COMPARATIVE ANALYSISOF THE GOCE SIMULATED DATA.

Janusz B.Zielinski', Jan Latka', Adam LyszkowicZ,
Margarita S. Petrovskaya’

WSpae Research Centre, Polish Academy of Sciences,
Ul.Bartycka 18A, 00-716 Warsaw, Poland
Emall: jbz@cbk.waw.pl
@ Central Astronomical Observatory of Russan Academy of Sciences,
Pulkovskoe Shosse 65, S.Petersburg, Russa
Email: petrovsk@gao.spb.ru

INTRODUCTION

The group from the Department of Planetary Geodesy of the SpaceReseach Centre in Warsaw was involved for along
time in the satellite gradiometry problems. Publications by Krynski [13] and Latka [3] solved some important
theoreticd problems before any technicd attempts have been made. In the beginning of 198Gties the projed DIDEX
was propaosed to the Intercosmos Program [14] based on the satellit e to satellit e tracing technique. In last yeas the
eff ort was direded towards the FreeFalling Gradiometer Projed [14] and the development of the analyticd expressons
refleding various aspeds of the problem of gradiometry [9]. Therefore, we receaved the final dedsion of ESA about
redi sation of the GOCE projed with grea interest and we started immediately to work along the lines of GOCE design.
We suppose that some interesting contribution may be presented from our side & a part of the joint European effort.

FREE FALLING GRADIOMETER PROJECT

In CNR in Frascdi (Italy) the new instrument for gradiometry has been developed which can be gplied in a range of
missions. It consist of a duster of accéerometers which conneded to perpendicular axes yield the gravity gradient
tensor components. An appropriate geometricd arrangement of accéerometers and baselines allows for the
measurement of all elements of the gravity gradient tensor, in principle. The predsion of the measurement is of the level
of 0.01 EU (1Etvos Unit = 10°m s%m). The first misson, which is proposed for this system, is the freefall drop from
the stratospheric balloon. Such implementation was proposed by the Italian SpaceAgency ASl as a projed cdled G-
zero o GIZERO [2]. Esentia for this projed is a payload that allows achieving zero gravity with residual noises
10™gVHz for about 25-30 seconds. These drcumstances became an inspiration for the study by Zielinski and Lorezni
[14], with the main task to consider the paossibility of the gplicaion of the Frascati accdéerometr system inside the
GIZERO capsule to the Earth gravity field measurement. This projed is cdled FreeFalli ng Gradiometer.

GIZERO is composed of a cgsule with a vacuum chamber and trading, control and telemetry systems. The casule is
lifted to the dtitude 40-45 km by the ball oon. The time of ascent is about 3 hours. When the pre-programmed altitude is
adhieved the casule is released and the whole probe starts its downfall. The same moment the payload inside the
vaauum chamber is released from the locking device a the céling of the chamber. Because of the small differencein
velocity of the cgsule, which is moving in the amosphere and of the payload, which is moving in the high vacuum,
after 25-30 seconds the payload reades the floor of the dhamber and the experiment terminates. By the time the
payload released inside the casule reades the casule’sfloor, the cgsuleitself isfallen ca 4.5 km.

Afterwards, the cgsule isgoing to land. The payload is retained by an appropriate mechanism and the cagsule recovery
phase starts with the sequence of opening of two progressve bigger paraciutes. It is expeded that the casule will
splash down in the seg than the rescue aew recversit and it can be used for another mission.

Let us assume that the scientific payload consists of the three-axis gradiometer as described in [2] and assume that the
gradiometer is freefaling (e.g. inside GIZERO). We neead an information about the dtitude of the system and, in
addition, about the position of the gradiometer in spacereferred to the Earth fixed coordinate system. To acaomplish
this, two additional systems are necessary:

1.  Thetradking system of the entire cgsule by terrestrial stations;

2. Theinternal tracking of the payload pasition inside of the chamber.

Simulations of this system have been done with the software padage FREEFALL and GGTENSOR.

ANALYTICAL METHOD OF THE GRAVITY FIELD DETERMINATION FROM GRADIOMETRY

The studies have been urdertaken devoted to the development of the analytica theory for orbital missons. In awork by
Petrovskaya [8] a hew approach is developed for solving the spatial boundary value problem. One unique expression is



derived for the improvement of the potential coefficients C,, from the gravity gradient disturbance AT". This theory was
later applied to the cae of the freefalling body along the verticd line.

In another work [9] the theoreticd study has been conducted devoted to the derivation of simple explicit anayticd
formulaefor evaluating the Earth’s potential coefficients. The new approad, instead of a modified orthogonal basis, the
concept of modified olservable is developed, with the standard basis of the solid sphericd functions. A boundary value
equation is derived which represents a linea relation between the unknown potential coefficients C,,, and a slightly
modified gradio olservable. This relation is used for deriving very simple quadrature formulae that determine C,,,
successvely and uniquely up to arbitrary degree and order.

Initially the general problem of the gravity field determination from the gradiometry measurement have been considered
and some generalized approach was applied for the solution of the spatial boundary value problem with gradiometry
data [10] looking for the solution in terms of the potential coefficients C,,. Later on, as the boundary values to be
determined the gravity anomaly Ag is acceted as well, becaise it is the most widely used parameter in the locd
gravity field presentation and is applicable & well for global modeling. As an observable there is a gravity gradient
tensor used, splinted in two parts:
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where I'y refers to the normal field and AT is the anomalous part.

Different options concerning the number and the kind of components are considered.

Thefirst caseisdiscussed for the full gravity gradient tensor observed. The method implies that the goproximate field is
known and we ae looking for some crredion parameters to the normal model [10]. Correspondingly, the unique
spatial boundary value relationis derived

AT = ATV )

which isthe truncaed to the degreeN sphericd harmonics series with the unknown dobal potential coefficients Cnm.
Basing on this relation the potential coefficients can be derived by the least square dgorithm. Procealing from the
expresgon for AT" in terms of sphericd harmonics, the same quantity is presented as a linea combination of the partial
derivatives of the disturbing potential T with respea to the geodetic coordinates {r, ¢, A} and then the arresponding
locd Cartesian reference set {x,y,z} diredly conneded with the trajedory of the freefalling chamber containing the
gradiometer. The &ove mentioned relation can be used for the point-wise testing of a global geopaential model.
Moreover, an explicit integral formulais derived for Cnm:
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As a definite solution, the expression is derived alowing to evaluate the regional surfacegravity anomaly Ag. For
solving this problem another basic relation is derived by means of downward continuation of AI' from a spatial
observation domain to its projedion onto aterrain region of interest. The formula (4) represents Ag in form of a sum of
a Stokes integral, depending on AT, and corredion terms due to the downward continuation and the Earth’s non-
sphericity
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This expresson allows to recover the regional surfacegravity anomaly Ag on the basis of spatial gradiometry data. The
principal part of thisformulais areduced Stokesintegra over a segment o, ( asphericd cgp or a sphericd redange) of
the unit sphere of integration, upon which the domain of gradiometry observationsis projeded. The integral depends on
the observable AT’ minus the truncated expansion AT'™ induced by global geopatential model with coefficients Cnm.
In (4) amean valueis applied after averaging AT" over observation altitudes of the freefali ng gradiometer
1
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Thethird basic relation is derived between the observable AT at the height h and the quantity Ag derived by means of
upward continuation of the surfacegravity anomaly to the dtitude h
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The principle term in this expresson is the radia derivative of the Poison integral, depending on Ag. Due to rapid
deaeasing of the kernel function, the domain of integration can be reduced to the locd area ad this formula can be
very efficiently applied in the freefalling g-adiometer problem [10].

Another work concerns the cae when only diagonal components of the gravity gradient tensor I'xx, I'yy, I'zz are
measured [11]. The theory was extended also to the situation when the measurements are done on board of the drifting
balloon or even an airplane what is typicd for airborne gradiometry. Several forms of the solution have been derived,
both by downward and upward continuations. The first solution, given by formula (8), refers to the Earth’s aurface It
has a form of a Stokes-type integral, depending on the observable AT
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where h isthe mean observation altitude and H isthe terrain height, and

Ag

do +(h-H)Al (8)

Al = (2Tzz -Txx -Tyy)/ 3 (9)

Two modificaions of this lution are proposed, by formulas (10), (11) and (12), (13). They contain a crredion term
for its downward continuation to the Earth surface taking into acmunt the Earth ellipsoidal shape and surface

topography.
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The spatial boundary value equation (14) has been derived referring to the mean dltitude of gradiometry measurements
during a balloon mission. By restricting to the inner zones in the integrals in (14) one can obtain the numerica relation
between the gradiometry data and the surfaceanomaly. Such relation can be used for testing either the space(AI") or the
surface(Ag) data, depending on the problem under consideration.

It can be noted that the diagonal components, which are used as observables, contain more information of the field
than skew components. Their applicaion alows easily summarizing the infinite series and deriving the solution for the
gravity anomaly in a dosed form.
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The derived solutions can be further refined by taking into aceunt some rredion terms of higher order with the ad
of iteration procedures.

One can observe that the expressions obtained are charaderistic for physicd geodesy. They do not demand new
numerical procedures and can be treaed by conventional numericd techniques applied in geodesy. By a similar



approach the solutions can be found for the geoid undulation N and verticd defledions. It is only neaessry that the
observations will cover some aea dove the chosen terrain region.

In the third work by Petrovskaya and Zielinski [12] the analysis is continued for determination of the height anomaly
and gravity anomaly but from the darborne missons, alowing balloon as well as aircraft gradient measurements. This
approach is focused on more pradicd applicaion of the gradiometry, going beyond the Free Falling Gradiometer
scheme, but thisis alogic extension of the previously developed theory.

As before, the observable AT is applied, which can be mnsidered as the anomaly of the full gravity gradient tensor or
the diagonal components only. Completely new results are derived in form of expressions:

For the height anomaly
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where the kerndl functionis
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For the gravity anomaly the solution is
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NUMERICAL SIMULATIONS

The results presented above inspired authors to submit the proposal for participation in the preparation of the GOCE
projed. We intend to use our analyticd theory as well as the numericd procedures to the solution basing on the
simulated data. It is assumed that these data can be obtained from the SID consortium, the group of German and Dutch
institutes working on GOCE.

The theory developed above based on the geodetic goproach to the Earth gravity field description was suitable for
setting W the software simulating the gravitational effeds with the required predsion. However this numericd
modeling is restricted, it does not take into ac@unt al forces which appea during the flight, like @amospheric drag,
magnetic forces etc.

Two separate programs have been prepared:

1. Program FREEFALL cdculates the trgjedory of the freefalling body in the assumed gravity field for the initial
position vedor and velocity vedor. Program accets a 40x40 gravity field model. Runge-Kutta numericd integration
procedure is applied, no atmospheric drag is taken into acount. The program gives pasition and velocity of the falling
body every n second.

The input of the program is as following: geographic coordinates and the dtitude of the initial point of the freefall as
well as the diredion and magnitude of theinitial velocity and in additi on coordinates of the point of observation.
Actually, FREEFALL preparesinput data for the next cdculations with GGTENSOR program.

2. Program GGTENSOR cdculates $x components of the second gradient of the perturbing potential T, for
positions cdculated by the program FREEFALL. Potential T is caculated with the help of the Stokes formula ad
gravity anomali es, which are given as foll ows:

al inner circle, integration with the anomaly block size5' x5’;

b/ midde drcle, anomaly block size15 x15’;

c/ externa square, anomaly block size 1°<1%



Gravity anomalies can be taken from the International Gravity Bureau data base or from other sources. Center of the
circlesis always at the sub-satellit e point, the radius of ead circle an be defined optionally.

With the éove software padkage cdculations have been performed for simulation of the FFG projed. Simulations were
made for the AS| stratospheric balloon range Trapani-Milo, Sicilly,( $=38°02 05 15, A=12°37 19'5). Trgjedory of the
probe was caculated with different initial conditions. height of the drop and initial velocity depending on the wind
spedad. As the gravity field model the GRIM3 was used, truncaed to 12<12 degree and order. Along this tragjedory six
gravity gradients were cdculated with the anomalous gravity field modeled acwrding to the International Gravity
Bureau data base mntaining 1°<1° gravity anomalies.

The similar procedure can be used for the GOCE satellite. The program GGTENSOR may be useful for cdculation of
the O—C values in ohservation equations when we use the gproximate gravity field model — but no anomalies -which
we want to improve with the gradio measurements.

INFLUENCE OF THE DATA DISTRIBUTION

The numericd experiment, on arbitrary simulated gravity gradients at orbital height [3], using least square wllocaion,
gave interesting result confirming the possbility of accurate determination of gravity anomaly at the Earth surface We
would like to continue this investigations using more redi stic though still ssmulated data.

We ae planning a numericd test using the simulated GOCE data in a regional frame. Our aim is to investigate the
influence of data cnfiguration and its gatial distribution on the acarracy of gravity anomaly determination at the Earth
surface  An other task it is the determination of the region optimal from point of view of feasibility taking in
consideration procesing time and hardware limitations. Finally it would be interesting to estimate the posshility of
joining the results from neighboring regions.

In the cae of GOCE the order of magnitude of the components of the gradient tensor at satellite dtitude is I'zz =
280U, I'xx =Ty, = 1400EU, I'xz = 10 EU, T'y, =Ty, = 0. The smulated components of the gradient tensor I'xx Ty,
I',, presented in a locd frame X, y, z with x-axis pointing to the eat y-axis pointing to the north and z-axis pointing
radial outwards can be reaily transformed to the frame of sphericd co-ordinates. It will fadlitate the use of the
sphericd harmonics devel opments of gravity models.
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Andogously T Tg T, T, forlatitudinal and longitudinal components respedively.

One can easily represent above values in sphericd harmonics development. For instance the radial component has
following form:
zz
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For our investigations the method d least squares collocation will be used additionally for comparisons a numericd
integration should be used. The @mvariancefunction K can be determined on the basis of global gravity field models

K@) =Tk Plcosy), k= (@, +B2) (21)

P, - Legendre polynomial, y - spherica distance a, b - fully normalized coefficients of spherica development.



Eventually certain empiricd models for given region ought to be taken in consideration. The law of covariance
propagation gves us posshility to merge different elements of gravity field such as gradients, gravity anomaly,
terrestrial gravimetric data and so on.

GEOID RECOVERY

The first gravimetric geoid for the territory of Poland computed by the cllocaion-integral method [10] comprised
about 6000 mean freeair gravity anomalies [9]. In such geoid determination, a number of error sources limits the
acaracy of the predicted geoid undulations. The most significant of these erors are due to the noisy data used in the
conventional geoid estimation: the geopaential model (GM), locd gravity anomalies Ag and the heights. In [10] some
simple gproades for minimising truncaion error for geoid height due to application of modified Stokes' integral have
been considered.

Therefore, it becomes apparent that the refinement of geoid determination methods can be atieved through analysis of
the properties of gravity field signals and errors provided by covariance functions, as well as through the use of optimal
data combination techniques. Two methods will be used to extrad important properties of gravity field signals and
errors. Both the spacedomain method and frequency domain methods, which utili se the fast Fourier transform (FFT)
algorithm. The two methods have their advantages and disadvantages. In recent times, the spedra (frequency domain)
technigue has been more popular due to its computational ease. The space domain method was used to estimate
empiricd covariance functions of gravity anomalies for seleded areas in Poland [8]. The resulting empiricd covariance
functions were then modelled by modifying dobal covariance models.

Spedral techniques provide excdlent means of extrading gavity field information contained in ead of the gravity
field data with the view of determining the cntribution to the gravity spedrum of each data type. Anaysis of the
gravity field spedrum should involve aiticd examination of the spedral information from ead data set and from a
combination of geopaential model (GM), locd gravity data and heights, which respedively provide long, medium and
short wavelengths information of the gravity field. Such analysis would provide the necessary gravity field signal and
error covariance or power spedral density (PSD) functions required for geoid prediction techniques. In addition,
estimates of data sampling density derived from degreevariances of the gravity signal would give abetter picture of the
data requirement for geoid estimation with sub-dedmetre acarracy.

Both the spacedomain and frequency domain methods will be aiticdly examined to determine which method will be
better in estimating the wvariance functions for a locd area It will also be necessary to know how the two methods
could be combined to achieve the best results in extrading spedral properties of the gravity field signals. In addition,
estimated PSD functions and degreevariances should be thoroughly exploited in various gedral bands to determine the
geoid power contribution in various gedral bands, as well as to estimate the data resolution required for centimetre to
dedmetre level of geoid acairacy.

Investigation of the cntribution to geoid undulations of the GM coefficients and errors using the simulated coefficient
errors estimates for GOCE, in combination with locd gravity in Stokes'sintegral, would provide the means of optimally
combining the two data types. Consequently, the dfeds of truncating the degreeof the spherica harmonic expansion of
the GM in favour of using larger cgp size to evaluate Stokes's integral need to be examined. In similar studies, an
increased areaof integration would show improvement of the results for geoid estimates. The limit to which the ca size
should be increased should beinvestigated in order to derive an optimal cap sizefor Stokes'sintegral solution.

Criticd analysis of the signal information from the short wavelength part of the gravity field spedrum in which the
topagraphic terrain corredions have adominant role is required in order for the centimetre geoid to be adievable. Li
and Sideris established that the discrepancy between the gravimetric geoid and GPS/levelling derived geoid is
correlated with the roughness of the topography. Therefore, rigorous modelling of the effed of topography and density
variations espedally in the mountainous areas would provide information on the recmverable geoid power in the very
high spedral band.

Proper description of the behaviour of data source erors are provided by suitable cvariance function models. While
the aror covariance function from the GM can be eaily derived from the eror degree variances of the wefficients,
empiricad error covariance models have to be derived for the gravity and height data that will represent the adual error
behaviour for thelocd area Barlik [2], Lyszkowicz [8] documented covariance models of gravity for area of Poland. In
order to derive aror models for gravity and heights that will adually represent the locd areg models for areas with
different topagraphy should be derived separately, and the overal geoid error from the data erors $ould be estimated
and modelled. In addition, a thorough analysis of errors from each of the data sources and combination of the data
would provide agood pcture of internal geoid acairacy.

Therefore, it can be expeded that spedra analysis of the gravity field data can provide the information required for
refining geoid estimation methods in order to obtain geoid with a cm level of acarracy in alocd area Information
contained in the spedrum of different data types would provide the geoid rms power from ead of the data types and



their combination. Such information will be useful in determining the optimal procedures for combining the different
datafor the geoid prediction methods.

CONCLUSIONS

The theory developed in [7] and [9] provides the proof that the regional solution for the gravity field mapping from the
satellit e gradiometry is possble. Advantage of such a solution can be seen when the problem arise to fill territorial gaps,
poaly covered by the terrestrial measurements. A good example of such aterritory is the Mediterranean Sea Thisis an
extremely important placefrom the point of view of plate teconic theory and the eathquake prediction research but has
no uniform and dense gravimetry coverage. Applicetion of the satellite method combined with balloon- or airplane-
borne gradiometry measurement of this region as well as terrain topagraphy and gravity anomalies could solve the
problem in the very effedive way.

There ae several problemsto address

. The dhoiceof numericd procedures optimal from the point of view of economy of cdculation and acairacy;

. The investigation of optimal data distribution and its gatial configuration, taking in consideration determined
areaof interest and required acaracy.

. The influence of data distribution on stabili ty of the results.

. The investigation of the posshility of conneding the neighboring regions with sufficient acaracy. An
integration of neighboring regions could be an aternative for global treament of data with enormous amournt of
data.

Authors propose to use &isting software and experienceto analyzethe simulated GOCE datain order to derive regional

solutions and to compare the results with solutions by other groups.
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