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Abstract

During the last decade a number of revolutionatglie missions have either been planned, sethd and

are in the final stages of preparation by the EemopSpace Agency and NASA, aiming all to measure
Earth’s gravity field at an unprecedented detdile Thissions of CHAMP and GRACE have set the ground
to understand the variations of the Earth’s grafiéld with a spatial resolution of ~200 km andeaporal
resolution of 10 days. Their accomplishments wél dontinued by GOCE, which being the first saeellit
gravity gradiometry mission promises to determietfEs gravity field with an accuracy of +1cm to k&

half wavelength. These great accomplishments differopportunity to study the temporal variationghef
gravity field, which are associated with mass tpamsand redistributions within and on the Eartéisface.
Therefore they can provide a continuous serieh@®fwiater cycle, polar ice melt, seasonal and arsesl
level rise, abrupt changes in the Earth’s crusttduearthquakes, etc. The present work aims toigecan
outline of the concepts, measurement principleglsgoaccomplishments and applications of recent and
future gravity-field dedicated satellite missiomsmonitoring system Earth, studying global enviremtal
changes, managing natural disasters, as well asppertunity for synergy between various branchies o
geosciences like geodesy, geophysics, oceanogragiyplogy, environmental sciences, social scignces
etc.
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1. Introduction — Geosciences and the Gravity Field
The study of the Earth’s gravity field has beeryirg for many decades on the combination of
terrestrial measurements of gravity field functignéike land and marine gravity anomalies, gravity
disturbances, geoid heights and deflections of uedical, with satellite measurements of the
instantaneous sea surface height from altimettiellgas and digital terrain, bathymetry and dibita
density models (Sanso and Sideris 1997). This glatdded very useful and accurate information for
the medium to high frequency spectrum of the gyafigeld, while the determination of the low
frequencies, i.e., the long wavelengths of the iyaspectrum was relying on few observations to
orbiting satellites. The latter refers to the defieation of the gravitational potential through
perturbation theory from the monitoring of the orlii revolving satellites. This situation resulted
significant errors in the determination of the loagd medium wavelengths and a subsequent
cumulative geoid error of the order of £46 cm foawslengths up to 100 km in a global scale
(Lemoineet al. 1998). But, the needs of geodesy, oceanograplophysics, geology, hydrology and
earth sciences in general demand the determinatithre gravity field and the geoid with an accuracy
of the order of £1 cm for wavelength of ~10 km. §htcuracy is absolutely needed in order to detect,
study and monitor the natural processes that té@epn the Earth’s interior, the dynamics of the
ocean masses variations and their seasonal chelenteraction and changes of tectonic plates, the
balance of freeboard and captured ice in the ocdhasvariations of the sea level, the balance and
variations of mass on the Earth’s surface fronkialls of dynamic phenomena, and the connection of
height systems in local, regional and global scalleaforementioned areas of research benefit reat
from an accurately and rigorously determined maafethe Earth’s gravity field and the geoid.
Changes and variations in the Earth’s gravity fasld the natural response of our planet to prosesse
taking place in its interior, surface and atmospherhile the geoid forms the natural reference
surface for the determination of heights and hedjfferences. The interaction and interrelation
between Earth’s gravity field and the geosciensegrésented schematically in Figure 1. From that
Figure it can be seen that all processes insiddc#inth, such as tectonic plate movement, orogeny,
sedimentation, rifting, the formation of oceanitges and trenches and the eruption of hot spots hav
a response in its gravity field. Equivalently, pgeses on the Earth’s surface, such as post glacial
rebound, rifting, exchange of mass balance, polamielt, sea level change and mass/heat flux have a



response on the geoid, which is the natural reberesurface to study land, ice, ocean and climate
changes.
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Figure 1. Contribution of the Earth’s gravity fietd geosciences.

In order to achieve the accuracy needed in thardetation of the gravity field and of the geoid for
the aforementioned studies to be feasible in aajlsbale, terrestrial gravity measurements over
extended regions would have to be performed. Umfiattely, this is a very time consuming and
expensive operation. Therefore, the only feasi@¢hiod that could guarantee homogeneity, accuracy
and global coverage, is the collection of obsemslbklated to the Earth’'s gravity field from space.
The main problem of observing Earth’s gravity fiéfldm space is related to the attenuation of the
gravity signal with height, due to the orbitingitaltle of artificial satellites revolving Earth. Qne
other hand, low orbiting altitude means largertdiifd drag effects due to the influence of thelEsrt
atmosphere and shorter satellite life spans. Gilrese circumstances, during the last decade attripl
of revolutionary and novel gravity-field dedicatsdtellites have been launched or are in the final
stage of preparation, all aiming at the determamatf the Earth’s global gravity field in order to
understand and monitor climate change and varitiorthe Earth’'s mass. The satellite missions of
CHAMP, GRACE and GOCE aim all at the accurate deitetion of the Earth’s gravity field and its
temporal variations in a global scale, therefomrtrbiting altitude is set to 454 km for CHAMP,
485-500 km for GRACE and 250 km for GOCE, whicHow compared to the orbiting altitude of
altimetric (~1360 km) and GPS satellites (~20000.Kithe orbiting altitude of these satellites is
dictated from the methods employed to measure gréwnctionals from space. These are: a) The
high-low satellite to satellite tracking method TS) used by all missions, b) the low-low satellit
to satellite tracking method (SST-Il) used by GRAGiHd c) the method of satellite gravity
gradiometry (SGG) used by GOCE.

This work presents the main characteristics ofrdeent gravity-field dedicated satellite missions,
their goals and fields of applications and the ltesacquired so far. It should be beard in mind tha
accurate knowledge of the Earth’s gravity fieldhighly important for all geosciences and an
invaluable tool to monitor changes in system Eadie to both anthropogenic intervention and
natural phenomena. Nowadays, this is of utmostifsignce, especially in view of the increasing
rates of the deterioration of our natural environtmand the risk that this has to both nature and
humanity.

. Gravity-field dedicated satellite missions

The new era in Earth’s gravity field observatioanfr space originates in July 2000, when the first
gravity-field dedicated satellite mission of CHAMEhallenging Mini-satellite Payload) was set to
orbit. This concluded a decade of scientific plagniand work and almost half a century of
envisioning to measure gravity potential from acgpshuttle. CHAMP (see Figure 2a), launched by
the GeoForschungsZentrum (GFZ) residing in Potsdzenmnany follows a near-circulagdcentricity
€=0.00400}) and near-polarirfclination i=87.3°) orbit with an initial orbiting altitude of 454 km
Even though it was designed to provide measurenoérikee gravity field for a five-year time span, it



has exceeded even the most optimistic expectatimse it continuues to be in healthy state
(February 2008) and is anticipated to work untildn@009 (Reigberet al. 2005a, b). As it will
discussed below the satellite uses the technique&s$t-hl in combination with an onboard
accelerometer to measure gravitational and nonigteonal forces acting on the satellite and
measure the gravitational potential. The main fafUSHAMP is put in the determination of the low-
degree harmonics, i.e., the very long wavelengtitiseoEarth’s gravity field.

The satellite mission of GRACE (Gravity Recovery@limate Experiment) (see Figure 2b), which
is composed by two satellites in pair, is the rataontinuation of CHAMP, since it has its main
focus on the accurate determination of the longédium wavelength of the Earth’s gravity field and
its temporal variations. GRACE is a joint projegtthe national space agencies of the USA (National
Aeronautics and Space Administration — NASA) andn@ay (Deutsches Zentrum fir Luft- und
Raumfahrt — DLR), while the Center for Space RadedCSR, University of Texas) and GFZ are
responsible for data collection, archiving, proaggand validation. As mentioned above the GRACE
mission is composed by two identical satellites AGE-A and GRACE-B, which measure Earth’s
gravity field with the SST-II technique, i.e., theyeasure changes in their inter-satellite distaamok
interpret that as changes in gravity attractiore $htellites were set to orbit in March 17, 2002 in
near-circular €=0.001999% and near-polai£89.03°) orbit, at an initial altitude of 475 km with thei
distance being 211.4687 km. Their expected lifesgah years has already been exceeded, while the
satellites are sill in a healthy status and theyexpected to provide measurements until 20010-2011
(Tapleyet al. 2003, 2004b).

The satellite mission of GOCE (Gravity field andaly Ocean Circulation Explorer) (see Figure 2c)
is the final one in this series of gravity-fielddigated satellite missions and is scheduled fandhun
spring 2008 under the auspices of the EuropeaneSpagency (ESA). GOCE will be the first satellite
to measure the gravity field from space with trehteque of space gravity gradiometry (SGG) and is
anticipated to provide new data and informationtlf@r high frequencies of the gravity field spectrum
with an accuracy of £1 cm up to harmonic degmee®50 (~80 km half wavelength). The satellite
will be set to a sun-synchronous dawn-dusk orbictv will be near-circularg 0.0045 and with an
inclination of i=96.5° (Drinkwater et al. 2003). Its altitude will be very low, compared tther
satellites, set to 250 km and will have a life spatwo years only. GOCE observables are expected
to increase the accuracy of the medium and highagrdharmonics (n>50-60), while they will also
contribute significantly in increasing the spatiakolution with which we observe Earth’s gravity
field. As usual, global gravity field models arg@mesented in a spherical harmonic expansion of the
gravity potential. The Global Geopotential ModeBEMs) that will result from the GOCE mission
data are expected to have a cumulative geoid efrarl cm for degrees of expansion n=250-260
which translates to ~80-76 km (half wavelength) réf® etal. 2007). This is a tremendous
improvement compared to the present state geoighheiccuracy of +46 cm for n=360. The
combination of GOCE-generated GGMs with currentetgrial and space data will result in an
unprecedented representation of the Earth’s grévatly in terms of accuracy and resolution (Rummel
et al. 2000, 2002).

(b)
Figure 2. The gravity field dedicated satellite sni;is of CHAMP4d), GRACE (b) and GOCE (c).

The three measurement techniques of the gravily fiem space, namely SST-hl, SST-Il and SGG,
are based on a combination of on-board accelero(agtand satellite to satellite tracking both
between the satellites themselves and the GPSiteatels well. The necessary conditions that every
space-borne gravity measurement technique hadftioafie: a) Allow continuous and uninterrupted
monitoring of the satellites in the three-dimensicspace, b) give the capability of measuring and/o
reducing the effects of non-gravitational forces tlsat the gravity potential signal can be measured



or isolated, and c) the flight altitude should belaw as possible and close to the Earth’s attragti
masses so that the attenuation of the gravity $igna to height will be as little as possibdl three
criteria are fulfilled by the SST-hl technique (deigure 3). According to this method, a low Earth
orbiting satellite is equipped with a high-end GlbPositioning System (GPS) receiver and a three-
axis accelerometer. The receiver tracks at eadflesinstance at least twelve GPS and GLONASS
satellites and based on their ephemerides, whietcamputed with a very high accuracy from the
global observing network of the International GPS&wRe (IGS), and the carrier phase and code
measurements that it makes, it can compute thengrdiional position vector of the satellite with a 1
cm accuracy. Moreover, the satellite acceleromgtesjtioned in its center of mass, measures the
non-gravitational forces acting on the satelliten@spheric drag, solar radiation, etc.), so thas¢h
forces can be removed at a later stage. CHAMP haéirst satellite using this technique to measure
the Earth’s gravity field (Reigbeat al. 1996). This measuring technique enables the detation of

the long-wavelengths of the gravity field spectrumh a high accuracy, but it does not allow the
acquisition of data for the medium to high frequeadue to the attenuation of the gravity signahwi
height (even though the satellite is orbiting thertk at an already low altitude compared to other
artificial satellites). This is due to the fact thidne measuring system configuration does not
completely fulfill conditionb) listed above.

The classic geodetic practice followed to measumallsscale signal in the gravity spectrum is to
measure potential differences, instead of the pialeitself, or its second-order derivatives. Insth
way, two different possibilities arise for the retlan of the attenuation effects, i.e., satellite t
satellite tracking low-low mode (SST-Il) and satelgravity gradiometry (SGG) which are combined
always with the SST-hl technique. In the SST-llhi@que (see Figure 3) two identical satellites are
set in the same orbit with a distance from 100 @0 &m separating them. This peculiar hunting
between the satellites is translated in increasinglecreasing distance between them, which is
measured with a very high accuracy. The changesiartte is an effect of the ever-changing forces
acting on the satellites, where among them laysgtiaeitational force. The satellites using this
technique are equipped with accelerometers in dalgeparate non-gravitation forces and compute
changes in gravity due to the effects of underlythisturbing mass on Earth. Furthermore, their
precise position vector is computed with the onrfddaPS receivers. This technique is used by the
GRACE pair of satellites, which successfully meastire medium frequencies of the gravity field
spectrum with high accuracy, while they also previone-varying models of gravity variations on
the Earth’s surface. The latter are linked to thelec of water on Earth, polar ice melt, precipitati
changes and ocean circulation.

The third and final technique, to be used by GOSEhat of SGG, which will bridge the gap in
gravity exploration from space by determining witkry high accuracy the high frequencies of the
gravity field spectrum, signaling in this way thgnergy and complementarity between the three
missions (the low, medium and high frequencieshef gravity field spectrum are measured with
high-accuracy from CHAMP, GRACE and GOCE, respetyiv The SGG method refers to the
measurement of acceleration differences, in afletgpatial dimensions, between the test masses and
the three on-board accelerometers (see Figureh®)rdsulting observable is the difference in gyavit
acceleration in the positions of the test mass#smihe satellite body. These differences are edus
from all attracting masses on Earth, which actedéhtly on each of the three accelerometers of the
satellite. Since the distances separating the exmgrkters and the test masses in the satellite are
small, small gravity differences can be detected arhigh-resolution representation of the gravity
field can be acquired (Jekeli 1999, Rummieal. 2002, Schrama 1990).

Impact of dedicated gravity satellite missions i n geosciences and results

From the aforementioned description of the deddtatgavity satellite missions and their
measurement principles and goals, the impact ket have on all branches of geosciences becomes
apparent. The main benefit is directed towards gsips, oceanography and geodesy with implicit
consequences to all other sciences using theiradatgproducts. In the field of geophysics, geology
and seismology, even though the study of the Eagdhavity field seems of minor importance, the
improvements already achieved by the gravity missiaf CHAMP, GRACE and GOCE give a much
clearer three-dimensional representation of mastsitdlition and density variations in the lithosgher
and upper mantle. When the latter are combined w#fsmic tomography and geophysical
prospecting they provide a much more accurate septation of the structures in Earth’s interior.
Moreover, density variations are closely relatethvtie gravity field since gravity anomalies are a
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Figure 3. The techhidues of SST-hl (tp;left), BS(Tep-right) and SG'G (bottom) for the
measurement of the gravity field from space.

result of variations in mass and density distritnutiTherefore, better knowledge of mass and density
variations can boost the study and determinationfrafture zones, tectonic plate movement,
sedimentation (closely related with oil and gaslepgtion), orogeny, rifting, while it is expected t
contribute significantly in identifying the birthenhanisms of earthquakes. In Figure 4 the accuracy
and horizontal resolution requirements for the gtoflvarious quantities in geophysics and geology
are presented. From that figure it is evident thatprior to the dedicated gravity missions stades w
inadequate for the rigorous study of all aforermmrdd phenomena, something addressed to a great
extend by the achievements of the recent graviggions.

On the other hand oceanography has already seegrebé benefits of space observation from the
altimetric satellite missions of GEOSAT, ERS1/2P TJASON-1, GFO and ENVISAT. The recent
gravity missions will provide further improvemeritsboth accuracy and horizontal resolution (see
Figure 4), so that processes which until today wespt secret, especially high-frequency ocean
circulation, will be revealed. Oceanography is elgsrelated to geodesy in marine areas, since
geodesy needs accurate oceanographic models dfethesurface topography to derive the geoid,
while oceanography needs geoid models with a tlacouracy to determine the ocean circulation
and sea level variations (Gruberand and Steigerbé?§03). Given that the geoid models to be
determined by CHAMP, GRACE and GOCE will have adrathan £1 cm accuracy for wavelengths
of 150-160 km (full wavelength), their combinatiatith the already available shipborne gravity and
satellite altimetry data will lead to the accurd&termination of the velocity and direction of big
ocean currents like Kuroshio, Gulf Stream and timeafctic Circumpolar Current. Moreover it will
assist the determination of the weaker coastaldm®p ocean currents, which up to now could be
determined by in-situ observations only. Additidpalassimilation models, which have wide
applications to oceanography as well as weather dinthte monitoring and prediction (Fu and
Cazenave 2000), will be benefited greatly, sinceadditional high-accuracy data source will be
available.

Finally, geodesy, is probably the most benefitedalbfgeosciences, since the dedicated gravity
satellite missions signal the beginning of a nea due to the fulfilment of decade-long objectives
(see Figure 4). First of all, in well-surveyed ared the world like North America, Europe, Austaali
and Japan, where high-accuracy regional and le@itignodels exist, the results acquired by the new



gravity missions will make leveling and the deteration of heights by GPS measurements feasible
and an everyday issue, will lead to the unificatodrvertical reference systems and enable inertial
navigation. In poorly surveyed areas of the wontiere no data or data with gross errors exist, the
results from the gravity missions will contribute geoid development of a higher resolution and
accuracy (Vergos 2006). Significant contributior &mprovement will be achieved in the estimation
of satellite orbits, which will be determined wittigher precision and accuracy since gravitational
effects and errors associated with its accuraclybeilreduced if not removed. Finally, the dedicated
gravity missions will have a direct impact on monitg temporal, seasonal and quasi-stationary sea
level variations, determining the seasonal watetecgn our planet and the water balance on glaciers
lakes, oceans and rivers and will finally contrdood a more timely and accurate prognosis of large
scale climate phenomena like El Nifio and La NifiargBghiet al. 2007, Vergo®t al. 2006).

Figure 4. Impact of the gravity field dedicatededkie missions of CHAMP, GRACE and GOCE on
geodynamics (top left), oceanography (top right] geodesy (bottom).

Some of the early results acquired in earth sceficen the use of data from the dedicated gravity
satellite missions can be viewed in terms of thprowed accuracy in geoid determination. Figure 5
presents the cumulative geoid error for variousbglogravity models with increasing degree of
harmonic expansion. The latest model coming fromARIR? and GRACE data is depicted with the
green line, and it can be clearly seen that tharracy improvement is almost ten times better
compared to older models (Vergos 2006). It showdbted that this model does not include any
GOCE data, since the satellite is not launched thet,efore the medium to high frequencies lack
accuracy. But, even in this case, by including dnly years of data from the other satellite missjon
the accuracy improvement is significant (two tethorders of magnitude compared to older models).
Moreover, the outstanding contribution to geodyreamwas proven even from the early results, since
data from the GRACE mission led to the detectiothefM9.3Sumatra earthquake that took place in
2004. Figure 5 (right image) shows the change engravity field caused by the earthquake and
depicted by the GRACE satellites. The change in dhevity field was of the order of a few
nanometresfswhich is one billionth of the acceleration that esperience everyday at the Earth's
surface. Finally, another significant achievemehtthee dedicated gravity missions has been the
monitoring of mass balance and mass exchange oBdtth’s surface and the oceans. The results of
the GRACE monthly gravity field models have a cuativk geoid accuracy of +2-3 mm with a
spatial resolution of ~400 km, thus allowing théedmination of annual and seasonal geoid variations
of up to 10 mm. Over large watershed areas, gearidtions can be attributed mainly to groundwater



changes. Such an example is observed in South Aanierithe wider area of the Amazon River (see
Figure 6), where geoid changes of the order ofaarfen are evident in the monthly GRACE gravity
models. This annual cycle in geoid variati@mw a clear separation between lrge Amazon
watershed and the smaller watersheds to the ragh,the Orinoco watershed (Tapletyal. 2004a)

as well as the annual cycle of water balance iratka, since 1 mm in geoid height change is roughly
translated in 2 mm water column change.

Figure 5. Accuracy improvement in geoid determorativhen using data from dedicated gravity
missions (left) and detection of the Sumatra Earttkg by GRACE (right) [Image credit of
NASA/JPL/University of Texas-CSR].

Figure 6. Annual (2004) geoid height variationglie Amazon basin from GRACE monthly solutions.
[Image credit of Tapley et al. 2004a]

. Conclusions

The recent and forthcoming dedicated gravity sStgethissions have already a significant impact in
geodesy and the geosciences in general. Their atbastics and measurement principles offer a
unique and novel insight in the processes that pd&ee in the Earth’s interior, the variations lo¢ t
oceans and mass redistribution on Earth. The grawibdels that result from the CHAMP and
GRACE data, and those to be acquired by the fontimep GOCE mission, offer the opportunity for
synergy between various fields in geosciences darlevel monitoring, large and small scale ocean
circulation determination, water variations and roelt estimation. Of utmost importance is their
application for climate change observation and iptexh, where in combination with other data
sources in assimilation models they can lead tetebunderstanding of our changing planet and the
development of more efficient tools for naturalkrimanagement towards the protection of our
environment, infrastructure, economy and socieityally, the dedicated gravity field satellite mmsi
data have an increasing impact on geodesy, wharecedented views of the Earth’s gravity field
have already been determined while the geoid &ilmbscale will be estimated with an accuracy of a
few cm, thus allowing the connection of height eyss$, precise sea level monitoring, the introduction
of a global vertical datum and the determinatioorfiometric heights by stand alone GPS.
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