicists and geologists. The final decision is always on geologists. We still are in the review processes with our two manuscripts on this topic, since they were supported by geodesists but rejected by geologists. Geologists ask for more than only the gravity data but the relevant data in the areas of hypothetical craters Chicxulub II or Popigai II are not yet available.
To provide an independent check of our previous findings of the new candidates for the impact craters, we tried to model these putative objects by a point masses model, using accessible geological data as constraints. We compared gravity anomalies from these models with those from EGM08.  In both cases (Chicxulub and Popigai), the hypothetic companion looks like a “twin” of the primary crater.

First we modelled structures Clearwater Lake (Canada) and Ries-Steinheim (Germany) known as double craters to learn from these examples how to do the modelling, which is an improperly posed inverse task. We have only limited geological information (shape of the crater and some density contrasts) to define external constraints.  The Clearwater Lake craters are supposed to have been created simultaneously by two impactors of a comparable size, while the size-difference for Ries and Steinheim is large. The former can be detected by EGM08, the latter not. The EGM08 survey of Popigai shows a series of circular features in addition to the primary crater. Of them the nearest secondary is strongest and shows a structure very similar to the primary. This similarity indicates that, if Popigai is a multiple crater, the system  may have been created simultaneously.
Published or submitted contributions:

(if not listed at item 2 or 3)

· Klokočník J, Kostelecký J, Novák P, Bezděk A, Gruber C, Sebera J (2009) Mapping the Earth's gravitational field using GOCE. Geodetický a kartografický obzor 55(97): 165-174.

· Klokočník J, Kostelecký J, Novák P (2009) Chicxulub seems to be a double crater and Popigai has little brothers. Vesmír 88(2): 93-95.

· Klokočník J,  Novák P,  Kostelecký J,  Wagner CA: 2009, Detecting impact craters using the EGM 08,  AG&G, in review 

· Klokočník J,  Kostelecký J,  Novák P, Wagner CA: 2008, Candidates for multiple impact craters Popigai and Chicxulub as seen by, EGM08, a global 5x5´ gravitational model,  Solid Earth EGU , in review

· Klokočník J (ed.), Bezděk A, Gruber Ch, Kostelecký J, Novák P, Pešek I, Vondrák J: 2008, GOCE – specific tasks on fine gravity field structure of the Earth, Detection of hidden impact (meteoritic) structures, Introd. study and simul. before the GOCE launch, Report for ESA, PECS  C 98056, Ondřejov and Prague, May 2008, 109 pages, report publ. By Astronom. Inst. Czech Acad. Sci.
Oral and poster presentations:

· Klokočník J, Kostelecký J, Pešek I, Novák P, Wagner CA, Sebera J (2009) Geophysical applications of EGM08: search for impact craters on the Earth. 
      6th EGU General Assembly, Vienna, April 2009.

· Klokočník J, Kostelecký J, Pešek I, Novák P, Sebera J (2009) 
      Geophysical applications of EGM08: detection of impact craters. 

      Meeting of the Centre of the Earth's Dynamics Research (CEDR). 
      Třešt' Castle, September 2009.
























