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Introduction

Nirecucdon

The exceptional situation of getting simultaneous and complementary observations from a mul-
tiple of geo-scientific and environmental near-Earth orbiting satellites opens the unique oppor-
tunity to contribute significantly to the understanding of global Earth dynamics. This will enable
to quantify processes in the geosphere and the interactions with the atmosphere and the hydro-
sphere and to predict future developments. A consequence of this research is, on the one hand, to
contribute to a deeper knowledge of the Earth system, and on the other hand, the possibility to
contribute to the development of sustainable strategies to safeguard the human habitat for future
generations.

The key parameters that are provided globally are of physical and geometric nature and allow,
when combined, an enhanced modelling of the mass distribution and mass transport within the
Earth, at the Earth’s surface and its envelope. The knowledge of the Earth’s mass distribution and
redistribution is of crucial importance for the exploration of geodynamic convective and climato-
logically driven processes within Earth system. The temporal scales addressed by these processes
range from sub-seasonal and interannual to decadal and secular variations on a global to regional
spatial scale according to the satellites’ data resolution capability.

The overall goal of the multi-disciplinary effort outlined in this document is a breakthrough in the
understanding and modelling of geodynamics, ocean circulation and sea level, ice mass balance,
and the global hydrologic water cycle as well as the mutual coupling of these processes consti-
tutive to the highly dynamic Earth system. The challenges will be the identification and separa-
tion of the relevant signals in the satellite and complementary data products, signal analyses and
model assimilation, and interdisciplinary model integration to achieve a consistent representation
of the changing Earth.

The present document emphasizes the need for a coordinated national research program on
mass transport and mass distribution in the Earth system in view of the considerable German
scientific and financial support during promotion, preparation and realization of the satellite mis-
sions. Such a program is an adequate way to fully exploit satellite missions’ products in order to
harvest the scientific return and to keep the leading role of German scientists within the interna-
tional scientific and application community as far as kinematical, dynamic and climatologic Earth
system processes are concerned.
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The document

lays down the scientific framework, the conceptual ideas, the strategy and prospects for the
urgently needed coordinated activity (Chapter 1),

describes the relevant actual and coming satellite missions, the state-of-the-art in product
generation and expected improvements, and the missions’ role within the fields addressed
by this document (Chapter 2),

gives detailed information about the individual transport processes in the Earth system, its
present knowledge, modelling deficits and the expected benefits from joint analyses of the
newly available Earth observations (Chapter 3): ocean transport processes (Chapter 3.1), ice
mass balance and sea level change (Chapter 3.2), solid Earth dynamics and structure (Chap-
ter 3.3), the continental hydrological cycle (Chapter 3.4), and — finally — about the role of
atmosphere, tides and Earth core motion (Chapter 3.5),

defines the interrelations, interfaces and requirements for a multi-parameter and multi-disci-
plinary product exploitation and a coupled modelling using the satellite missions’ and com-
plementary remote sensing signal analysis and balancing results iteratively as the common
basis and an information system and data centre as the focal point (Chapter 4),

reports the theoretical and mathematical background of the satellites’ data processing and of
the tools for modelling the various Earth system processes, complemented by satellite mis-
sions’ fact sheets (Annex).
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Framework of a coordinated
research program

The goal of a coordinated research program is a breakthrough in the
understanding and modelling of important processes in the highly dy-
namic Earth system. The exceptional situation of getting simultaneous
and complementary observations from a multiple of geo-scientific and
environmental near-Earth orbiting satellites opens the unique opportunity
to contribute significantly to the understanding of global Earth dynamics.
The key quantities derived from these satellite missions are measured
changes of surface geometry and mass distribution and mass transport in
and among the Earth components. A deep understanding of our complex
Earth system is the basis to develop sustainable strategies to protect our
planet, its climate and environment and preserve it for future generations.

1.1 Space research and Earth system:
mass transport, mass distribution,
and mass exchange

Circulation in the oceans and in the atmosphere, water fluxes between various terrestrial water
storages, melting ice, river discharge, changing sea level, and convective flow in the Earth’s man-
tle — these and other processes cause a permanent transport of mass and a redistribution of mass
on the Globe. How much mass is transported and redistributed? This is a fundamental question
for the understanding of these processes and their dynamics. In the past, changes of the mass dis-
tribution in the Earth system were difficult to observe directly and, consequently, interpretations
of sparse data or predictions of individual processes were incomplete or wrong. This situation has
changed dramatically through a unique constellation of simultaneously operating satellite gravity
and altimetry missions, equipped with very precise and novel sensors.

The gravity field and its variations — measured by satellites with unprecedented accuracy — are
closely interrelated with mass transport and mass distribution. Fig. 1.1 gives an overview of grav-
ity related phenomena, associated with anomalous signals in the geoid, in gravity or with tempo-
ral changes of geoid or gravity. The atmosphere, hydrosphere, ice covers, biosphere, land surface
and solid Earth interact in various ways, ranging from subseasonal and interannual to decadal and
secular variations on a global to regional spatial scale. This makes it difficult to develop realistic
models that are capable to yield realistic predictions. Rather sophisticated partial models exist,
for example, for weather predictions, the coupled atmospheric and ocean circulation, of local hy-
drological scales, of glacial isostatic mass adjustment, but we are still far from a comprehensive
description and understanding of the dynamics of Earth system. An important, and so far miss-
ing, segment of Earth system models is the determination of mass anomalies, mass transport and




Mass Transport and Mass Distribution in the Earth System

A

Frpeirodogecal oyl it B WO vaps

preopiation

K fresh wirer soeags
} 1 on ] o
| & At
L
E‘ . -n-' Evapelrarasealicn

e il ik
[mntemy

= .
’ o
o oy e
) —
[ | ! Mo ¢ ywm.mm irage
GEQID: REFEREMCE SURFALCE FOR LAND - ICE - DCEAN CHARGES AND MNTERACTION
TEMPORAL CHAMGES: MASS TRANSPORT AND MASS EXCHANGE IN EARTH SYSTEM

GRAVITY: MIRROH | INTERIOR PROCESSES

= s

(TITTTIT P

-

hasgitl
wytlemy ;
.::-.:. _g ksta e 1' suriace Funclt /M:m
’ . Yervel changes
FOA . | t ok
Y _n 3= ‘f f

' _ L iy | Wl KIrags I ocean I o
By, il HH f— --_?‘-,_| — l ooan cetsation =

e e

ExNrAR

Figure 1.1: The interrelation of gravity, gravity variations, mass transport and distribution.

mass exchange between Earth system components and, ultimately, the establishment of global
mass balance.

With the new quality in observing the Earth’s gravity field, and the sea and ice surface and their
temporal variability, the tools are for the first time available to recover globally mass transports
in the Earth system through their effects on the gravity field and the sea and ice surface geometry.
This will allow us to investigate the physical causes and, furthermore, to establish a firm basis
for predictions of future changes and their effects. Those insights are essential for future climate
scenario predictions, and in particular for our understanding and the prediction of the global wa-
ter cycle. It is expected that the integrated research proposed in this report will contribute to revo-
lutionize our understanding of the dynamical processes on the Earth’s surface and in its interior,
enabling a new view of geodynamics in a broader sense to evolve.

We distinguish three kinds of mass signals to be discussed in this report, and three ways to use
satellite observations to recover these mass signals. The first kind is time variation of mass distri-
bution in oceans, in continental water storages (such as ground water), in ice sheets, in the atmos-
phere and in the Earth’s interior, with seasonal, annual and inter-annual contributions as well as
secular trends. Our goal is a monitoring and understanding of mass transport within these Earth
system components, of mass balances (for ice sheets, ocean basins, river catchments and ground
water) and of mass exchange across the borders between atmosphere, ice, land and oceans. The
mass changes and redistributions are reflected in small amplitude, but large scale changes of grav-
ity and the geoid, which are now for the first time observable by the satellite gravity missions
CHAMP and GRACE, with a resolution from global scales down to a few hundred kilometers.
Simultaneously, satellite altimetry missions observe the shape of ocean and ice surfaces as well
as tiny changes in their geometry with centimeter accuracy. This extraordinary favorable data
situation will enable for the first time reliable estimates for the Antarctic ice mass balance, for
deep ocean currents variability and for the contributions to sea level change by all involved proc-
esses. For large scale mass variations in continental hydrology, which have been unobservable up
to present, first impressive results based on GRACE data are already available. Thus, observed
changes of water mass in the global hydrological cycle represent a new quantity for the improve-
ment of understanding, modelling and forecasting processes of the Earth’s climate.

For the oceans, another type of mass signal gets involved. The combination of precise altimetry
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and gravity (geoid) information leads to the determination of the absolute surface current includ-
ing its time mean and time varying part. Combined with in-situ data the absolute flow field can be
determined - a long-standing problem of physical oceanography that finally seems in reach given
the modern satellite technology. Those absolute currents can then be used to determine transports
of water masses and heat by the oceanic current systems. That transport of mass and energy in the
oceans is a major mechanism for the stabilization of the Earth’s climate. Only the combination of
satellite altimetry, in-situ data and geoid information from the GRACE and GOCE satellite mis-
sions can provide the new information required to model and understand the ocean flow field, its
changes and the role of the ocean in the climate system.

The third type of mass signals is the stationary mass and density structure of the Earth’s mantle
and crust. Observations of the stationary geoid and gravity anomalies reflect the internal structure
and can be used to constrain dynamical models of processes in the Earth’s interior such as con-
vection flow, sinking plate slabs and rising mantle plumes, as well as to infer the structure of the
crust, for instance, in plate collision zones. For these goals, the gravity field, seismic information
and laboratory experiments complement each other. Gravity field methods will gain in impor-
tance, as the gravity field model obtained from GRACE and GOCE will — in particular for large
and medium spatial scales — be more accurate by orders of magnitude than the information avail-
able before, with a globally homogeneous coverage.

There is growing public concern about the future of our planet, its climate, its environment and
about an expected shortage of our natural resources, even of such an elementary one as water.
Any consistent and efficient strategy of protection against these threats depends on a profound
understanding of Earth system, including mass related processes. In modern times these processes
are influenced, as well, by man-made effects; to what extent is still unknown. Certain, however,
is that they affect our life and the life of future generations. Major decisions facing human soci-
eties will depend on a much deeper understanding of this complex system, and international ef-
forts on governmental and scientific levels are currently underway towards this goal. The research
proposed in this report will support in particular the understanding of stability and variability of
climate and of the various elements of the global water cycle, which is within the scope of large
international scientific programs, such as the World Climate Research Programme (WCRP) or the
International Geosphere-Biosphere Programme (IGBP).

1.2 Interdisciplinary cooperation within a
coordinated research program

Quantification and understanding of mass transport and mass distribution based on the new
satellite data requires a close cooperation of many Earth system research areas: oceanic transport,
continental hydrology, ice mass balance and sea level, dynamics of mantle and crust, and geo-
detic signal analysis of the satellite missions, see Fig. 1.2. Such an inter-disciplinary approach is
necessary due to two reasons. The first reason is the importance of water mass exchange across
the boundaries of the system components oceans, land, ice and atmosphere. The goal is a consist-
ent modelling, where mass output from one model (e.g. for an ice sheet) is used as mass input for
another model (e.g. for the neighboring ocean). The other reason is the integral character of the
satellite observations. The satellite gravity data as well as surface geometry changes observed by
satellite altimetry contain a complex superposition of various mass signals. For instance, in Ant-
arctica gravity and height changes due to ice mass changes are superimposed by similar signals
from mass change in the Earth’s mantle due to glacial isostatic adjustment, from tectonics, and
from mass changes in the adjacent oceans and in the atmosphere. To enable a reliable separation
of such effects, an intensive exchange of results is required. The role of the atmosphere requires
a special remark: it is not a core research area in this program, as atmosphere research will prob-
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Figure 1.2: Exploitation of satellite gravity and altimeter mission products to determine mass transport
and mass distribution in a multi-disciplinary environment.

ably not directly benefit from this kind of satellite data. However, the contribution of atmospheric
mass variations to the satellite data has to be modelled very carefully. In addition, atmospheric
forcing and mass exchange with the atmosphere are research themes in various components of
the proposed program.

The authors of this document propose to establish a national research program to quantify mass
distribution, transport and exchange by adding novel observables, in particular gravity and grav-
ity variations as well as surface geometry and changes in the geometry of oceans and ice cov-
ers. These observables can be provided by dedicated satellite gravity field missions based on the
principle of satellite-to-satellite tracking such as CHAMP and GRACE and of satellite gravity
gradiometry such as GOCE. They will be combined with precise tracking by the satellites of any
of the global positioning systems GPS, GLONASS and in future GALILEO. A new generation of
remote sensing satellites, the altimetric ice missions CryoSat and ICESat will allow to measure
surface geometry of land and sea ice and variations thereof with unprecedented accuracy. Ocean
surfaces have been and will be measured with cm-precision by the altimetric ocean missions JAS-
ON and ENVISAT and their predecessors. Also the height and height variations of water surfaces
on land — lakes, rivers, wetlands — are observed by the altimetric satellites (Fig. 1.3). The satellite
missions provide gravimetric and geometric data with globally homogeneous coverage and data
quality, and with a good sampling in space and time. In contrary to terrestrial data, they are not
contaminated by local effects. Thanks to these advantages, the satellite data allow the detection of
many mass signals which have been unobservable before. The joint use of geometry and gravity,
in addition, will allow in many cases a separation of physical causes, such as thermal expansion
and mass sur-plus in the oceans.

Prerequisite for a consistent use of the satellite data is a precise geodetic-geodynamic reference
frame for all numerical analysis procedures, the application of new computation standards and a
user oriented processing of the mission products. Traditionally, geodesy is capable of measuring
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Figure 1.3: Geo-scientific and environmental near-Earth orbiting satellites providing simultaneous and
complementary observations.

1) changes in surface geometry of ocean and ice surfaces as well as horizontal and vertical
deformations of land surface (geokinematic component),

2) changes in Earth rotation, traditionally subdivided into nutation, polar motion and variations
in spin rate and associated with all processes of angular momentum in Earth system (Earth
rotation component), and

3) the spatial and temporal variations of gravity and of the geoid (gravity/geoid component).
The constituents of an integrated geodetic-geodynamic monitoring system are shown in Fig. 1.4.

The satellite configuration currently in orbit or approved to be in orbit soon will improve each
of these three components significantly in capability and precision. We will have a new genera-
tion of satellites monitoring land deformation, ocean and ice surfaces, determining the gravity
field and geoid with unprecedented accuracy and, in addition, enhance atmospheric sounding due
to the growing number of low orbiting and navigation satellites. If we succeed to integrate this
unique system of satellites into one common reference system at a precision level of one-part-
per-billion (mm to cm precision) and stable and consistent in time and space these sensors can
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operate so-to-say as one Earth encompassing global observa-
tory. The combination will be achieved by means of the global
Geokinematics geodetic space techniques VLBI, SLR, GPS and DORIS in the
framework of the International Earth Rotation and Reference
System Service (IERS).

From the combination of the three fundamental components
geometry, gravity/geoid, Earth rotation and, in addition, at-
Reference : mospheric sounding, mass anomalies, mass transport and
frames .. .

mass exchange emerges. The quantities to be delivered are
small and therefore difficult to determine. In order to be useful
for global change studies they have to be derived free of bias
and consistently in space and time. In general they are derived
from the combination of complementary sensor and observa-
tion systems. For example, dynamic ocean topography is to be
derived from the accurate measurement of the ocean surface
by radar altimetry in combination with a geoid surface provid-
ed by gravity satellite missions. It shows that a variety of sensor systems, mission characteristics,
and tracking systems have to be com-bined with utmost precision. The interconnections between
mass transport processes, and the relations between observable parameters of gravity and geom-
etry and the different processes are sketched in Fig. 1.5.

rotation

Figure 1.4: Constituents of an integrated
geodetic-geodynamic monitoring system.

In the past, geophysical research concerned with the three geodetic components, geometry, Earth
rotation and gravity/geoid, as well as with the sounding of the atmosphere, concentrated on in-
dividual processes and not so much on the added-value that can be drawn from their integration.
The new satellite data are time series — along orbit tracks — related to a variety of geometric and
gravimetric quantities that will be combined to provide global time series of geophysical param-
eters related to mass phenomena. These represent a new generation of input data for Earth mod-
els in the fields of oceanography, glaciology, hydrology and geophysics (Fig. 1.2). Since each of
these Earth system components interacts with all others a thorough analysis of their interfaces is
required, too. A link has to be established between the global time series of geodetic parameters
(related to deformation processes, mass changes and exchange of angular momentum) and all
relevant geophysical models. This is a highly interdisciplinary task and asks for a close coopera-
tion of geodesists, geophysicists/geologists, glaciologists, oceanographers, hydrologists and at-
mospheric physicists. The ultimate goal should be the development of comprehensive numerical
Earth models that are able to assimilate time series of global surface, mass transport and mass ex-
change processes. They are expected to enable a deeper understanding for solid Earth processes
such as glacial isostatic adjustment, tectonic motion, volcano activity or Earthquakes, as well as
for near-surface processes such as ice mass dynamics and balance, heat transport in the oceans,
the various components of sea level change, the global water cycle and atmospheric dynamics.

The measured temporal variations of gravity/geoid and the Earth rotation represent the total, inte-
gral effect of all mass changes in the Earth system. Thus, methods have to be conceived for their
separation into the individual contributions. This is a difficult but important task and requires the
development of a sophisticated over-all strategy. The use of complementary satellite techniques,
tailored sampling strategies, satellite formation flights, terrestrial calibration sites, permanent re-
cordings, dedicated campaigns and geophysical models will prove important for this. Of similar
character is the problem of aliasing due to the limited resolution in time and space, in general, of
satellite missions.

The proposed research program is certainly intended not to cover all components of the Earth sys-
tem, at least not in a first step; for example, the electro-magnetic constituent as well as atmosphere
and ionosphere and the source structure of core and inner mantle as well as the various relations
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between these sub-systems are not taken into account. The same holds for exogene influences of
the solar system and the translational and rotational motion of the Earth with respect to an In-
ertial Reference System. Even important mass transport phenomena are not included as long as
alternative observables than gravity field quantities and geometric observables are better suited
to improve the respective models. For example, at present one does not expect that gravity field
observations can improve the atmospheric and climatological models. But to avoid contamination
and aliasing effects available models have to be considered properly, as the water mass exchange
between the atmosphere on the one hand, and oceans, ice and the continental water cycle on the
other hand — just to mention one important example.

glackl isostatic
adjustmant (GLA)
feclonics

redabive sen bevel
loating

oCeanic
transport

Figure 1.5: Interconnections between mass transport processes, and their relation to gravity and geom-
etry. Mass exchange and dynamic feedback are indicated by light grey arrows. Yellow arrows show the
relations between observable parameters and the different processes.
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1.3 Research topics and establishment of a
national research program

A unique research opportunity emerges from the fact that a multiple of geodesy related missions,
the gravity missions CHAMP, GRACE and GOCE, the altimetric ice missions CryoSat and IC-
ESat, the ocean altimeter missions TOPEX/Poseidon and JASON and the environmental satellite
mission ENVISAT but also the envisaged satellite navigation system GALILEO are simultaneous-
ly in orbit. It will allow the coherent global study of mass balance and transport processes for the
first time. Germany has invested considerably in all of the above missions (except in JASON and
ICESAT) and German scientists played a leading role in the promotion and study of these mission
concepts. It is of interest that the German scientific community can adequately harvest scientific
return and play a significant role in this important segment of Earth system research. Precondition
is a coherent priority research program in this area that combines all necessary elements of solid
Earth physics, oceanography, geodesy, glaciology, sea level research and hydrology.

The joint research program will focus on the determination of processes that are associated with
mass distribution, transport, exchange and balance. Earthquakes, volcano eruptions, tectonic defor-
mations, land slides, glacial isostatic adjustment, deglaciation, sea level rise, ocean mass and heat
transport, deep ocean circulation, the water cycle, atmospheric and ocean loading and many more
are typical and well known phenomena of this kind. Mass anomalies, the transport and exchange
of masses and mass balances are not measurable by any other means and add significantly to the
understanding of global Earth dynamics. In the following, potential research topics as part of a na-
tional research program are specified.

Mass transport: signal analysis and signal balancing - Precise simultaneous measurement of
gravity field variations and surface deformation lead to the possibility to investigate mass distri-
bution, mass transport and mass exchange in the Earth system for the first time. Separation of the
individual signal contribution and a process oriented balancing becomes possible by combining
this new generation of measured mass signals with the models and techniques of all related dis-
ciplines. Prerequisite is a precise geodetic-geodynamic reference frame for all numerical analysis
procedures, the application of new computation standards and a user oriented processing of the
mission products. Topics of research are: integration of reference systems and computation stand-
ards, harmonization and development of a precise consistent reference frame in space and time;
development and application of solution procedures and space-time filtering methods for the mis-
sion products with the task to separate the signal in its contributions and combination with scales of
geophysical models involved; validation, separation and balancing of measured temporal changes
of the gravity field and the ice and ocean surfaces respectively by model results and complemen-
tary data sets.

Ocean circulation and transport — The combination of geoid and altimetry allows for the first
time the direct determination of the global dynamic ocean topography. The geostrophic balanced
surface currents can be deduced from the inclinations of the dynamic topography. From these, com-
plete profiles of the ocean circulation can be derived by combination with traditional hydrographic
measurements. New insights in global and basin related heat and mass transport can be expected.
Temporal variations of the dynamic ocean surface are caused mainly by temperature related vol-
ume changes where the mass column remains unchanged. Mass changes by fluid dynamics causes
more problems and can be detected only by changes of the gravity field as expected by the GRACE
mission. This will lead to a clear progress in the understanding of ocean circulation. Topics of re-
search are: determination of large-scale heat and mass transport; investigation of circulation sys-
tems as the Antarctic circum polar current, Weddell- and Ross eddies; separation of steric and
eustatic changes of the global sea surface and of the dynamics of currents; interaction of temporal
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and quasi-static circulations (eddies, fronts).

Hydrological cycle — The determination of the continental water storage in space and time is not
possible nowadays with sufficient accuracy. The time dependent gravity field as expected from the
GRACE mission enables for the first time to detect continental mass changes with a resolution of
lcm water column in monthly snapshots. This allows to close the hydrological cycle at different
scales in time and space. Topics of research are: global water balance and water transfer between
atmosphere, continents, oceans and ice shield; large-scale variations of terrestrial water storage
under characteristic conditions; large scale temporal variations of evapotranspiration; evaluation
and development of large-scale hydrological models; water balances in difficult accessible regions;
long term trends of continental water storage as a consequence of environmental changes; identi-
fication of hydrological problem zones with respect to water management and the availabilty of
water resources.

Ice mass balance and sea surface — The polar ice caps play a key role in Earth system because
imbalanced masses and resulting changes of the sea surface are global. Of central relevance is the
precise determination of the mass balance of the complete ice shields by the actual gravity field
missions CHAMP, GRACE and GOCE. Altimetry enables the precise measurement of the topog-
raphy and of ice height changes, with the missions CryoSat and ICESat also in the climate sensi-
tive ice shield regions. Interferometric SAR (ENVISAT) enables the area wise determination of
ice motions which can be compared to balance velocity models. The precise measurement of the
thickness of the sea ice (CryoSat) provides new insight in the actual climate development. Topics
of research are: registration of mass changes of the polar ice caps and the consequences for sea
level rise; investigation of the changes in the border areas of ice masses; validation and improve-
ment of glaciological models as important component in coupled climate models; determination
of ice mass induced recent crust deformations (glacial isostasy); additional data sets for validation,
densification and interpretation of satellite data; modelling of sea ice dynamics based on new re-
mote sensing data.

Crust and mantle — The new gravity field missions open new dimensions in the research for geo-
dynamic mass transport within the Earth: GOCE will improve the resolution of the static gravity
potential and its gradients in the medium and short wavelength range by more than one magnitude;
GRACE will provide for the first time the temporal variation of the potential down to a resolu-
tion of 400km; it can be expected that mass distribution and mass transport will become directly
observable. Topics of research are: glacial-isostatic adjustment processes and lateral variations
of mantle viscosity; global mass transport in the mantle and dynamic topography based on new
seismic tomography data and 3D-distributions of mantle viscosity; sub-lithosphere mantle con-
vection and deviations of seismic discontinuities in 410 and 600 km depth; models of active and
passive continental margins based on high-resolution gravity data, decoupling processes at active
subduction zones; episodic mass redistributions at plate margins; improvement of global and re-
gional crust and lithosphere models.

Atmosphere and Tides — Mass transports by the atmospheric circulation and by tides make up
an integral part of mass variations and transports in the Earth system. For the purpose of the pro-
posed program, both components are regarded as known from observations and models. They are
treated as correction terms during gravity field analysis. However, the contribution of their uncer-
tainty to the total error budget of mass variation estimates has to be assessed. Furthermore, the at-
mospheric conditions are required as input for models of the oceans, the continental hydrosphere
and the cryosphere to drive mass transport and mass exchange processes.
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The satellite missions:
observing the Earth system
from space

There is a unique situation for the next years: Based on innovative sen-
sor technologies such as accelerometers, satellite-to-satellite tracking,
and gradiometry, the gravity field missions CHAMP, GRACE and GOCE
will lead to dramatic improvements in Earth gravity field recovery. At the
same time multi-mission altimetry continues to observe the ocean surface
and ice sheets by ENVISAT, Jason-1, GFO, ICESat and CryoSat with a
space-time sampling enabling to monitor the temporal variability with
high resolution. The synergy of all these missions will help to improve the
understanding of environmental and deep Earth processes.

2.1 Gravity field mapping

Tracking the orbits of some tens of satellites at different altitudes and orbit inclinations has over
the last three decades gradually improved the knowledge of the Earth’s gravity field. While these
conventional methods have provided accurate information for the very large scale structures of
the gravity field, they have insufficient accuracy and time resolution to support a wide range of
applications. The limitations are due to the attenuation of the gravitational signal with altitude,
the sparse tracking data coverage and the difficulties in modelling the non-gravitational forces
acting on the satellites. The pre-CHAMP status in global gravity field recovery from space is rep-
resented by the model GRIMS5-S1 (Biancale et al.,
2000). With the CHAllenging Minisatellite Pay-
load (CHAMP) mission (Figure 2.1), launched
in 2000, the first dedicated gravity field mission
has been realized: a low (initial altitude 454 km,
now 370 km) and near-polar orbit, an on-board ac-
celerometer for the measurement of non-gravita-
tional forces such as air drag and solar radiation
pressure, and a continuous precise tracking simul-
taneously by up to 10 high-orbiting GPS satellites.
These characteristics led to a break-through in the
determination of the long-wavelength gravitational
field (Reigber et al., 2003) already from a limited
amount of mission data and, for the first time, from
the analysis of observed orbit perturbations of only
Figure 2.1: The CHAMPsatellite one satellite (Figure 2.2).

12



2 The satellite missions: observing the Earth system from space

[ T

AB0 430 B0 40 0 40 B0 120 16 MGal A 420 H0 40 0 40 me 120 e MGal

Figure 2.2: Gravity anomalies over Europe derived from the pre-CHAMP multi-satellite global gravity
field model GRIMS5-S1 (left) and a CHAMP-only model derived from 33 months of mission data (right).

The CHAMP mission (Reigber et al., 1999) is conducted since the beginning under full respon-
sibility of GeoForschungsZentrum Potsdam (GFZ) with participation of the German Centre for
Aerospace (DLR). The mission is funded by the German Ministry of Education and Research,
GFZ and DLR. The mission lifetime will end around the year 2008.

It was noted already decades ago by Wolff (1969) that the intersatellite signal between a pair of
satellites orbiting the Earth in the same orbit plane has significant information on the medium to
shorter wavelength components of the Earth’s gravitational field and, if this relative motion can
be measured with sufficient accuracy, this approach will provide significant improvement in the
gravity field modelling. This mission concept was proposed for the early GRAVSAT experiment
by US scientists (Fischell and Pisacane, 1978) and the SLALOM mission in Europe (Reigber,
1978). Both of these as well as later similar mission proposals were not successful in being ac-
cepted for funding. The break-through came with the acceptance of the Gravity Recovery and
Climate Experiment (GRACE) mission (Figure 2.3), proposed by Tapley and others in 1997
as a joint US-German partnership mission (Tapley et al., 2004a) within NASA’s Earth System
Science Pathfinder (ESSP) program. The science processing system is chaired by the Center for
Space Research (CSR) of Texas University in Austin with a distribution of work between CSR,
NASA'’s Jet Propulsion Laboratories (JPL) and GFZ (see also the CHAMP mission fact sheet in
Annex A7).

The Gravity Recovery and Climate Experi-
ment (GRACE) is a dedicated satellite mission
whose objective is to map the global gravity
field with unprecedented accuracy over a spa-
tial range from 400 km to 40,000 km every
thirty days. Meanwhile it has been proven (cf.
Chapter 2.2) that the measurement precision
provides a gravity field model whose accuracy
for these length scales is about 20 times better
than what was known before.

The twin GRACE satellites, based on CHAMP
heritage, were launched on March 17, 2002
into an almost circular, near-polar orbit (incli-
nation 89.0°) with an initial altitude of 500 km,
for an at least 5 years mission. The natural de-
cay of the orbital altitude since launch is about Figure 2.3: The twin GRACE satellites.

13



Mass Transport and Mass Distribution in the Earth System

Figure 2.4:
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1.1 km/month. The GRACE configuration consists of two identical satellites that follow each
other on the same orbital path and are interconnected by a K-band microwave link to measure
the exact separation distance and its rate of change with an accuracy of better than 10 mm and 1
um/s, respectively. Figure 2.4 gives an example of measured range variations when crossing the
Himalayas. Both satellites are equipped with the highly advanced BlackJack GPS flight receiver
instrument for high-low satellite-to-satellite tracking, a three-axis SuperSTAR accelerometer to
observe the non-gravitational forces, and two star-cameras to measure the inertial orientation of
the satellites. The instrumentation and on-board instrument processing units are described in de-
tail in Dunn et al. (2003), see also the GRACE mission fact sheet in Annex A7.

Figure 2.5 demonstrates the progress in spatial detail resolution of a GRACE derived gravity field
model and proves the enhanced capabilities of the GRACE mission concept compared to a single
satellite mission like CHAMP.

The primary objective of the GRACE mission is the observation of non-tidal temporal gravitational
field variations. These are mainly due to seasonal, interannual and long-term mass redistributions
in and among the Earth’s atmosphere, hydrosphere, cryosphere and solid Earth. The observation
of these climatologic and environmental phenomena becomes possible thanks to uninterrupted
GPS and KBR space-based tracking allowing accurate gravity field solutions at monthly inter-
vals. As a novel result, from the analysis of the sequence of gravity field solutions, seasonal glo-
bal scale continental water storage variations (Figure 2.6) could successfully be recovered from
space (Schmidt et al., 2004, Tapley et al., 2004b, Wahr et al., 2004). At present, the GRACE data
analysis is being extended to address ocean and ice sheet mass variability.

120 1e0 MGal

B0 130 80 -0

ABD 120 00 40 O 40 a0 13 1ee MGl & 40 M

Figure 2.5: Gravity anomalies over Europe derived from 33 months of CHAMP data (left)
and 110 days of GRACE data (right).
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Figure 2.6: Spring minus summer 2003 difference in continental water storage as observed with

GRACE (in units of equivalent water column,).

During the anticipated five to eight years’ duration of the CHAMP and GRACE missions, the or-
bits of the satellites will come closer to the Earth’s surface enhancing the sensitivity with respect
to spatial and temporal gravity field variations. From this, the increasing observation periods and
from the combination of both CHAMP and GRACE data, further improvements in gravity field
recovery with respect to accuracy, resolution and reliability are expected to come.

The third satellite in the sequence of dedicated gravity satellite missions will be GOCE (Grav-
ity field and steady-state Ocean Circulation Explorer) (Figure 2.7). GOCE is planned to be
launched in 2006 and was selected as the first Core Mission within the Living Planet Earth Obser-
vation Programme of the European Space Agency (ESA 1999). The payload of GOCE will consist
of a GPS receiver, again for orbit determination and resolving the large spatial scales of the grav-
ity field, and a gravity gradiometer consisting of six three-axes accelerometers to measure in-orbit

Figure 2.7: The GOCE satellite. The orbit will be sun-synchroneous, the same side facing to the sun over
all the mission duration, to ensure thermal stability and power supply.
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Figure 2.8: GPS receiver slar sensor
Sensors and actuators
on board of GOCE.

] " AP S\ f::grauiw i | )
attitude b gradiometer drag compensatior
& control |

gravity gradients in three spatial directions (Figure 2.8). For the first time gravity field recovery
from space will not be based purely on the analysis of orbit perturbations. The sensitivity of the
GOCE accelerometers will be further increased. The satellite will fly in a near polar, extremely
low orbit (250 km altitude) which is permanently maintained by ion-thrusters compensating for
air-drag (drag-free concept). The mission duration will only be 20 months.

The low orbit height and the measurement of gradients (2nd derivatives of the gravity potential)
help to counteract the attenuation of the gravity signal in space and allow GOCE to achieve a
very high spatial resolution for the gravity field down to half wavelengths below 100 km. By this,
the requirement of the oceanographers for a high-resolution precise geoid shall be fulfilled. The
geoid is needed as a physical reference surface for the determination of the global ocean circu-
lation pattern in combination with satellite altimetry. The GOCE resolution will also open new
possibilities for modelling of the structure of the Earth’s crust and mantle, and it will bring a big
step forward for regional combined geoid modelling with terrestrial gravity data, to get a globally
consistent height reference in 1ecm accuracy for geodesy (see also the GOCE mission fact sheet
in Annex A7).

The combination of GPS high-low satellite-to-satellite tracking with accelerometry, a low-low
intersatellite link and/or a gradiometer on low Earth orbiting platforms provides an excellent tool
for mapping the Earth‘s gravity field homogeneously from space with ever increased accuracy
and resolution over the globe and in time. The three missions, although competitors in certain
respects, perfectly complement each other. CHAMP as the first low Earth orbiter collecting con-
tinuously precise orbit data already brought a new level of gravity accuracy as well as important
experience for the succeeding missions. GRACE will achieve an extremely high precision for the
long and medium wavelengths and will thus allow to observe temporal variations, while GOCE,
being less accurate for the lower part of the signal spectrum, will reach a very high spatial resolu-
tion for the static gravity field.

For the new data types delivered by the three missions (continuous time series of observations),
currently new techniques for gravity field analysis are developed and implemented. To assess the
expected high quality of the results, new strategies for validation using independent data are re-
quired.

From observables to gravity field coefficients

The signal of the Earth’s irregular gravity field at satellite’s altitude is visible in gravitational orbit
perturbations (deviations from the Kepler ellipse) of a free-flying Earth orbiting satellite. Super-
imposed to the gravitational orbit perturbations are surface force induced non-gravitational orbit
perturbations arising from air drag (for low flying satellites) and direct and indirect solar radia-
tion pressure.
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Precise tracking of the satellite’s orbit is a prerequisite to allow a precise restitution of the satel-
lite’s orbit for getting access to the orbit perturbations. By subtracting the non-gravitational orbit
perturbations, either applying air density and radiation models or more accurately taking directly
the on-board accelerometer measurements (CHAMP and GRACE), the purely gravitational orbit
signal is available for gravity field recovery. On GOCE, the non-gravitational orbit perturbations
are automatically balanced out during flight by the drag-free control system that operates within
the gradiometer measurement bandwidth.

The resolution in global gravity field recovery, when applying orbit perturbation analysis from a
single satellite is restricted to half wavelengths approximately corresponding to the flight altitude.
The increase in resolution comes in case of GRACE through the additional measurement of along
track distance variations between the two co-orbiting satellites, yielding relative orbit perturba-
tions over a 220 km long basis, and in the case of GOCE, different from orbit perturbation analy-
sis, through the on-board gravity gradient component measurements.

The traditional approach to exploit gravitational orbit perturbations for gravity field recovery uses
a numerically integrated orbit (arc length of e.g. 1 day) based on an initial gravity field and other
force models. The difference between the tracking observations (GPS ranges) and corresponding
quantities computed with the integrated orbit then are used in a least squares adjustment to solve
simultaneously for orbit (state vector) and measurement configuration dependent parameters, and
after accumulation of a sufficient amount of single arc normal equation systems, for the looked-
for spherical harmonic coefficients (cf. Annex A1) describing the global gravity field model (e.g.
Reigber et al., 2003).

The known temporal gravity field variations have to be accounted for when integrating the or-
bit and adjusting the gravity field parameters in order to avoid aliasing from higher (1 rev per
2 months) into lower temporal frequencies and thus degrading e.g. monthly gravity field solu-
tions. Also the orbital fit between the integrated and observed orbit is improved. The temporal
gravitational field variations presently being considered within the adjustment process are Earth
and ocean tides, and non-tidal atmospheric and oceanic mass redistributions. A series of monthly
gravity field models does therefore not include the effects from these sources that are based on
tidal and ocean circulation models, and global air pressure data with a resolution of six hours. Av-
erages of these ,de-aliasing products® over the individual months have then to be computed and
added back to the monthly gravity field solutions in order to get the full ,real‘ gravity field model
representing the average of a particular month (or any other time interval). Hydrologic models
and data over land are not yet complete and reliable enough to be included within the process, i.e.
the hydrologic signal should be present in the solutions anyway.

The fact, that the orbits of the new generation of satellite gravity missions are continuously ob-
served by multi-directional GPS tracking allows for the first time to restitute the orbit in a geometric
or kinematic approach that is completely independent of any gravitational and non-gravitational
force modelling. Based on these kinematic orbits, new evaluation approaches became possible:
direct determination of the gravitational potential at satellite’s altitude (e.g. Gerlach et al., 2003)
applying the energy conservation law (the sum of kinematic and potential energy is constant, af-
ter having subtracted the dissipating non-gravitational contribution), or a spectral analysis of the
kinematic orbits (Mayer-Girr, et al., 2004), or conversion of positions into gravitational accelera-
tions (e.g. Reubelt et al., 2003). The values of the gravitational potential or accelerations along
the orbit then are converted to the looked-for spherical harmonic gravitational coefficients in a
subsequent least squares adjustment. Other approaches use a localizing parameterization (e.g.
wavelets) of the gravity field for a regional recovery of the gravity field in areas of interest (e.g.
Fengler et al., 2003).

Also, the completely new type of measurements becoming available with GOCE, the gravity gra-
dients, will stimulate completely new methods of global and regional gravity field recovery.
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2.2 Gravity field results from CHAMP and GRACE

Since the launch of CHAMP in 2000 and GRACE in 2002 numerous gravity field models have
been generated from the mission data each time refining the processing methods and enlarging the
data base. The efforts are concentrating on producing a mean field model, i.e. representing the
part of the Earth gravity field that is constant in time, and a time series of monthly gravity field
models from GRACE representing the gravity field variations with time. Only GRACE has the
capability to resolve temporal gravity field variations due to mass redistributions in the Earth sys-
tem with a meaningful temporal and spatial resolution.

Mean field models

The purpose of the mean field models is twofold: (1) satellite-only models, i.e. derived solely
from CHAMP and GRACE data, shall provide the best available geoid for use as a reference sur-
face in altimetric mapping of the sea surface topography for oceanographic modelling, and (2)
combined models, i.e. a joint gravity field solution from satellite tracking and surface data com-
piled from satellite altimetry over the oceans and gravimetry over the continents, shall provide a
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Figure 2.9: Geographical distribution of geoid heights (left panel in meter) and gravity anomalies (right
panel in mgal) derived from the CHAMP and GRACE satellite-only models, and the satellite/surface data
combined high-resolution model (from top to bottom).
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high-resolution model for use in geodesy (regional geoid and gravity modelling) and geophysics
(geotectonic/geodynamic interpretation and modelling).

Figure 2.9 shows the geoid and gravity anomaly maps of the latest CHAMP-only, GRACE-only
and combined global gravity field solutions, as generated by the CHAMP and GRACE process-
ing centres at GFZ Potsdam. The third generation CHAMP-only solution is based on 33 months
of CHAMP data and is called EIGEN-CHAMPO3S (Reigber et al., 2005). The second generation
GRACE-only solution is based on 110 days of GRACE data and is called EIGEN-GRACE02S
(Reigber et al., 2004a). The combined solution incorporates the CHAMP and GRACE mission
data from the two satellite-only solutions as well as a global compilation of 0.5°x0.5° gridded
surface data from altimetry (oceanic geoid and gravity anomalies), and air-borne and terrestri-
al gravimetry (gravity anomalies). The combined high-resolution global gravity field model is
called EIGEN-CGO1C (Reigber et al., 2004b).

Due to the characteristics of the data sources, the three models have a different spatial resolution
and accuracy, as will be discussed below. Roughly speaking, the CHAMP solutions resolves fea-
tures in the gravity field exceeding 333 km (half-wavelength or pixel-size) at the Earth’s surface,
GRACE those exceeding 200 km, and the combined solution those exceeding 55 km correspond-
ing to the input data grid resolution.

Each computed global gravity field model undergoes various tests in order to evaluate the accu-
racy of the obtained solution. Comparisons of a satellite-only gravity field model in the spatial
domain against independent gravity anomalies or geoid height data are capable to test the model
accuracy homogeneously over all spherical harmonic coefficients up to the considered resolu-
tion. For this purpose, gravity anomalies and geoid heights were computed from the spherical
harmonic coefficients of the gravity field models on an equal angular global grid at two different
resolutions (5° and 2.5° spacing). These are compared against appropriately filtered geoid heights
derived from altimetry over the oceans (sea surface heights minus sea surface topography) and
altimeter derived gravity anomalies. The root mean squares of the differences (after bias elimina-
tion) as given in Table 2.1 show the striking gain in accuracy and resolution from the pre-CHAMP
over the CHAMP-only to the GRACE-only model. At the accuracy level meanwhile reached with
GRACE, these comparisons are more or less plausibility checks as the rms values mainly reflect
the large scale errors in the surface data used for comparison.

Another method to test the quality of global gravity field model is the comparison against geoid
heights determined point-wise by GPS positioning and leveling (GPS-leveling). Table 2.2 shows

_ Table 2.1 Model rms(dN) rms (dAg)

Comparison of geopotential models o o o e

with altimeter derived geoid heights SR 5°%5 2L
(N, ‘CLS01 minus ECCO ‘ oceanic geoid) | GRIM5-S1 (pre-CHAMP) | 44 cm 76 cm 2.00 mGal 5.40 mGal
and gravity anomalies | g\seN. cHAMPO3S 15cm | 30cm | 048mGal | 3.23mGal

(Ag, NIMA marine gravity anomalies)

for a grld spacing Of EIGEN-GRACEO02S 14 cm 16 cm 0.28 mGal 1.25 mGal
5°x 5° (degree/order 36) and | EIGEN-CGO1C 14cm | 15cm | 028mGal | 0.97 mGal

o] o
2.5°x 25 (dEgree/Order 72)- rms — root mean square of difference about mean

Model

rms(dN)

GRIM5-S1 (pre-CHAMP)
EIGEN-CHAMPO3S
EIGEN-GRACE02S
EIGEN-CGO1C

51 cm (37 ... 360 CGO1C)

42 cm (37 ... 360 CGO1C)

39 cm (72 ... 360 CGO1C)
38 cm

rms — root mass mean square of differences

(bias per data set removed)

Table 2.2:

Comparison of geopotential models
with GPS-leveling derived

geoid heights over

USA, Canada and Europe,

models filled with

EIGEN-CGOIC coefficients.
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the results for the models under consideration using GPS-leveling points from USA (6169 bench-
marks), Canada (1930 benchmarks) and Europe (186 benchmarks). The resulting rms-values are
relatively large due to the omission error in the global models when comparing with point values.
Nevertheless the improvement from the earlier to the most recent models is obvious. The satellite-
only fields were filled up starting at a reasonable degree of truncation with the coefficients of the
combined model in order to make the rms values comparable.

There is almost no possibility to evaluate the accuracy of the combined solution EIGEN-CG01C
by external data comparison because except GPS-leveling data nearly all available data have been
incorporated to create the high-resolution model. From the knowledge of the input data quality it
is estimated that the EIGEN-CGO01C solution has an average accuracy of 20 cm in terms of geoid
heights and 5 mgal in terms of gravity anomalies at maximum resolution of 50 km half-wave-
length. The accuracy is of course varying between oceans, polar areas and continents, as well as
among different countries depending on the quality of the available surface gravity data. For the
long- to medium-wavelength part of the model, i.e. for wavelength larger than 200 km, the model
is almost completely determined by the GRACE satellite normal equations, i.e. of the same qual-
ity as the GRACE-only model (cf. Tables 2.1 and 2.2).

As the above given tests fail to give realistic accuracy numbers for the long- to medium-wave-
length part of the gravitational spectrum, the accuracy of the most recent global gravity field
models is estimated based on the difference of sub-set solutions generated from data out of differ-
ent observation periods. The scattering of the spherical harmonic coefficients among the sub-set
solutions yields the information to calibrate the formal error estimates that result from the adjust-
ment. The calibration factors are determined as a function of the spherical harmonic degree of
the solved-for gravitational coefficients. The error curves presented in Figure 2.10 over the gravi-
tational spectrum are the calibrated ones and are considered to give a realistic impression of the
models’ accuracy.

Figure 2.10 depicts the signal degree amplitudes (cf. Annex A1.3) of the CHAMP, GRACE and
combined gravity field solutions and the corresponding estimated error degree amplitudes in
terms of geoid heights and gravity anomalies. The drastically improved performance in both ac-
curacy and resolution with GRACE compared to CHAMP is clearly visible. The spectrum of the
predicted GOCE accuracy (baseline mission assumption) is also given in Figure 2.10.
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Figure 2.10: Signal and error degree amplitudes in terms of geoid heights (left)
and gravity anomalies (vight).
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Figure 2.11: Error amplitudes (accumulated) as a function of maximum degree [ in terms of geoid heights
(left) and gravity anomalies (right).

Figure 2.11 gives degree-wise accumulated (degree 2 to /, cf. Annex A1.3) error degree ampli-
tudes of the curves in Figure 2.10. The Figure reveals the overall geoid and gravity anomaly accu-

racy up to the selected maximum degree / of the spherical harmonic expansion (spatial resolution
of A=40000 km//).

The threshold for geodetic, oceanographic and geophysical use of the static or mean gravity field
as a dynamic reference surface and for density studies is on the 20 cm and 0.1 to 5 mGal level,
respectively, whereby the requirements from oceanography are the most stringent ones.

Table 2.3 summarizes in view of these requirements the present stage in CHAMP, GRACE and
combined global gravity field recovery for the mean field (cf. Figure 2.11) as well as the goal for
the GOCE mission. The expected improvements in CHAMP and GRACE results are due to ad-
vances in data processing and the decreasing orbit altitude.

Table 2.3: Mean gravity field recovery:
geoid (cm) and gravity anomaly (mGal) accuracy vs. resolution (/2 pixel side length).

CHAMP (33 months) GRACE (110 days) Combined *) GOCE
achieved achieved achieved
10 cm, 1 mGal@350km; 10 cm, 1 mGal@200km; 20 cm, 5 mGal@50km
1 cm, 0.02 mGal@650km 1cm, 0.02 mGal@330km
expected expected expected expected
. . 6 cm, 3 mGal@50km
factor 1.5 improvement factor 5 improvement with GOCE 2 cm, 1 mGal@100km

*) CHAMP + GRACE + Surface Gravity Data
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Temporal Gravity Field Variations

A first generation of monthly GRACE global gravity field solutions has been computed from
more than two years of data available. In case of longer data gaps, two subsequent months have
been combined into one solution. From these solutions, the differences between pairs of later on
recovered gravity fields being 6 and 3 months apart were investigated for seasonal temporal grav-
ity field variations: April/May 2003 minus August 2003, April/May 2002 minus November 2002,
and November 2002 minus April/May 2003. As mass variations due to atmosphere, tidal and non-
tidal ocean variability were considered during processing, the differences should mainly reflect
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Figure 2.12: Geographical distribution of differences over continents between (left hand side) GRACE
gravity field solutions and (right hand side) those predicted by the WGHM continental hydrology model (in
mm of equivalent water column),; averaging radius 750 km.
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continental water storage variations. For evaluation, the GRACE results were then compared with
the predictions from a global continental hydrological model: the Water GAP Global Hydrology
Model (WGHM) (Dol et al., 2003), representing water storage in snow packs, rooted soil zone,
groundwater, on vegetation surfaces, and as surface storage in rivers, lakes and wetlands for 50 %
of the global land area (excluding Greenland and Antarctica).

Prior to the comparison, the GRACE and WGHM model results were filtered applying a Gaus-
sian-type filter, as proposed by Jekeli (1981) and used in Wahr et al. (1998). Here an averaging
radius of 750 km in the spatial domain was chosen, corresponding to a spherical harmonic degree
of /=27 in the spectral domain. There is almost no higher frequency signal left in the filtered, i.e.
averaged, grid values and the filtered spherical harmonic coefficients. Moreover the coefficients
of degree 15 to 27 (half wavelengths 1333 to 750 km) are considerably damped. These filter pa-
rameters account for the GRACE models error curve which grows up with increasing degree,
which is typical for a space-based gravitational observation system.

Figure 2.12 gives the direct comparisons of the GRACE derived and WGHM model predict-
ed fields in estimated continental water storage difference between the time periods introduced
above. The results are expressed in terms of equivalent water column height (cf. Annex A 1.3, A
1.4). It is found that, when filtering with an averaging radius of 750 km, the hydrological signals
generated by the world’s major river basins are clearly recovered by GRACE: tropical river ba-
sins (Amazon in South America, Congo and Niger in Africa, Ganges and Brahmaputra in North
India) and the Russian basins (Ob and Yenisei). A background uncertainty of some 25 mm in
equivalent water column height from a monthly solution is estimated to be inherent in the present
GRACE solutions at the selected filter length. The GRACE differences over three and six months
(Figure 2.12) reveal a signal of some 75 mm scattering with peak values of 400 mm in equivalent
water column height changes over the continents, which is about 50 % larger than predicted by
the WGHM and other global hydrological models. This reflects, apart from residual systematic
modelling errors in the GRACE solution, as a first important result the current limitations in the
hydrological models to represent total continental water storage change in particular for the major
river basins. Global hydrology modelling will clearly benefit from the continuation of GRACE
gravitational monitoring and the expected advancements in GRACE data processing aiming at er-
ror reduction and improved temporal signal separation. The early GRACE results, presented here
in brief, are discussed in detail in Schmidt et al. (2004).

To give an indication for the signal to noise ratio, Figure 2.13 depicts for the long-wavelength spa-
tial constituents GRACE’s error degree amplitudes (monthly solution) vs. the (unfiltered) signal
degree amplitudes of seasonal mass redistributions from models/data of land hydrology (WGHM
model as above), atmosphere (ECMWF data) and non-tidal ocean variation (adopted from Wabhr,
personal communication), and in the Antarctic ice sheet (Sasgen 2004, Vaughan 1999). For illus-
tration, the degree amplitudes are given in terms of geoid heights, gravity anomalies and equiva-
lent water column (cf. Annex A 1.3, A 1.4). The GOCE error curve is omitted here because GOCE
shall not contribute to the recovery of temporal field variations. The GRACE error curves in Fig-
ure 2.13 are the formal ones, i.e. as resulting from the actual adjustment of monthly gravity field
solutions without applying an a posteriori calibration. The formal errors represent the potential
of the GRACE mission in large scale temporal field recovery once the modelling and processing
procedures are more advanced than what has been used in the early solutions.

The signal degree amplitudes in Figure 2.13 are derived from spherical harmonic expansions of
the load distribution, i.e. these are averages over the whole Earth’s surface. For loads that are of
limited extension, an investigation in the spatial domain (like for hydrology above) is more ap-
propriate as the gravitational signal over a specific region is of larger amplitude than the global
average. The reliability of the oceanic, hydrologic and ice models is to a large extent unknown and
shall be investigated within the project.
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Table 2.4 summarizes the present state and the realistic expectation of the accuracy in GRACE
monthly gravity field solutions for analyzing temporal field variations either in terms of geoid
heights, gravity anomalies or equivalent water column. Efforts to combine GRACE and CHAMP
data to increase the reliability of the monthly solutions are initiated.

Table 2.4: GRACE (+CHAMP) temporal gravity field recovery:
accuracy at 1000 km resolution (A2 pixel side length.)

monthly solution geoid height gravity anomaly equivalent water
column
achieved 1 mm 1 pgal 25 mm
expected 0.15 mm 0.3 pgal 10 mm
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2 The satellite missions: observing the Earth system from space

2.3 Satellite altimetry

Within a few decades satellite altimetry has become an operational remote sensing technique with
important application in oceanography, geodesy and geophysics. Today, the ocean surface is by
far better known than the Figure of the Earth over large areas of the continents (see Figure 2.14).
Altimetry has essentially contributed to the improved knowledge of the Earth gravity field. It al-
lows to deduce features of the sea floor topography, to control continental ice and to observe sea
ice and its moving margin. Above all altimetry is able to monitor the sea level and its variabil-
ity in a fast, global and precise way. It thus contributes essentially to a better knowledge of the
ocean dynamics, the ocean mass redistribution and its impact to the Earth gravity field, the ques-
tion of sea level rise and its possible acceleration, one of the most prominent indicators of global
change.

-110 -100 -90 -80 -70 -60 -50 -40 -30 -20 -10 0 10 20 30 40 50 60 70 80 90 100

Figure 2.14: The CLS01 mean sea surface height model (Hernandez and Schaeffer, 2002), computed from
harmonized altimeter data of TOPEX/Poseidon, ERS-1 and ERS-2. The high spatial resolution is based on
the geodetic phase of ERS-1.

Pulse-width limited altimeter systems

The measurement principle of satellite altimetry is straightforward: With a carrier frequency at
about 13.6 GHz (Ku-band) frequency-modulated impulses of a few nano seconds duration and
a repetition rate of about 1 KHz are emitted from the altimeter antenna into nadir direction. The
pulse-width limited radar signals propagate with a beamwidth of a few degree and are reflected
at the ocean surface with a backscatter depending on the wind speed and the sea state (see Figure
2.15). After the round-trip travel time of a few milliseconds the echo of the radar signals is re-
ceived again by the altimeter antenna and sampled into 64 or 128 bins. The analysis of the sam-
pled echo, in particular the fit of a theoretical echo model to the bin values, allows to estimate
three basic parameters, namely
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. the travel time of the signal,
. the slope of the leading edge of the echo, and
. the total energy of the radar echo.

The travel time of the signal is converted to length and
gives the instantaneous height of the antenna above the
sea surface. The slope is proportional to the significant
wave height and the energy budget gives the backscatter
coefficient allowing to estimate the surface wind speed.

In order to derive sea surface heights the altimeter ranges
have to be subtracted from the radial component of the
position of the spacecraft which is obtained from precise
orbit determination. However, to maintain the measure-
ment precision and to compare sea surface heights taken
sea level at different epochs a number of corrections is required:

u Instrumental errors, offsets from the antenna phase centre
to the satellites centre of gravity, range biases and drifts

Figure 2.15: The measurement principle
of pulse limited radar altimeter systems

are crucial for a precise geocentric reference of the sea
level.

Media corrections are required because the radar signal travels twice through the atmosphere. For
the troposphere two effects are distinguished: the delay of the radar echo caused by the presence
of dry air and the wet component, related to the presence of water vapour. Dual frequency altim-
eters like TOPEX/Poseidon, Jason and ENVISAT allow the in-situ estimation of the ionospheric
delay through the dispersive nature of the ionosphere. Single frequency altimeters must rely on
ionospheric prediction models like Bent or IRI2001 or on global ionospheric maps (GIMs), since
2002 generated from GPS/GLONASS sites of the IGS network. However, these models are not
able to account for the turbulent character of the ionosphere.

Other corrections have to be applied for the radar target, the sea surface: The instantaneous water
level is affected by ocean and solid Earth tides, the loading through the deformation of the solid
Earth and the pole tide, a small effect due to the variation of the Earth rotation axis. The inverse
barometer correction assumes that sea level is depressed by 1 cm if air pressure increases by
1 hPa. Finally, the sea state bias is due to the fact that wave crests reflect the radar signal less than
wave troughs, causing the altimeter to measure too long.

The first altimeter experiments on Skylab (1973) and with the Geos-3 (1975-1978) satellite can
be considered as proof-of-concept phase. In 1985 the U.S. Navy launched Geosat, an altimeter
largely based on the design of Seasat (which failed in 1978 after a few month of operation). Geo-
sat was first applied for a high resolution mapping of the marine geoid (the GM military mission
phase with data declassified later on) and then, from September 1986 to October 1989 manoeu-
vered into a Seasat exact repeat orbit (the ERM mission phase).

In the past decade, satellite altimetry was characterized by the simultaneous operation of the ex-
tremely successful TOPEX/Poseidon mission (Fu et al.1994) with ERS-1 and its follow-on, ERS-2.
With the launch of Jason-1 in December 2001 and ENVISAT in March 2002 a period began with
five altimeter systems operating simultaneously (see Figure 2.16). The transitional phase between
,01d” missions (TOPEX/Poseidon and ERS-2), and the new, follow-on missions Jason-1 and
ENVISAT, lastet several years and was used for an intensive cross-calibration, in particular during
a few months tandem configurations (see below). In addition, Geosat Follow-On (GFO), launched
in February 1998, is still successfully operating. New missions with alternative missions design,
dedicated for ice application complement the mission scenario: ICESat, launched in 2003, carries
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Figure 2.16: Satellite altimeter mission history and perspective

a Geoscience Laser Altimeter System (GLAS) and shall provide multi-year elevation data over
Greenland and Antarctica. Cryosat is planned for a launch in 2005. More details to these missions
are given below. Appendix A7 summarizes the altimeter mission characteristics.

In general, the multi-mission situation offers a unique chance to cross-calibrate all altimeter sys-
tems and to continue the long-term monitoring of the ocean surface and to fully exploit the syner-
gies of missions with different sampling characteristics.

TOPEX/Poseidon, dedicated to the measurement of the ocean surface topography, provided high
altitude and high precision orbits, a repeat period of 9.9156 days with the ability to de-alias the
major tidal constituents, and the two frequency TOPEX altimeter sensor, that allows the in-situ es-
timation of the range delay due to ionospheric refraction. The low overall error budget of TOPEX/
Poseidon has never been achieved before and may be characterized by + 6 cm rms for crossover
differences with short time delay (AVISO 1999). This includes not only radial orbit errors but
also all errors of the environmental corrections. Jason-1 continues this time series over the same
ground track while the orbit of TOPEX/Poseidon was shifted by half the ground track spacing in
order to double the spatial resolution. TOPEX/Poseidon was operating until the end of 2004.

On the other hand, orbit and sampling characteristics for ESA‘s Remote Sensing Satellites ERS-1
and ERS-2 were governed by the multi-disciplinary mission objectives. The high inclination im-
plies a latitude coverage up to = 81.5° such that even polar areas with continental and ocean ice
like Greenland and the Ross ice shelf can be monitored. The sun-synchronous ERS-1 repeat cycle
was set to 3, 35 and 168 days in order to fulfill specific requirements for ice, ocean and geodetic
application respectively. The follow-on ERS-2 was kept in a 35 day repeat cycle, the best compro-
mise for multidisciplinary requirements. ENVISAT is now measuring over the same subsatellite
ground track. The operation of ERS-2 is more and more degraded - a failure of the tape recorder
allows to transmit altimeter data only over parts of the North Atlantic.

Due to orbit dynamics, high spatial and high temporal resolution exclude each other. The 10 day
repeat cycle of TOPEX/Poseidon and Jason-1 imply an equatorial track spacing of about 315 km.
The lower temporal resolution of the 35 day repeat for ERS-1, ERS-2 and ENVISAT provide an
improved spatial resolution with an equatorial track separation of only 80 km. The ,,geodetic*
phase of ERS-1 brought the track separation even down to 16 km! Thus, the NASA/CNES and
the ESA-missions complement each other in an optimal way, as for example elaborated by Le
Traon et al. (1999). Figure 2.17 shows the track pattern of the repeat missions and the density of
measurements achieved by the geodetic mission phases.
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Figure 2.17: Spatial resolution of the repeat missions Jason-1, ENVISAT and GFO (left hand) and (right
hand) the repeat tracks with additional spatial resolution achieved by the geodetic mission phases of Geosat
and ERS-1. The right panel is a 2°x3° sub area of the Caribbean Sea and Gulf of Mexico region shown left

In order to take advantage of the simultaneous operation of altimeter systems with different tem-
poral and spatial sampling characteristic two general requirements are to be fulfilled, namely

e the harmonization of mission data and

e the (cross-) calibration of the vertical component

Harmonization of altimeter mission data is possible only to a certain extend. Of course, tidal cor-
rections can be based on the same ocean tide model and orbits can be re-computed with an im-
proved gravity field model. But the effect of the so called ,,geographically correlated* orbit errors
and of different tracking systems (Laser, DORIS, PRARE, or GPS) is difficult to assess. Missions
without a dual frequency altimeter must rely on global prediction model for the total electron
content (like the Bent model or the International Reference lonosphere, IRI). Also, a missing on-
board radiometer degrades the error budget (as for Geosat). The sea state bias is sensor specific
and can not be harmonized at all. Because of the computational burden and missing resources, a
re-processing of the complete mission data can be performed — if at all — by a few expert groups
only and in general does not keep track with the development of improved algorithms and the
availability of new models.

AVISO (1996) improved the ERS-1 and ERS-2 orbits by a global minimization of dual satellite
crossover with TOPEX/Poseidon (Le Traon et al., 1995) and provides user friendly along-track
data in terms of corrected sea surface heights and sea level anomalies. The NASA/JPL Pathfinder
Project performed a harmonization and unification of the vertical reference for TOPEX/Poseidon,
ERS-1, ERS-2 and the Geosat mission.

The second requirement concerns the (range) calibration and the long-term stability of altimeter
systems. Concatenation of data of different missions may, for example, generate an apparent sea
level rise if the altimeter range measurements are not properly (cross-) calibrated. The same ef-
fect may result from an undetected drift of the altimeter sensor or auxilary sensors (like the radi-
ometer) used to correct the range measurements. ENVISAT and Jason-1 are cross-calibrated with
their predecessors by so called tandem configurations, an approach first applied for the transition
from ERS-1 to ERS-2: For a few month the orbit of both satellites are configured such that they
observed the same subsatellite track with a short time delay (one day, 30 minutes or even shorter).
The relative range bias of both satellites can then be estimated with millimetre precision from the
dual observation of a repeated global ocean surface profiles. Common multi-mission crossover
analysis of nearly simultaneous crossover events are under investigation (Bosch 2004) and prom-
ise to identify small but systematic geographically correlated errors.
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Although the cross-calibration by the tandem approach is extremely precise it is not able to detect
long-term changes of the altimeter systems. Oscillator drifts of TOPEX/Poseidon, for example,
were detected through the relative comparison of altimetric sea level time series and recordings
of carefully selected island tide gauges (Mitchum, 1998). In the same way drifts of ancillary on
board sensors like the radiometer could be identified by comparison with wet tropospheric path
delays estimated from GPS observations. The oscillator drift of ERS-1/2 is monitored internally
and amounts to a non-neglecting rate of about 8 mm/year. The long-term stability of altimetry
crucially depends on the knowledge about such drift rates.

Cross-calibration by tandem configuration and drift estimation by relative comparison with ex-
ternal observation series are important, but cannot substitute the absolute calibration, performed
by scenarios at a single calibration site where a closure between the position of the satellite, the
corrected altimeter range observation and the instantaneous sea surface is established by means
of independent measurements. It should be emphasized that the absolute calibration is the only
approach that determines the scale of satellite altimetry. An error of only 1 cm in the range bias
estimate may translate within a decade to an apparent 1| mm/year sea level rise. The calibration of
TOPEX/Poseidon at the Harvest Platform (Christensen et al., 1994), performed quasi continuous-
ly over the whole missions lifetime, is therefore mandatory. For ERS-2 there was no absolute cali-
bration at all! The scale of ERS-2 was carried over from ERS-1 by the tandem phase and ERS-1
got its scale from the rather short calibration campaign at the Venice tower (Francis et al. 1992).

The impact of the new gravity field missions (CHAMP, GRACE and GOCE) on satellite alti-
metry is twofold: First, the orbits of altimeter satellites can be computed more precise than today
- even for low orbiting satellites like ENVISAT (the modelling of non-gravitational surface forces
remains problematic). Second, the improved knowledge of the marine geoid will allow a more
significant estimation of the absolute ocean dynamic topography. With known density profiles,
it appears feasible to derive a three-dimensional view of the ocean currents. These synergies are
discussed below in more detail.

In order to overcome the limitations of the pulse-width limited altimetry new mission concepts with
alternative or modified system design are already realized, are approved or are under investigation.

CryoSat and ICESat altimeter missions

The CryoSat mission is the first mission of ESA’s Earth Explorer Opportunity Mission planned
for launch in September 2004. The mission has been defined in order to determine fluctuations in
the mass of the Earth’s major land and marine ice fields. Predicting future climate and sea level
depends on knowledge of these fluctuations. Satellite observations are the unique source of these
measurements at large space and time-scales. The goals of CryoSat are to measure variations in
the thickness of perennial sea and land ice fields to the limit allowed by natural variability, on
spatial scales varying over three orders-of-magnitude. The natural variability of sea and land ice
depends on fluctuations in the supply of mass by the atmosphere and ocean, and snow and ice den-
sity. CryoSat measurement requirements are determined from estimates of these fluctuations.

The measurement requirements and averaging areas of the CryoSat system are:

e  Over seaice the averaging area of interest is 100,000 km? with a required accuracy of resolv-
ing temporal changes of 1.6 cm per year.

e  Over ice-sheet margins an averaging area of 10,000 km? is assumed with a measurement
accuracy of 3.3 cm of ice thickness change per year.

e  Opver the interiors of the ice-sheets the averaging area is 13,800,000 km? (the surface area of
Antarctica) with a measurement accuracy of 0.7 cm of ice thickness change per year.
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CryoSat will perform measurements over three full years
in order to detect the interannual variability and possible
trends. It will have a 92° high inclination orbit to cover po-
lar regions, i.e. extending observations up to 88° latitudes,
and a repeat cycle of 369 days with 30day sub-cycle.

With pulse-limited radar-altimeter data from ERS-1 and ERS-
2 first successful case studies of the determination of ice mass
fluxes (Wingham et al., 1998; Shepherd et al., 2003) and sea
ice thickness changes (Laxon et al., 2003) have been made.
In order to extend these results to regions covered by sea-ice
and to the margins of the ice sheets, respectively, it was nec-
essary to improve the spatial resolution of the altimeter meas-
urement system. CryoSat (see Figure 2.18) will thus carry a
unique high spatial resolution radar altimeter, the Synthetic
Aperture Interferometric Radar Altimeter SIRAL as the pri-
mary payload. It will operate in the Ku-band at a frequency
of 13.8 GHz. The radar is capable of operating in a number
of different modes, optimised for measurements over differ-
ent surfaces. A conventional, pulse-width limited, low-reso-
lution mode will provide the measurements over the central
regions of the ice sheets, to continue the ERS and ENVISAT
measurement series. This mode will also be used over most
of the oceans. The SAR mode will enable an enhancement of
the spatial resolution to 250 m along-track (Figure 2.19). This
mode will be used over sea-ice to enable measurements over
relatively narrow leads of open water which would be indis-
tinguishable in low-resolution mode. Over the topographic
surfaces of the ice-sheet margins this SAR mode will be en-

e : hanced by interferometric operation across-track so that the
Figure 2.18: Artist view: CryoSat in  arrival angle of the echoes can be measured.

operation (courtesy ESA)
Similarly to CryoSat, NASA’s ICESat (Ice, Cloud, and land
Elevation Satellite) mission has the goal to provide three to five year elevation data over Green-
land and Antarctica needed to determine ice sheet mass balance. Additionally it will measure
cloud and aerosol heights, as well as land topography and vegetation characteristics. Sea ice is not
an explicit goal of the mission, but some ice freeboard retrievals will also be possible. ICESat has
been launched in January 2003 and extends to 86° latitudes.

o GE A

ICESats primary payload is GLAS, the Geoscience Laser Altimeter System. GLAS is designed
to detect changes in ice sheet surface elevation as small as 1.5 cm per year over areas of 100 km
by 100 km. It is a laser altimeter operating at 1064 (infrared) and 532 (visible green) nanometers
wavelengths. Thus, ICESat can only perform measurements of the Earth surface if there are no
clouds. This is a severe limitation for polar applications, in particular for sea ice investigations.
The laser altimeter has a footprint of 70 m, and a spatial sampling interval of 170 m along the
ground track. Orbit and attitude will be controlled by means of GPS and star trackers.

First ICESat data are already available from the polar ice covers. Figure 2.19 shows an example
of an ICESat track across Dronning Maud Land, Antarctica. The figure shows the high quality
and spatial resolution of the data, which significantly improves currently available topographic
information. Figure 2.20 demonstrates application of ICESat for sea ice thickness measurements
(Kwok et al., 2004). With this data, it is for the first time possible to obtain regional spaceborne
ice thickness information.
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Figure 2.19: Illustration of IceSat Laser altimeter measurements over Antarctica. The shown sample track

crosses the region of the Schirmacher Oasis / Central Dronning Maud Land / East Antarctica (left map).

The elevation profile observed by IceSat (subfigure right) reveals topographic details such as ice surface

undulations, mountains, the grounding zone and the ice front. (Figure by M. Wiehl, M. Scheinert, TU Dres-
den; IceSat data are distributed by the US National Snow and Ice Data Center (NSIDC)).
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Figure 2.20: Ice thickness profile obtained from ICESat over Arctic multiyear sea ice. The top panel shows

the satellite ground track superimposed on a coincident SAR image of the same area. The lower panel

presents the corresponding ice thickness profile, where freboad has been converted to snow thickness and

ice draft based on assumptions of snow and ice density. Shaded bars indicate the location of ridges and re-
frozen leads visible in both data sets. From Kwok et al., 2004.

Both missions, CryoSat and ICESat, are using new, unique technology, and are setting new bench-
marks in the achieved accuracy of the measurements. However, this also requires careful valida-
tion of the height and thickness retrievals before the data can be widely and confidently used.
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2.4 Integrated observations to understand
environmental and deep Earth’s processes

Besides the important application of gravity field observations for exploring the Earth interior, the
knowledge of the Earth‘s gravity field and its variation with time is essential for the understand-
ing of environmental processes.

The striking results in global gravity field recovery immediately obtained from the CHAMP and
GRACE mission data have brought to evidence that data from a consistent long-term observation
of the Earth‘s gravity field will open, when joined with satellite altimetry in multi-parameter data
sets, new areas of multi-disciplinary research and application.

The multi-year data records, which will be collected with CHAMP and GRACE, and the high-
resolution spatial gravity field recovery with GOCE, will demonstrate, that gravity is one of the
key elements for an integrated geodetic-geophysical observing system, and that a permanent
gravity mapping from space with advanced present-day satellite and sensor technology will be-
come feasible. Such a permanent observation is urgently needed within the following fields of
Earth system, environmental and global change diagnostics and prognostics:

ocean currents and heat flux

a
b. sea-level rise and Greenland/Antarctic ice sheets

e

water cycling (ground water storage and snow/ice pack)

d. solid Earth processes (mantel flow & plate tectonics, post glacial adjustment)

Whereas the first and fourth point also require a high spatial resolution (down to some 10 km) of
the gravity field, all points address temporal field variations with periods from weeks to centuries.
Although the three satellite gravity missions will not yet fulfil all stringent requirements concern-
ing accuracy and resolution, these are to be considered as forerunners and concept missions for a
long-term improved gravity field recovery from space.

Integrated Earth’s observation: benefits and objectives

The following paragraphs outline the importance of the combination of complementary data sets
and its joint analysis to fully exploit the information content, to resolve ambiguities and to sepa-
rate signal sources for a precise and reliable interpretation of the Earth‘s dynamics and the inter-
actions between the various spheres.

e Global Gravity and Altimetry

Over the oceans and ice caps, satellite altimetry is employed to derive the surface geometry
and its changes with time. Several European, French and American altimeter missions are
presently operating: TOPEX/Poseidon, GFO, Jason-1 and ENVISAT. Two missions are de-
signed for altimetry over the marine and continental polar ice sheets: the American IceSat (in
orbit since 2003) and ESA ‘s Cryosat, which are to be launched in 2004, respectively.

The altimetry records covering now continuously more than a decade can only be fully ex-
ploited for climatologic processes if combined with highly precise and high resolution global
gravity data. The gravitational potential in terms of the geoid is needed as a reference surface
to derive the major ocean currents which control the climate of the Earth by transporting heat
and CO,. The re-evaluation of the altimeter data being available back to the 1980ies would
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also largely benefit from an improved global geoid to uncover precisely the evolution of
ocean currents by assimilation in a global hydrostatic ocean circulation model.

Time varying gravity is needed to separate the mass effect due to changes in the ocean/
continent/atmosphere water mass balance and in the water/ice mass balance from pure ther-
mal water volume changes and ice volume changes due to compaction. This applies to short
period (seasonal, interannual) ocean surface currents and ice mass variations as well as to the
global trend in sea level rise and ice coverage. Thus, ongoing climate processes can only be
currently interpreted if altimetry is combined with gravity.

Global Gravity and Land-based Hydrological Data and Models

Over land, it shall be for the first time demonstrated with GRACE, that satellites are able to
globally probe the Earth for largely unknown soil moisture and aquifer changes on seasonal
and interannual time scales. Being important for the understanding of the global water cycle,
a satellite-based system shall continue to trace global hydrology after the five-years lifetime
of GRACE.

An assimilation of global gravity field changes into models from land-based measurements
of groundwater levels, snowloads and point measurements of soil moisture will be the tool
to connect the small hydrological length scales with longer scales in order to estimate the
dynamics of the water cycle and its evolution with time on continent-wide and global spatial
scales.

Global Gravity and Seismology

The worldwide seismic broadband station network enables the improvement of global mod-
els of the Earth‘s crust (density distribution and thickness) and of tomographic velocity mod-
els of the Earth‘s mantle. The observed spatial structure of the gravity field gives boundary
values for an isostatic model of the Earth‘s lithosphere to investigate its static equilibrium
(medium to short-scale) and, by this, to infer the dynamic topography due to mantle dynam-
ics for the mantle‘s temperature and density distribution by forward computations and veloc-
ity-gravity inversions. For global solid Earth‘s physics studies, the knowledge of the Earth‘s
crustal structure and the resolution and accuracy of tomographic models is compared to the
knowledge of the gravity field, rather low. Therefore, for this application there is a need for
improving the seismologic sounding and modelling rather than the gravity field recovery.
This situation changes, when turning to regional tectonic modelling, where accurate gravity
down to wavelengths of some kilometers is required, and satellite gravity field missions will
provide the longer wavelengths frame for a reliable detailed geoid and gravity field model-
ling with a data coverage densified by terrestrial and ship- and airborne measurements.

Seismic tomography, dynamic topography, surface deformations, gravity and the vertical and
lateral viscosity structure of the mantle are the key observables and parameters for a three and
four dimensional modelling of mantle dynamics as the engine for plate tectonics.

Global Gravity and Geodetic Networks

Continent-wide (ECGN) and global (GGOS) geodetic networks, including absolute and su-
per-conducting gravimeters and GPS (Galileo) precise point positioning and height deter-
mination, will deliver a picture of secular crustal deformations, height and gravity changes
for Earth system science. Those networks, like the IGS and SLR networks, also provide the
geometric reference frame and its evolution with time (Earth rotation, plate motions) to tie
together all observations and for precise satellite orbit determination needed in global gravity
field recovery and altimetry.
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Vertical coastal crustal movements have to be analysed together with sea level observations
by altimetry and tide gauges for a complete risk estimation. The observation of temporal grav-
ity changes on a global scale reflects the gravitational effects of post-glacial crustal uplift and
subsidence and therefore is the tool, combined with kinematic and stationary gravity measure-
ments, to infer the elastic behaviour and properties of the solid Earth.

A precise high-resolution gravity field defines everywhere the ,Mean Sea Level® which is the
reference for the topographic heights. These heights are presently determined by time con-
suming and man-power intensive geometric levelling. Once the ,Mean Sea Level‘ is known
with a precision compatible to levelling, the traditional surveying method can be replaced
by modern satellite-based methods, called GPS-levelling and later on Galileo-levelling. The
ground receivers using the American Global Positioning System (GPS) or the European Gali-
leo navigation satellite system then could easily deliver heights above ,Mean Sea Level‘, i.e.
topographic heights.

On the other hand, continent-wide distributed points, which are observed by both GPS and
geometric levelling deliver the geoid heights defined in the national height reference system.
The comparison with the global geoid observed from space reveals the differences in the re-
alization of the national height systems, thus leading to a unified global height reference sys-
tem.

World wide web pages with further information on the satellite missions

http://op.gfz-potsdam.de/champ/
CHAMP http://www.dIr.de/champ

http://op.gfz-potsdam.de/grace/
GRACE http://www.csr.utexas.edu/grace/

GOCE http://www.esa.int/export/esalL P/goce.html
http://www.goce-projektbuero.de

http://icesat.gsfc.nasa.gov
ICESat http://www.csr.utexas.edu/glas/

http://www.esa.int/export/esal P/cryoSat.html

CryoSat | o' /jwww.cryosat.de

ENVISAT | http://envisat.esa.int/

Jason-1 http://topex-www.jpl.nasa.gov/mission/jason-1.html

ERS-2 | http://earth.esa.int/ers/

TOPEX/Poseidon | http://topex-www.jpl.nasa.gov/mission/topex.html

Geosat FO | http://gfo.bmpcoe.org/Gfo/
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Transport processes and mass
anomalies in the Earth system

This chapter gives detailed information about the individual transport
processes in the Earth system, its present knowledge, modelling defi-
cits and the expected benefits from joint analyses of the newly available
Earth observations: ocean transport processes (Chapter 3.1), ice mass
balance and sea level change (Chapter 3.2), solid Earth dynamics and
structure (Chapter 3.3), and the continental hydrological cycle (Chapter
3.4). Research on these processes has to take into account the effects of
atmosphere and tides (Chapter 3.5).
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3.1 Ocean dynamics

O Ocean dynamics

Satellite altimetry has revolutionized our understanding of the variability
and dynamics of the ocean. A decade of measurements of the sea surface
height has led to new insight about processes in the ocean interior,
its density structure and associated velocity field. Until now mostly
temporal anomalies have been exploited with only little references to a
geoid model. With the anticipated precise geoid and absolute sea surface
dynamical height surfaces we hope for a similarly successful advance in
our understanding of absolute structure of and transport in the ocean.

Physical oceanography and marine geodesy

Recently the interest of oceanographers in satellite altimetry and space geodesy has increased
dramatically, primarily through the enormous success of the TOPEX/POSEIDON altimetric mis-
sion in studying ocean phenomena. Until now this progress was mostly limited to time-varying
currents and other transient phenomena. However, the combination of a highly accurate altimetric
sea surface height field with improved geoid models anticipated from GRACE and GOCE will
revolutionize our skill in observ-
ing the ocean dynamic sea surface
topography and associated surface

currents. This implies that for the OceaN DyNAmics

first time in the history of oceanog-

raphy there is the possibility to ob- BeNEFITS

tain the absolute oceanic current — Direct observation of the dynamic sea surface topography with

cm-precision is key to determine the ocean circulation.

— For the first time, oceanic mass variations become observable
with global coverage.

— Measurements of sea ice thickness and changes in continental
ice cover allow a better understanding of forces driving the
ocean circulation.

field with a sufficient precision that
allows the investigation of many
long standing oceanographic prob-
lems, including the investigation of
strong and narrow boundary cur-
rents, the absolute eddy field and

its interaction with the mean flow, CHALLENGES

with the topography and flow insta- — Assimilation of satellite gravity and altimetry data together with
bility processes. In particular, the oceanographic in-situ data into ocean circulation models.

new knowledge will help to deter- — Recovery of time-varying top-to-bottom absolute ocean current
mine oceanic transports with an ac- fields.

curacy that is required to enhance — Separation of contributions to sea level rise due to thermal

expansion, ice melting, oceanic mass redistribution, and vertical
land motion and simulating those effects properly in climate
models.

our understanding of the oceans
role in climate variability and in
the global hydrologic cycle. Equal-
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ly important, it will enable us to identify heat and mass variations in the ocean, regionally and
globally, to identify long-term changes and to improve numerical simulations of climate change.

Physical oceanography and marine geodesy have had a long symbiotic history through the joint
problem of determining the marine geoid: While for the geodesist, the geoid height is a funda-
mental description of the shape of the Earth, to the oceanographer it is a reference surface neces-
sary for computing the oceanic circulation and ocean transports from altimetric and in situ ocean
observations. Many other branches of both sciences overlap as well, including the study of tides,
mean sea level, Earth rotation and polar motion, and global and regional sea level rise and fall.
As a result there exists an intimate relation between both disciplines that brings the determina-
tion of the ocean circulation and of ocean transport of mass and heat to the forefront of studying
and understanding the system ,,Earth“. Since Wunsch and Gaposchkin (1980) initially laid out the
framework for a combined estimation of the Earth‘s geoid and the ocean circulation, enormous
progress has been made in observing the ocean using satellite altimetry and in determining the
Earth‘s gravity field. To a large extent, this progress is due to the success of the TOPEX/Posei-
don altimetric mission. At the same time, ocean modelling also improved substantially, mostly
through improvements in forcing conditions and through increased model resolution, i.e., through
advances in computer technology. Lastly, uncertainties in marine geoid estimates have been re-
duced over the last decades to well below one meter on the scales resolved by ocean models.
This uncertainty will be further reduced by orders of magnitude during the next few years based
on GRACE and GOCE data. Despite the recent exciting success, the elements of a modern geo-
detic/oceanographic symbiosis remain the same. Because the sea surface nearly, but not quite,
coincides with the geoid, slopes of the sea surface relative to the geoid imply measurable oceanic
velocities. As the sea surface slopes relative to the geoid are less than one meter in thousands of
kilometres, small errors in estimates of the slopes imply large erroneous oceanic mass and proper-
ty fluxes. Thus, comparatively crude oceanic circulation estimates can provide relatively accurate
estimates of the geoid height slopes. New approaches to combine altimetric and geodetic obser-
vations with in situ ocean data and with ocean models can therefore lead to significant progress
in oceanography and geodesy.

A measured dynamic sea surface topography is shown in Figure 3.1.1 as a combination of satellite
altimetry and a geoid model from GRACE. Please notice the contour interval of only 10 centime-
tres. Until today the varying sea ice coverage makes it impossible to derive stable estimates of the
mean topography at high latitudes.

Ocean models, despite being not perfect and error-prone in many aspects, began to show encour-
aging degree of realism in several aspects (Griffies, 2000). Ocean state estimation aims to fur-
ther improve those models by bringing them into consistency with ocean data. The goal of those
»ocean syntheses® is to obtain the best possible description of the changing ocean and to estimate
the atmospheric forcing fields that are in agreement with the ocean observations. At the same
time, the method identifies model components that need improvements, including ocean mixing
parameters, and produces guidelines to improved oceanic observing systems (e.g., Schréter and
Wunsch, 1986). See Stammer et al. (2002) and Stammer (2004) for a detailed discussion.

Increased attention to the problem of a simultaneous determination of the marine geoid and the
ocean circulation arose with the preparation and launch of the high accuracy geodetic missions
CHAMP, GRACE and GOCE. GRACE will provide gravity field information with an accumu-
lated accuracy of 2 cm down to scales of approximately 150 km and on time scales from months
to the duration of the mission (cf. Figure 2.8). The GOCE mission will resolve stationary gravity
field structures down to scales of approximately 70 km.

Wunsch and Stammer (2003) provide a revised discussion of the critical requirement for improve-
ments of the joint estimation problem. A successful combination of altimetric data with in situ
observations and an ocean model will determine the oceanic flow field that is in agreement with
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Figure 3.1.1: Mean sea surface as the difference between the mean sea surface height from altimetry (CLS _
SHOM?98.2) and the geoid EIGEN _GRACE. The unprecedented accuracy of the GRACE mission allows for
the first time the calculation of a realistic mean dynamic topography which is relevant for oceanography.

observations of all types and will also provide an estimate of the marine geoid that is similarly
in agreement with geodetic observations and known ocean dynamics. The estimates of the ocean
flow field contain estimates of mass and heat transport and help to quantify interaction between
stationary and time-dependent currents. This for the first time opens the possibility to obtain the
absolute oceanic current field with a precision, necessary to approach long standing oceanograph-
ic and geodetic problems. Jointly with altimetry and ocean modelling, the new gravity data will
enable us in particular to obtain a better understanding of the time-mean circulation.

The mutual connections involved in the process of jointly evaluating geodetic and oceanograph-
ic information will be outlined in the following. For that purpose, we will first discuss how im-
proved GRACE and GOCE estimates of the geoid will advance estimates of the ocean circulation.
Special emphasis is laid on oceanic transports and fluxes and related climate problems. The ne-
cessity of using oceanography to de-alias satellite gravity measurements is described. We will
subsequently summarize how improved ocean estimates will feed back into the geoid estimation
procedure. On global scale, the problem is complex and involves various different components
of the Earth system. As an example, global sea level rise is associated with global ocean warm-
ing, but also with redistribution of mass from the cryosphere, the land or the atmosphere into the
ocean. Understanding global sea level rise thus involves understanding global mass balances and
glacial melting, among others (Chapter 3.2). At the same time, all those processes as well as the
ocean circulation affect Earth angular momentum changes. It is obvious, therefore, that the ocean
does play an important role as a link of otherwise isolated Earth components. Ocean modelling
and data assimilation can thus help understanding all individual components in a mutually con-
sistent way.
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Impact of gravity field information on determining
the ocean circulation

With the expected unprecedented accuracy of new geoid models from GRACE and GOCE the
determination of global absolute ocean currents from measurements will become finally feasible.
Then, for the first time altimetry, gravity field information and in situ data will yield a dynami-
cally balanced description of temperature, salinity and tracer fields, sea level, currents and trans-
ports and their time evolution in almost all regions of the world ocean. Additionally we will obtain
adjustments to changes of external forcing fields, such as wind stress, net heat flux or freshwater
forcing. Glacial ice melting and the regional and global response in sea level is one of the most
prominent examples with dramatic implications for society. Sequestering of heat and carbon di-
oxide in the ocean is another example of wide-ranging implications. The increasing knowledge
of oceanic transports will help to obtain more realistic estimates of global change in the world
oceans. A better analysis of ocean dynamics and mixing on shelf and adjacent sea regions will
be very important to properly understand their role in setting global balances which are not well
understood today.

Improved geoid models from GRACE and GOCE will significantly advance our skill in estimat-
ing ocean currents by using

e  precise geocentric sea surface elevation obtained from global altimetric measurements, re-
processed according to a new geoid model,

e geoid models with the accuracy of the order of a centimetre on spatial scales down to the
width of boundary currents,

e new information of precise bottom pressure change,
e corrections performed by powerful ocean models,

e additional oceanographic data sets required to constrain ocean circulation models with data
assimilation.

With this improved knowledge it will become possible to efficiently study the interaction of sta-
tionary and time-dependent components of the absolute current field. It is through mean flows, as
well as variabilities (e.g., eddies) that the ocean transports its heat, fresh water and dissolved and
suspended matter. Eddies are being generated through instabilities of the time-mean flows. With
a data constrained mean circulation, the role of variabilities in weakening or stimulating the mean
flows as a result of non-linear interaction can properly be estimated and taken into account. We
can expect to fundamentally improve the understanding of the features controlling the dynamical
processes.

Hellmer et al., (2004) used an ocean model for deriving such a data-constrained mean circulation.
Temporal altimeter anomalies as well as time varying sea surface temperatures, ice coverage and
analysed atmospheric conditions are assimilated into a general ocean circulation model. In addi-
tion, oceanographic measurements about temperature, salinity and currents are used to derive a
fully balanced model solution which is as close to observations as possible. The mean sea level
of their model for the same period as the satellite dynamic topography is shown in Figure 3.1.2.
Both surfaces have a remarkable similarity. The only major difference is in the Southern Ocean
where the Antarctic Circumpolar Current of the ocean model is too weak and the associated drop
in sea surface topography towards Antarctica is too small. Discrepancies of this kind allow us to
gain more insight by improving ocean modelling as well as by estimating more realistic ocean
transports and fluxes which cannot be obtained with conventional methods.
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Figure 3.1.2: Mean sea level as calculated from ocean modelling by averaging over the period 1993 to

2001. The ocean model reproduces all major topographic features that are measured. However, in the region

of the Antarctic Circumpolar Current (ACC) the sea surface of the ocean model is not low enough which
indicates underestimated velocities of the ACC. This discrepancy must be solved by data assimilation.

Estimation of mass and heat transports in
relevant oceanic regions

LeProvost et al. (1999) discuss the extent to which data from the GRACE and GOCE missions
will help to enhance our understanding of oceanic transport processes. A suite of ocean models
with and without assimilation are considered with different resolution and complexity. It is shown
how modelled sea surface height differs substantially between ocean models and approaches and
independent information will help resolve many relevant oceanographic problems. Schroter et al.
(2002) point out that most of the expected improvement in our knowledge of oceanic transport
will be due to the high resolution capabilities of GOCE.

Global numerical ocean modelling will play a central role in improving ocean circulation esti-
mates and geoid estimates. For the oceanic transport it is necessary to better simulate where short
spatial features interact with the mean current systems through momentum exchanges, or through
transport of heat and mass. To date, ocean models are not capable of properly separating mean
transport and eddy induced transport in a realistic manner (Griffies, 2000). Each model produces
its own "climatological equilibrium‘ depending on resolution, details of the forcing fields, choice
of model grid and other numerical implementations i.e. representation of advective and diffusive
processes or vertical overturning. To date, only variability is exploited well from altimetric sea
surface height. With the new gravimetric missions we can approach the same degree of knowl-
edge and understanding also for the mean part of the circulation. Without that next step advance-
ments in our understanding of the mean ocean circulation will be seriously hampered.
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Aregion of great importance in this respect is the Southern Ocean where the Antarctic Circumpo-
lar Current (ACC) plays a dominating role in exchanges between the ocean basins. The same ap-
plies to the deep ocean circulation, where the highly time-dependent formation of bottom water
in the Weddell gyre represents an essential part. The ACC is characterized by sharp frontal areas,
narrow jets and eddies exerting forces on zonal flows, where these forces vary within small ranges
of latitudes across the ACC. The importance of the interaction of the flow field with the bottom
topography in setting the dynamical balances over the ACC adds even more complexity in deter-
mining the correct ACC structures and transport variations.

To date ocean general circulation models have failed to appropriately simulate the ACC by itself.
This is mostly due to uncertainties in the momentum balance which turns out to be the difference
of large numbers. The ACC is accelerated by its internal (baroclinic) density structure with low
density in front of a bottom ridge and high density behind it. This acceleration can be measured
with some skill from research vessels probing the full water depth (Figure 3.1.3).

The counteracting force results from the gradient of the sea surface height which tends to slow
down the ACC. It can only be measured by altimetry referenced to an accurate geoid model. Un-
til now the measurements were insufficient to improve on purely oceanographic estimates. With
novel gravity information it will be possible not only to better determine total transport and bal-
ances but increasingly the position, width and current speed of individual fronts.
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Figure 3.1.3: The structure of potential density in the ocean along a section at 60° South. Density structure

and bottom topography are clearly connected. West of each major ridge we find low densities while further

to the east high densities are observed. This structure results in a force strongly accelerating the circumpo-
lar current. It is almost fully compensated by the force excited by the gradient of the sea surface.
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Separating thermal expansion from mass
increases in studies of global sea level rise

Global sea level rise is one of the major challenges of climate change (Church et al., 2001).
Whether the sea level will be some centimetres or a few decimetres higher than now at the end of
this century is of immediate concern for about half of the population of the Earth and has enor-
mous economic consequences. The scientific community is asked for realistic prediction of sea
level rise. Predictions vary widely, according to data sets used and principles applied (Church et
al., 2001). Clearly it is not sufficient to measure sea level change at tide gauges and by altimetry
but we must aim at understanding the underlying processes and quantify them. This holds espe-
cially for processes that will become more important in the future such as the response of the glo-
bal ocean to local enhanced freshwater forcing from Greenland melting: Hypotheses suggest that
Greenland might loose much of its ice volume over the next few decades. This situation could
result in a substantial regional and global sea level rise that needs to be understood.

An example of the response of a quasi-global ocean circulation model with 1 degree spatial reso-
lution to enhanced Greenland ice melting (on the order of 0.1 Sv freshwater input) is depicted in
the Figure 3.1.4. It shows the differences of a control run and one that was perturbed by enhanced
Greenland melting with otherwise similar model parameters as it occurs after 5 years (Stam-
mer and Ueyoshi, 2004). The results demonstrate that the response is very dynamical leading to
strong boundary wave activities that originate from the sub polar North Atlantic and that spread
across the Atlantic in terms of boundary, Kelvin and Rossby waves with respective time scales.
Clearly sea level increase is not uniform but leads instead to a dynamically caused depression in
the central sub-polar North Atlantic by several centimetres. In contrast, coastal regions “feel” the
enhanced freshwater much faster in terms of sea level rise. The figure clearly illustrates the threat
of predominantly coastal sea level rise due to climate change.

With respect to sea level, we are primarily interested in monthly scales and periods up to a cen-
tury. Local sea level change by surface waves and tides is fairly well understood and does not lead
to substantial secular changes. The seasonal cycle of sea level rise and fall is dominated by redis-
tribution of mass due to changes in ocean circulation and also by local warming and cooling.

[¥107 m]
30
60N - - 20
10
8
6
‘ Ha4
30N - N L5
: Ho
Hi.5
L H1
‘ Ho.5
EQ : . H-0.5
H-1
H-15
6 ‘ ‘ H-2
054 L oo e
‘ SN —_— & 2
-6
. . -8
3 o i> L L s j -10
60Sq -~ Co e s . . _90
‘ : ; -30
180 120W 60W 0 60E 120E 180

Figure 3.1.4: The figure shows the response of a global ocean circulation model as it results to about 0.1 Sv

increased runoff due to Greenland ice melting. The field shows the differences (in cm) of sea surface height

as it results after 5 years of increased freshwater forcing due to ice melting. Colour range is +/-3cm. See
Stammer and Ueyoshi (2004) for details.
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An additional global trend remains that results from an imbalance of the hydrological cycle which
is thought to be mainly net inflow of melt water into the sea from glaciers, ice caps and polar ice
sheets (Chapter 3.2). Superimposed on a regional basis are strong changes in the thermohaline
(temperature and salinity) structure of the ocean. In principle, these can be measured. However,
the vastness of the global ocean and the remoteness of large domains make such a task difficult.
Even with novel techniques like thousands of autonomous drifting buoys from the ARGO project
performing vertical probing the ocean remains undersampled in regions such as the arctic.

The magnitude of sea level rise due to ocean heating varies considerably. The specific volume of
sea water (volume per unit mass) increases when the water is heated. This increase is known as
thermosteric expansion. Its magnitude depends strongly on temperature and pressure: heating of
warm water has a much bigger effect than that of water around the freezing point. Also water at
high pressure in the deep ocean reacts much stronger than surface waters. The specific volume of
sea water decreases when salt is added, denoted as halosteric contraction. Its magnitude is fairly
constant over the whole ocean.

The stratification of the ocean interior is mostly stable. Heating from above has only local influ-
ence and does not reach deep into the water. Only when cooling or salinity increase result in an
unstable water column the deep ocean is ventilated and its properties change. Both processes oc-
cur in high latitude where the primary ventilation regions of the world ocean reside. Areas with
vertical overturning called convection are strongly linked to cooling, fresh water forcing and sea
ice processes which will be discussed below.

Locally, sea level change varies strongly and may even change sign. It is difficult to derive stable
estimates from tide gauges and even from altimetry (Church et al., 2001). In order to get closed
budgets and to separate different contributions to the observed sea level changes it is possible to
assimilate the observations in a global ice-ocean circulation model that conserves mass, heat, salt
and momentum. Forcing is by the atmosphere only and by inflow of fresh water from land.

Volume change computed from the model results in dynamic topography change which
must coincide with altimeter and tide gauge observations (Wenzel et al., 2001). When only
surface data are assimilated there is an infinity of possible solutions. Only by using additional
measurements from the deeper ocean the problem has a unique solution and the explanation
found depends on the measurements in an unambiguous way. In Figures 3.1.5 to 3.1.7 results
of such an assimilation experiment which exploits altimetry, geodesy and oceanographic data
are depicted. Sea surface variability over the period 1993 to 2001 is modelled successfully.
The analysis of linear trends reveals the dominance of local warming (cf. Figure 3.1.5) while
changes in salinity have a much smaller effect as is shown in Figure 3.1.6. An interesting
feature of ocean circulation is also found for the trend analysis performed here. Frequently,
temperature and salinity variations are correlated in a way that leaves density unchanged. It is
evident from the figures that strong temperature variations are not enough to change sea level.
Associated variations in salinity must be considered simultaneously. The third mechanism to
change the sea surface involves a change in mass. On the time scales of a decade considered
here almost no variability remains (cf. Figure 3.1.7). Net inflow due to an imbalance of the
hydrological cycle spreads approximately evenly over the whole globe. What is diagnosed
in the assimilation experiment is a decrease in mass near Antarctica which is associated with
an increase of transport of the ACC. The other remarkable change is a mass increase over the
Arctic Ocean. For this no independent evidence is available at present.

The situation will change once the GRACE measurements can be fully exploited. Temporal anom-
alies of gravity field observations provided at periods from two months to the mission life time
will yield information about the deep, time varying ocean mass distribution and circulation which
otherwise is unobservable. This information, which is independent of steric contributions, can be
used to distinguish steric from nonsteric contributions to altimeter measurements of sea surface
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Figure 3.1.5: Trends of sea level heights (SSH) due to thermal expansion. The effect is integrated over the

full water column. Depicted here and in the following two figures are the results of assimilation of satellite

altimetry and traditional oceanographic data into an ocean model. The solution is dynamically fully con-

sistent and close to observations. Local trends exhibit a large variance due to strong interannual variabil-
ity: For slightly different periods the patterns change significantly.

height. Measured changes in mass distribution are useful for ocean model verification or falsifica-
tion and can, in principle, also be assimilated.

The interpretation of the measurements is important. Knowing the steric contributions would
make it feasible to approximate the changes in the vertically integrated heat and freshwater stor-
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Figure 3.1.6: Local sea level rise due to changes in salinity. In some areas the effect is as strong as that of

warming, showing the importance of salinity. Note that for many strong signals an anticorrelation is found:

although local warming is observed it has little impact on sea level as associated changes in salinity largely
compensate thermal expansion keeping density fairly constant.
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Figure 3.1.7: Local sea level rise due to increases in total mass and regional redistribution. Over most over
the globe there is practically no change. The clear sea level fall over the Southern Ocean is connected to an
increase in the eastward velocity of the ACC. The mass change diagnosed here is large scale enough to be
fully detectable by GRACE. Time varying gravity can be used for verification and ultimately for assimila-

tion in dynamic ocean models.

Undef

age over scales of a few hundred kilometres and larger and would thus contribute significantly to
our understanding of global climate change in terms of buoyancy and mass variations. Regional
fluctuations in ocean mass are directly linked to the wind field. Changes in mass on global scale
are a measure of changes in the Earth freshwater cycle. Knowledge of both is urgently required
and will lead to a better understanding of the relation between local and remote forcing in setting
the mean and time-varying circulation

Sea ice thickness observations

Sea ice strongly modifies the global heat and energy balance due to its high albedo and latent heat.
Therefore it plays an important role in the climate system. Sea ice is one of the main drivers for
the global thermohaline ocean circulation by rejecting salt upon ice formation and releasing fresh
water when melting. Its extent and thickness are sensitive indicators of climate change.

Sea ice floats in sea water, i.e. in the melt it has been growing from. It forms a source or sink of
freshwater and latent heat . Sea ice related processes are therefore a major driving force of the
ocean circulation. For instance, it is estimated (Olbers and Wiibber, 1991) that about half of the
Antarctic Circumpolar Current is a consequence of ice formation close to the coast and melting
of the same ice more than one thousand kilometres further north. The possibility of measuring not
only the sea ice distribution but also its thickness on a global scale is novel and exciting for the
oceanographic community.

Deep water formation is strongly related to freezing of sea water. Sea ice is less saline than the
surrounding water. When sea water freezes salt is rejected to the water below which becomes
more saline and denser. If the water is dense enough it may convect down to the deep ocean tak-
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ing oxygen and other gasses with it. This ventilation of the deep ocean is one of the major proc-
esses that determines the water mass characteristics and their distribution on a global scale and
indirectly the global ocean circulation. Measurements of sea ice thickness and sea ice distribution
allow the determination of sea ice volume, the fresh water cycle performed by sea ice processes
and the associated changes in buoyancy at the ocean surface.

In recent decades passive microwave satellite data have revealed that the areal extent of sea ice
in the Arctic has decreased by 3% per decade, with an accelerated trend of 8% per decade in the
1990s (Comiso et al., 2002). Sporadic observations on board of military nuclear submarines have
shown that ice thickness in the central Arctic Ocean has decreased by 43% between 1958 to 1976
and 1993 to 1997. The interpretation of these changes is difficult due to the complex processes
between atmosphere, ice, and ocean, in particular in the vicinity of the ice edge. Sea ice thick-
ness measurements are particularly difficult to understand with respect to their relation to climate
changes, because ice thickness shows a strong seasonal and interannual variability (Haas and
Eicken, 2001), and because the regional thickness distribution strongly depends on the ice motion
field, which is a function of atmospheric and oceanographic circulation regimes. With changing
drift patterns, ice thickness might increase in one region whereas it decreases in another (Figure
3.1.8).

" 1951-1999

thrw

0.5 cm's /dec

Figure 3.1.8: Model simulation of Arctic ice thickness trends between 1951 and 1998, and the underlying
ice drift anomaly. Thickness has increased in the marginal seas and decreased in the central Arctic Ocean.
Ice motion has become more cyclonic, with decreasing sea level in the centre.
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Ocean modelling and its use for gravity field
determination

Gravity field estimates obtained from GRACE and GOCE are restricted in their space-time sam-
pling and will therefore alias unresolved high-frequency barotropic oceanic motions and diurnal
and semidiurnal tides (Stammer et al., 2000). Using information about surface topography vari-
ations on daily to monthly periods from ocean circulation and variations in tidal bands from tide
models, the recovery of the mean gravity field can be improved significantly by correcting them
for high-frequency variations in mass distribution and thus reducing the aliasing effect (e.g. Stam-
mer et al., 2000).

There is no a priori decision which signals should be used as corrections beyond the Nyquist fre-
quency. In fact, this may differ according to the scientific goal. In an iterative procedure it should
be determined which part of the oceanic mass movement is considered ‘understood’, such as
tides, implying the signal can be dealiased from the gravity measurements. On the other extreme,
signals have to be considered as ‘true measurement’ (e.g. interannual variations) which will be in-
terpreted geophysically and can be used for data assimilation or verification of oceanic models.

GRACE data will provide information about bottom pressure changes on monthly and longer
time scales with an accuracy of equivalent to 1 mm in sea surface height (cf. Figure 2.9). With this
measurement precision, many traditional approximations in ocean models become questionable
and secondary effects in ocean models have to be considered as well. Conventional approxima-
tions include the Boussinesq-approximation treating the fluid as essentially incompressible, sim-
plifications of the equation of state of seawater and insufficient representations of the real bottom
topography and bottom slopes in the models. Secondary effects include the interaction between
ocean circulation and ocean tides, direct pressure forcing to improve the simulation of the ocean’s
response to atmospheric pressure loading (e.g., Thomas et al., 2001), and the loading and self-at-
traction effect due to ocean circulation induced mass redistributions (Condi and Wunsch, 2003).
The latter effects are well known in the context of ocean tides. They are of measurable effect also
for changes in ocean circulation (Condi and Wunsch, 2003). Mutual corrections of the gravity
field and the mass redistribution in the ocean are necessary steps for improving our understanding
of changes in the ocean circulation and the marine gravity field.

Frequently, oceanographers produce ‘synthetic’ geoids for assimilation of altimetric sea surface
height. Such a synthetic geoid is calculated as the difference of altimetry and the dynamic sea
surface of an ocean model. Evidently, the synthetic geoid varies from case to case and assimila-
tion of altimetry has no influence on the mean state of the ocean model. In fact the procedure is
equivalent to the well known collinear analysis where a reference data set is subtracted from each
measurement and only temporal anomalies are considered further. Other ‘oceanographic’ geoids
are hybrid and include geoid models as well as altimetry and the dynamic ocean surface. Least
squares solutions which take into account the different error covariance structures are calculated
e.g. by Seufer et al. (2003). Other possibilities make use of an ocean model into which altimetry
referenced to a geoid model has been assimilated.

Studying the agreement with measurements having been assimilated with a priori error assump-
tions will lead to corrections of introduced in situ as well as of satellite data and in particular of
gravity field data (see e.g. Kivman et al., 2005). Thus, investigating the characteristics of these
corrections with respect to their physical plausibility is part of an iterative process of simultane-
ously improving ocean models and gravity field.

Testing gravity estimates through direct observations is not a trivial matter. Ocean data assimi-
lation offers a unique opportunity to test the consistency of geoid estimates and associated error
estimates with information available in form of ocean dynamics and ocean data. This can be done
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Figure 3.1.9: Optimized ECCO SSH differences with respect to T/P-EGMY96. Contour interval is 10cm. The
field can be regarded as ECCO-computed adjustments to the EGM96 geoid to render it consistent with the
model and the ocean data.

by comparing estimated residuals in the mean surface topography with prior and a posterior er-
ror statistics and thus to test the consistency of all hypotheses involved, including geoid estimates
and their error covariances. One such example is shown in Figure 3.1.9, showing discrepancies
in EGM96 geoid error information with estimated sea surface height residuals. Stammer et al.
(2004) investigated the consistency of ocean circulation estimates with existing geoid models.
The differences are of the order of +/- 20 cm and reach +/- 50 cm near steep topography. Incon-
sistencies with the prescribed geoid errors are obvious. Those discrepancies have been identified
subsequently as inconsistencies in the EGM96 error covariance based on new information avail-
able from GRACE.

The next figure (3.1.10) shows the corresponding residuals, in which now the SSH was imposed
relative to GRACE. These residuals are much smaller, implying that the GRACE geoid is much
closer to dynamical consistency with the GCM and other data than is EGM96. Using the respec-
tive time-mean TOPEX-GRACE dynamic topography in an assimilation effort did lead to meas-
urable changes in the flow field especially in low latitudes (Stammer et al., 2004)

The last two figures illustrate the importance that ocean data assimilation can play in identifying
consistencies or inconsistencies in the end-to-end geoid-altimeter ocean circulation estimation. It
is obvious that in both cases large residuals remain especially in the southern oceans which are
not understood. In particular it is unclear where the ocean model or the T/P data or the geoid are
suboptimal. In the past, much emphasis was put on determining the time-varying error in the T/P
data, which is being assumed here to be of the order of 2-3 cm (RMS). Recent comparison stud-
ies between T/P and JASON-1 data revealed that this number is most likely too optimistic: in
some regions several large environmental corrections such as the EM-bias are poorly understood,
and lead to RMS differences between the satellite data of order 5 cm over large regions. Equally
important, little attention has been given to time-mean correction errors. To reach the goal of an
optimal use of new geoid information for studying the ocean, the land hydrology or geophysics
this involves a very detailed revisit of altimeter error corrections, especially their time-mean com-
ponents.
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Figure 3.1.10: Optimized ECCO SSH differences with respect to T/P-GRACE .Smaller values from GRACE
as compared to EGMY96 suggest greater dynamical consistency with the other data sets and the model.

Towards a joint estimation of oceanographic and
geodetic topographies

The novel accuracy of geoid height fields derived from GRACE and GOCE will be combined
with highly accurate sea surface height from a combination of altimetric satellites to obtain meas-
urements of the absolute dynamic height. For the first time we have the opportunity to obtain the
absolute oceanic current field with a sufficient precision that allows the treatment of long standing
oceanographic problems. The new knowledge will significantly advance our skill in determining
oceanic transport with good accuracy and increase our understanding of ocean dynamics through
the interaction of mean and time dependent flow.

Most processes that influence the mass distribution on the globe can be distinguished by their
time and space scales. Fast motions in atmosphere and ocean are associated with strong signals in
the GRACE and GOCE measurements. However, the aliasing associated with these mass changes
must be successfully corrected using atmosphere and ocean models in conjunction with data as-
similation. We don‘t understand the timescale of hydrological changes, especially over land. We
therefore also don‘t understand their contribution to aliasing. On timescales of months and be-
yond variations in gravity and thus mass changes are adequately resolved by the sampling scheme
of GRACE. Those observations will provide new information about mass changes in the atmos-
phere, the land system and cryosphere or the ocean and need to be investigated in adjoint analyses
to attribute the measured changes to different geophysical processes.

Hydrological models are less mature than the other models involved in this context. A guiding
principle in studies using GRACE and GOCE data could therefore be that ocean contributions
should be corrected as best as possible from GRACE and GOCE results to allow studying the
change in continental water storage, or the redistribution of mass in the solid Earth in more iso-
lation (Chapters 3.2-3.4). Without a precise knowledge about the ocean contribution to GRACE
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data not much improvement in hydrological models can be anticipated. On the other hand, infor-
mation on the continental runoff and its variations are important information that will be required
to properly simulate changes of the ocean over several years and longer.

Ultimately we must work on a joint analysis that takes into account all contributions from dif-
ferent processes simultaneously. However, first the measurements must be interpreted separately
to assure maximum progress in understanding the individual components of the Earth system. A
complicating aspect can be that underlying trends on longer time scales than the mission duration
may be important. They cannot be understood from the new data sources and must be estimated
from different measurements and models.

A joint analysis of ocean circulation and associated ocean mass distribution can be derived from
the results of Hellmer et al. (2004). The global ocean bottom pressure anomaly and equivalent
time series from GRACE monthly geoid solutions are compared in Figure 3.1.11. The closeness
of model result and independent measurements is striking. However, at present only global com-
parisons are this favourable. Local changes agree less well.

This first attempt of a mass analysis is closely linked to the problem of sea level rise, ice melting
and variations in the Earth angular momentum. Sea level rise involves many disciplines of the
geosystems community, and need to address effects like glacial rebound (Chapter 3.2 and 3.3),
changes in global water cycles, storage of water in man-made lakes (Chapter 3.4), as well as gla-
cial melting (Chapter 3.2), and ocean warming. A detailed discussion of those effects is given in
the recent IPCC report (Church et al., 2001).

Clearly, many aspects of sea level change have to be considered which requires a more extensive
satellite data base than just altimetry and gravimetry. In particular the close link of sea level rise
to polar ice melting requires data from ICESat and the upcoming CryoSat mission to be part of
the analysis (Chapter 3.2). All those data sets will help to distinguish between local mass change
and volume change in the ocean, or heat and freshwater/salt changes. Essentially the ocean esti-
mation effort is the glue between those elements that would otherwise coexist as individual and
somewhat isolated components. Estimates of the ocean circulation have to be in agreement with
all individual contributions that involve heat or salt changes and thus mass changes.

After analysing all contributing signals individually it is possible to use ocean state estimation
as a tool for combining the dynamics of ocean circulation models with measured data. The goal
of such an ‘ocean syntheses’ is to obtain the best possible description of the changing ocean and
to estimate the atmospheric forcing fields that are consistent with the ocean observations. As a
by-product model components are identified which need improvements and we obtain guidelines
where to improve oceanic and remote sensing observing systems.
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O Ice mass balance and sea level

Changes in Antarctic and Greenland ice sheet mass balance have impor-
tant consequences for global sea level. We still do not know whether the
ice sheets are loosing or gaining mass. Before mass balance and sea level
change can be better predicted in scenarios of global climate change,
our current understanding and observational basis has to be further im-
proved. The new altimetry and gravity missions will considerably con-
tribute to reducing uncertainties in mass balance estimates and to im-
prove our modelling and prediction capabilities of future sea level rise.

Sea level change is an important consequence of climate change, both for societies and for the
environment. The level of the sea changes as a result of changes in water density and/or of the
total mass of the ocean. Density is affected by the water’s temperature and is reduced by thermal
expansion as the ocean warms. Changes in the total mass of the ocean are primarily driven by ex-
changes with water stored on land. By far the most important land storage is frozen in continental
ice masses, which contain more than 90% of the Earth’s fresh water resources. It is estimated that
total melting of the Antarctic ice sheet, the Greenland ice sheet, and all other mountain glaciers
and small ice caps would raise global sea level by 60 m, 7 m, and 0.5 m respectively. Although it
is very unlikely that this will happen any time soon, it is clear that even small fractional changes
in ice volume would have large consequences. Other storages of continental water include surface
lakes, wetlands, ground water reservoirs and permafrost, but water exchanges between these res-
ervoirs and the ocean are not sufficiently quantifiable yet (cf. Chapter 3.4).

The level of the sea varies as a re-
sult of processes operating on a

Ice Mass BALANCE AND SEA LEVEL variety of time scales. The global
ocean thermohaline circulation

BENEFITS has a memory of centuries. The
— For the first time, complete and reliable estimates for the ice ice sheets react to climate change
mass balance of the complete Antarctica and Greenland ice on the time scale of millennia, and

sheets will become possible.
— This will allow important conclusions on present climate state
and sea level change.

could be gaining or losing mass
as a result of climatic variations
extending back to the last glacial
period. Another long time scale is

CHALLENGES : ) )

— Separation of gravity and surface height signals due to ice mass added by isostatic adjustment of
variations, bedrock isostatic uplift, and firn density changes. the Earth’s crust to changes in the

— Satellite data must be supported and validated by a sufficient ice loading and the corresponding
number of glaciological in-situ data, GPS vertical land movement mass transfer to the ocean (Chap-
observations and interferometric SAR data of ice flow velocities. ter 3.3). Postglacial rebound from

melting of the ice from the Last Ice
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Age is still occurring and can have magnitudes comparable to observed sea level changes at the
coast or to ice thickness changes on the residual ice sheets. Glaciers and small ice caps are more
sensitive to climate change than ice sheets, and are capable to adjust more rapidly to changes in
snow accumulation and ice melting, and may dominate the response on a century time scale.

In order to predict future sea level change with more confidence, it is necessary to better under-
stand the current evolution of continental ice masses, and to quantify their present mass balance.
The present and upcoming gravity missions CHAMP, GRACE, and GOCE are expected to lead to
significant advances in our knowledge of ice mass balance and sea level. The new altimetry mis-
sions ICESat and CryoSat will provide a detailed picture of the spatial distribution of surface el-
evation and its temporal evolution, and will cover polar areas beyond latitudes currently accessed.
Synthetic aperture radar interferometry provides the surface velocity field of ice sheets, includ-
ing short-term variability in their flow and extent. The determination of the Earth’s time-variant
gravity field by the GRACE mission will provide additional constraints on mass redistributions,
of which ice mass imbalances and isostatic rebound are crucial components. To properly interpret
these satellite data in terms of ice volume changes, numerical models of the coupled ice-sheet/
ice-shelf/lithosphere system are required. Ice sheet models assist to distinguish between the long-
er-term ice-dynamic evolution and short-term mass-balance changes, and are needed to extract
the current ice mass evolution from gravity and altimetry trends contaminated by postglacial re-
bound. These models require the best possible input data derived from satellite remote sensing,
and provide unique tools for predictions.

Sea ice does not contribute to sea level change, but is an important indicator of climate change.
However, its thickness is closely related to atmosphere and ocean circulation. CryoSat and IC-
ESat offer the opportunity for sea ice thickness measurements with unprecedented accuracy.

Ice mass balance and sources for sea level rise

Ice mass balance

Ice sheets and glaciers continuously exchange fresh water with the ocean. They gain mass by
accumulation of snow, which is gradually transformed into ice, and lose mass by melting at the
surface or base with subsequent runoff. Ice may also be removed by discharge into a floating ice
shelf or glacier tongue, from which it is lost by basal melting and calving of icebergs. The differ-
ence between total mass input and total mass output is called the mass balance. Net accumulation
occurs at higher altitude, net ablation at lower altitude. To compensate for net accumulation and
ablation, ice flows downhill by internal deformation of the ice and sliding and bed deformation at
the base. In ice sheets, the discharge at the margin mostly occurs concentrated in outlet glaciers
and ice streams, which often lie in depressions and move much faster than the surrounding ice.

The average annual precipitation falling onto the Antarctic and Greenland ice sheets is equivalent
to 6.5 mm of sea level (Church et al., 2001). For glaciers and small ice caps, the value is about
1.9 mm per year. This input is approximately balanced by loss from melting and iceberg calving.
For the two polar ice sheets, the balance of these processes is not the same, on account of their
different climatic regimes. Antarctic temperatures are so low that there is virtually no surface run-
off; the ice sheet mainly loses mass by ice discharge into floating ice shelves, which experience
melting at their underside and eventually break up to form icebergs. On the other hand, summer
temperatures on the Greenland ice sheet are high enough to cause widespread melting, which
accounts for about half of the ice loss, the remainder being discharged as icebergs or into small
ice-shelves. If mass-balance terms do not balance, sea level will change and the mass and shape
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of the ice sheets will adjust until a steady state is regained. This occurs over time scales of the or-
der of 100 to 10000 years. Hence it is likely that the ice sheets are still dynamically adjusting to
their past history (long-term background trend). This trend is separate from the direct response to
mass-balance changes in the recent past (one or two centuries), and both components need to be
accounted for when assessing their future contributions to sea level. Despite recent advances in
the understanding of polar ice sheets, their current mass balance is still not known.

Mass budget estimates of polar ice sheets

The traditional method to obtain the state of balance of the polar ice sheets, or parts thereof, is to
estimate individual mass balance terms and calculate the budget. With present-day measurement
precision, the budget method is not able to constrain the total balance of both polar ice sheets to
better than + 20 % of their mass input (Church et al., 2001). The major error source is related
to the mass loss terms, as recent accumulation estimates display a tendency for a convergence
towards a common value with a remaining error of about 5%. For Antarctica, the ice discharge
from the grounded ice sheet dominates the uncertainty because of the difficulty of determining
the position and thickness of the ice at the grounding line, where grounded ice starts to float and
transforms into an ice shelf. There, also assumptions about the vertical velocity have to be made.
For Greenland, surface runoff of meltwater is an important term. However, net ablation has only
at a few locations been measured directly and therefore has to be calculated from models, which
have considerable sensitivity to the surface elevation and the parameters of the melt and refreez-
ing methods used. An additional complication is the important role played by bottom melting
below floating glaciers in northern Greenland, when considering calving fluxes. These terms are
neglected in earlier analyses. In a nutshell, current mass budget results suggest, that the mass bal-
ance of both ice sheets lies between -35% and +5% of their annual mass input, or a combined im-
balance equivalent to a sea-level contribution of between +2.4 and —0.2 mm/ year. This range is
large compared to the central estimate of 1.5 mm/year of total sea level rise for the last century,
but not significantly different from zero (Church et al., 2001).

Direct monitoring of surface elevation changes of ice sheets

Provided that changes in ice and snow density and bedrock elevation are small or can be deter-
mined otherwise, elevation changes can be used to estimate changes of mass of the ice sheets.
In the past five years, important progress was achieved based on altimetric methods, both from
satellites and from aircraft. Improvements of nearly two orders of magnitude have occurred in
the accuracy of the localisation of satellite and aircraft platforms and the reduction of other error
sources. Recent results from Greenland from 20 years of SEASAT/GEOSAT satellite radar alti-
metry data and 6 years of airborne laser altimetry data show a broad picture of a small thickening
in the interior and a mixed pattern of a substantially larger thinning in the ablation area (Krabill et
al., 2000; Thomas et al., 2001). ERS-1/ERS-2 satellite between 1992 and 1999 indicate that much
of interior East Antarctica is close to balance, but with substantially more negative trends in West
Antarctica, largely located in the Pine Island and Thwaites Glacier basins (Wingham et al., 1998;
Shepherd et al., 2002)

Problems with current satellite data are missing data poleward of 72°N/S (SEASAT/ GEOSAT)
or 82°N/S (ERS-1/ERS-2) as well as from the steeper parts at the margin, so that important areas
with possibly large changes remain undetected. Another limitation is the short period over which
satellite data are presently available. Altimetry records are at present too short to confidently dis-
tinguish between a short-term surface mass-balance variation and the longer-term ice-sheet dy-
namic imbalance.
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Numerical modelling of ice sheets

Modelling of the past history of the ice sheets and their underlying beds over a glacial cycle is an
independent way to obtain an estimate of the present ice evolution. Current large-scale, three-di-
mensional thermomechanic flow models simulate the flow and form of ice sheets on grids of 20-
40 km horizontal spacing with 10-30 vertical layers. They include ice shelves, basal sliding and
visco-elastic bedrock adjustment and need bedrock elevation and surface mass balance as main
inputs. They calculate the three-dimensional velocity field, the distribution of ice thickness, the
temperature distribution inside the ice, and the spatial extent of the ice. Glacial cycle simulations
require time-dependent boundary conditions (surface mass balance, surface temperature, and sea
level to model grounding-line changes) derived from sediment and ice core records. The results
are constrained by geomorphological and glacial-geological data of past ice sheet stands. Recent-
ly, such ice sheet models are coupled to models of the other components of the climate system
to investigate the interactions with oceans and atmospheres. 3-D ice-sheet models are presently
applied to the Antarctic ice sheet (Figure 3.2.1), the Greenland ice sheet, and the Quaternary ice
sheets of the northern hemisphere continents during the ice ages (Marshall et al., 2002; Charbit et
al., 2002; Huybrechts, 2002).

Current ice-sheet simulations suggest, that the Greenland ice sheet is close to balance, while
the Antarctic ice sheet is still losing mass, mainly due to incomplete grounding-line retreat of
the West Antarctic ice sheet since the Last Glacial Maximum (LGM; Huybrechts and Le Meur,
1999). The long-term ice-dynamic response is estimated to be between —0.1 and 0.0 mm/year of
sea-level equivalent from the Greenland ice sheet and between +0.1 and 0.5 mm/year from the
Antarctic ice sheet. Model simulations forced by output from Atmosphere-Ocean General Cir-
culation Model (AOGCM) simulations suggest that anthropogenic climate change could have
produced an additional contribution of between —0.2 to 0.0 mm/year of sea-level from increased
accumulation in Antarctica over the last 100 years, and between 0.0 and 0.1 mm/year from Green-
land, from both increased accumulation and ablation.
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Figure 3.2.1: Snapshots of Antarctica s ice-sheet evolution during the last glacial cycle obtained from a
comprehensive 3-D ice-sheet model (s.l.e. = sea-level equivalent). The ice mass balance can be diagnosed
from the ice-sheet response at the present time (Huybrechts, 2002).
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The quality of glacial cycle simulations depends on how good the past history of environmental
conditions can be described and on how good the models deal with certain aspects of ice dynam-
ics. Large uncertainties are associated with past patterns of climatic change beyond the infor-
mation which can be derived from ice cores. Increased use of output from General Circulation
Models is needed to improve the prescription of surface mass balance. A critical point in these
models is the grounding line. At this transition zone, there is a fundamental change in the dynamic
flow regime. This is of relevance for the Antarctic ice sheet and for parts of the Quaternary ice
sheets bordering the Arctic Ocean. Another weakness is the incorporation of concentrated flow
in outlet glaciers and ice streams, which are responsible for most of the discharge into the ocean.
These features often have dimensions at the sub-grid scale and, therefore cannot be explicitly
considered. Also, the approximations on which both grounded ice sheet and ice shelf models are
based may break down in these areas because of the large stress gradients. One step ahead is to
nest higher-order local models, which take into account the full stress balance equations, into
large-scale ice sheet models, with the use of multi scale techniques.

Contribution from glaciers and ice caps

Because of their higher accumulation and ablation rates, glaciers and ice caps have shorter turn-
over times and are more sensitive to climate change than the polar ice sheets. To evaluate their
contribution to global sea level change, we need to know the rate of change of total glacier mass.
Unfortunately, sufficient measurements only exist for a small minority of the world’s 100000 gla-
ciers. Therefore global algorithms are developed (Gregory and Oerlemans, 1998), incorporating
area-wise glacier distribution, mass-balance sensitivity, and dynamic response, but the database
for such studies from glacier inventories is still incomplete in many of the main glaciated moun-
tain areas (Alaska, Patagonia, Central Asia). There is consensus that the global glacier volume
substantially decreased since the high stand of the middle 19" century. Current estimates place
the average sea-level contribution from glaciers and ice caps during the 20" century to between
0.2 and 0.4 mm/year (Church et al., 2001).

Explaining mean sea level rise over the past century

The primary source of information on secular trends in global sea level during the past century
are tide gauge observations. Tide gauges measure the level of the sea surface relative to that of the
land, and therefore need to be corrected for vertical land displacements. The most important con-
tributor to such changes is postglacial rebound, and its corrections are usually obtained from geo-
physical rebound modelling constrained by geological observations to estimate Earth response
functions or ice-load parameters (Peltier and Jiang, 1997; Lambeck et al., 1998). Other correc-
tions include the Earth’s elastic and gravitational response to the changed water loading when
mass is added into the oceans. This has the effect of reducing the observed rise at continental
margin sites from ongoing mass contributions by as much as 30%. On the basis of the published
literature, it can be concluded, that the average rate of sea-level rise during the 20" century was
between 1.0 mm/year and 2.0 mm/year, with a central value of 1.5 mm/ year. Tide gauge data give
no evidence for any acceleration of sea level rise during this period (Church et al., 2001).

In contrast to the sparse network of coastal and mid-ocean island tide gauges, measurements of
sea level by satellite radar altimetry provides near global and homogenous coverage of the world’s
oceans, thereby allowing the determination of regional sea-level change (cf. Chapter 2). While
the results must also be corrected for isostatic adjustment, satellite altimetry avoids other vertical
land movements (tectonic motions, subsidence) that affect local determinations of sea-level trends
measured by tide gauges. To date, the TOPEX/Poseidon satellite-altimeter mission, with its (near)
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global coverage from 66°N to 66°S (almost all of the ice-free oceans) from late 1992 to the present,
has proved to be of highest value for direct estimates of sea-level change.

The TOPEX/Poseidon data suggest a rate of sea-level rise during the 1990s greater than the mean
rate of rise derived from the tide gauges. It is not yet clear whether this is the result of a recent ac-
celeration, or of systematic differences between the two measurement techniques, or of the short-
ness of the record (6 years) (Cazenave et al., 1999).

In order to have confidence in our ability to predict future changes in sea level, we need to con-
firm that we are able to explain the current rate of change (Figure 3.2.2). According to the Third
Assessment Report (TAR) of the Intergov-
ernmental Panel on Climate Change (IPCC; b — S
Church et al., 2001), the contributions from TR o) 13 1
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considerable (Figure 3.2.2). all contributions and uncertainties.

Improving mass balance estimates with new
spaceborne observations

The upcoming satellite missions are expected to greatly improve our knowledge of the state of the
continental cryosphere. For the issue of ice mass balance and global sea level these improvements
will primarily come from new gravimetry and altimetry data.

Structure of the polar gravity field and gravity field changes

The recent and upcoming gravity field missions CHAMP, GRACE, and GOCE provide global grav-
ity field information with an extraordinary spatial resolution, down to half-wavelengths of about 70
km. For polar regions, the gravity field is an important source to improve the knowledge on both
the solid Earth and the ice sheets. Furthermore, the recovery of gravity field changes as outlined in
chapter 2.1 allows an independent monitoring of mass changes on spatial scales down to 500 km.

These mass changes are a combined effect of the ice sheets themselves and of the visco-elastic
response of the solid Earth due to recent and historical ice load changes (Chapter 3.3). Model pre-
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dictions confirm that the new satellite gravity data with their unprecedented accuracy (cf. Chap-
ter 2) allow to validate and to improve the presently existing models (Figure 3.2.3). For example,
with a combination of GRACE, ICESat/CryoSat and ground-based GPS measurements the com-
peting effects of postglacial rebound, ice mass balance trends, and firn density changes can be
separated (Wahr et al., 2000; Velicogna and Wahr, 2003).

At the same time, GRACE data are expected to greatly improve our knowledge on postglacial
rebound elsewhere on the globe. This is important e.g. to correct records of the relative sea level
at the coast

Ice surface elevations and elevation changes

The main product of the CryoSat and ICESat altimeter missions (cf. Chapter 2) will be time se-
ries of seasonal and interannual variations in surface elevation of inland ice and ice shelves. This
will greatly improve existing elevation models and give unprecedented information of its vari-
ability. First ICESat data demonstrate already the big step forward in determining spatially highly
resolved and accurate ice sheet topography (see Figures 2.19 and 2.20). High precision requires
that the accuracy of the ice surface retrieval is known. Therefore the influence of the physical
properties of the snow cover such as moisture content, density, crystal size, and roughness on the
retrieved signal must be known. This requires the performance of in-situ or ground-truth measure-
ments and elevation retrieval validation in the field.
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Figure 3.2.3: Calculations with a coupled ice-sheet/ visco-elastic Greenland ice sheet model over the last
glacial cycle indicate that the gravity anomaly trend is dominated by postglacial rebound (represented by
the viscous effect’), which complicates efforts to extract the contribution from the current ice mass change
(represented by the ‘elastic effect’ from the mean ice thickness background evolution over the last 200
years) from the total response (Le Meur and Huybrechts, 2001).
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However, the main obstacle to further geodetic constraint is the unknown snow accumulation
fluctuation. Its spatial covariance is not well known, and this bears directly on the century-scale
imbalance uncertainty (Wingham et al., 1998). It is important that recent statistics of accumula-
tion fluctuation are obtained from extensive shallow coring of the ice sheets. In addition, the time
series of variations in ice elevations themselves will provide unique data for validation of ice
accumulation rates from atmospheric GCM model results. The longer the altimetry record, the
clearer short-term variability in ice accumulation and surface melting can be separated from long-
term trends in net balance.

Other problems involved to derive ice mass changes from altimetry records include the fact that
the surface elevation change includes a signal from both isostatic rebound (Chapter 3.3) and from
a variable rate of compaction of snow. Modelling efforts are required to separate these processes.
As mentioned above, this can be achieved by a combination of spaceborne gravity, altimetry, and
GPS measurements (Velicogna and Wahr, 2003).

Altimetry data are also urgently needed to determine surface elevation of glaciers. Together with
aerial photography, high-resolution satellite visible and infrared imagery e.g. from ASTER and
Landsat, this will supplement glacier inventory data to determine the distribution of crucial gla-
cier parameters such as elevation, area, and area-altitude relations, so that mass balance, glacier
dynamics and runoff/sea-level rise models can be more realistically framed.

Surface velocity field

The interferometric analysis of Synthetic Aperture Radar (InSAR) data provides a tool for map-
ping the ice surface velocity field from space (Figure 3.2.4). A comparison of these velocities
with modelled balance velocities (Figure 3.2.5) gives valuable information about the present
mass balance status of the ice sheets.

Furthermore, the grounding line as the boundary between the (grounded) ice sheet and the (float-
ing) ice shelves can be mapped accurately using InSAR data and regarding the vertical tidal dis-
placement of ice shelves. With the obtained velocities across the grounding line and additional ice
thickness information the mass output of the ice sheet can be inferred. Any changes of the loca-
tion of the grounding line indicate changes of ice thickness and sea level, respectively, which are
key quantities in mass balance studies.

Airborne and surface observations for complementary datasets

Additional data are needed in order to make extensive use of the new satellite data for the im-
provement of our knowledge on sub-ice, solid-Earth mass anomalies and mass changes of polar
ice sheets.

Radio echo sounding (RES) provides information on the sub-glacial bedrock topography, which
forms an important boundary condition for ice sheet modelling.

Spatial and temporal features of the accumulation pattern can be obtained by RES (structures of
internal layers) in combination with shallow ice coring. This is important for the estimation of the
accumulation signal and its variance/covariance both for extracting this signal from different data
(altimetry, gravimetry) and for modelling.

Repeated GPS observations at ice-free locations like nunataks (ice-free rock outcrops) allow the
determination of glacio-isostatic crustal deformations. With this information possible gravity field
changes can be separated into solid Earth and ice sheet contributions. Static and kinematic GPS
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Figure 3.2.4: Interferometric SAR analysis gives a detailed picture on horizontal ice velocities (region of
Schirmacher Oasis, central Dronning Maud Land) (BdfSler and Dietrich, 2002)
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Figure 3.2.5: Balance velocities in Dronning Maud Land / Antarctica (Huybrechts et al., 2000)
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observations at the ice surface provide valua-
ble ground truth data for surface height, height
changes and the velocity field (Figure 3.2.6).

Finally, airborne and surface gravimetry yields
important datasets not only for validation, but
also for increasing the spatial resolution of the
satellite gravity information to improve the
knowledge on the underlying Earth crust.

Role of ice-sheet modelling

A major benefit from the new satellite missions - R -

will be greatly improved data sets for ice-sheet ~ Figure 3.2.6: Set-up of GPS and a corner reflector
as a ground control for ERS-1/2 SAR interferometry

model input and model validation. Surface el- 0,101 Dronning Maud Land, Wohithat Massif,
evation is an important boundary condition to  photograph: J. Perlt)

derive the force balance and the distribution of

stress and velocities with depth and is further-

more required to determine the bedrock elevation from measured ice thickness. Together with sur-
face velocities and their directions derived from synthetic aperture radar interferometry (ERS1/2,
RADARSAT, and ENVISAT), this constitutes a complete set of surface boundary conditions to
study the dynamics of ice flow. At the same time, such data yield ice fluxes. Combined with ac-
cumulation and ablation observations, it allows to reduce uncertainties of estimates of the mass
imbalance of individual drainage basins from todays about 10-15% to probably below 5%.

The role of large-scale numerical ice-sheet models to help with the interpretation of satellite ob-
servations is twofold. First, it provides an independent approach to determine the vertical com-
ponent from isostatic rebound, which is required to transform surface elevation changes into ice
thickness changes, and to transform relative sea-level changes from tide gauges into ocean level
changes. Second, they provide a glaciologically sound loading history which in combination with
visco-elastic Earth models can be used to simulate the gravitational effects of isostatic land move-
ments to distinguish them from ice mass changes.

Improved modelling of the ice sheets during the glacial cycles, taking into account the improved
boundary conditions, will also lead to improved simulations of the current evolution of ice sheets.
But above all, models are necessary tools to investigate and separate the effects of various proc-
esses and are irreplaceable to make predictions into the future.

Global sea-level rise

Satellite altimetry over oceans can be used to generate improved time series of sea-level changes
for different regions as well as for the global mean. Long-term tide gauge records may also be in-
terpreted in terms of global sea-level change, provided they are corrected for vertical crustal uplift
(which could be obtained by GPS). Altimetry and tide gauge measurements are to a great extent
complementary: Tide gauges cover a long time period (in the order of 100 years), but are re-
stricted to coastal areas. Altimetry data cover a shorter time period, but large parts of the world’s
ocean. Therefore, the combination of both datasets will significantly improve our knowledge on
sea-level change and its temporal and spatial behaviour (cf. Chapter 3.1).
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Integrated observations of mass balance, gravity,
and sea level change

The subject of ice mass balance and sea level represents a complicated ice-ocean-solid Earth in-
teraction within the Earth system. Therefore, it is closely related to other disciplines, in particular
to oceanography, geophysics, and geodesy.

Ice melting and accumulation represent mass transfers between ocean and ice sheets (resp. gla-
ciers). Due to the change of the gravity potential caused by these mass redistributions the resulting
sea-level change is not globally uniform (see sea-level equation A 3.2 in Annex A3). In addition,
the solid Earth response on changing loads (generated by both ice and ocean mass changes) re-
sults in vertical crustal deformations. Visco-elastic Earth models (cf. Chapter 3.3) and ice load
history models — in combination with recent observations on gravity field changes and vertical
crustal deformations — have to be merged together to improve our knowledge about both, mantle
viscosity, and about ice load history (Figures 3.2.1 and 3.2.7).

These mass re-distributions within the system Earth introduce not only a time-dependency in the
Earth’s gravity field in general, but also — related to the harmonics of degree two — in the Earth’s
inertia tensor. Consequences of the latter are observed in the planet’s rotation, both as an accelera-
tion in its rotation rate and as a shift in the position of the rotation axis, which is recently observed
by space geodetic methods (GPS, SLR, VLBI) with a high precision. The secular change of the
degree two zonal term of the gravity field (the planet’s dynamic flattening) is largely dominated
by postglacial rebound. Mass shifts within and on the Earth depend on postglacial rebound from
past ice sheet geometries, on the Earth’s rheology, on ocean circulation, and on recent, past and
present rates of melting of the residual ice sheets. Hence, unique estimates of recent mass shifts
from ice sheets and glaciers cannot be inferred from such observations alone. However, con-
straints on the present rate of change of continental ice masses can be obtained through a combi-
nation of the rotational observations with geological and tide-gauge estimates of sea-level change.
Therefore - also within this context - the polar ice sheets play a key role for the understanding and
interpretation of Earth rotation, polar motion and secular gravity field changes.
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Figure 3.2.7: Long-term tidal records need to be corrected for vertical land movement due to postglacial
rebound. A history of ice loading and unloading to determine the crusts response can be provided by cou-
pled ice-sheet/bedrock/climate modelling. This example shows ice sheet elevation at the Last Glacial Maxi-
mum from a time-dependent simulation over the last glacial cycle (Zweck and Huybrechts, 2003)
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Another link between ice-sheet reconstruction and global sea level change concerns the correc-
tion of long-term tide gauge records for vertical land movements. The land displacement may be
of two types: that caused by active tectonics and that caused by postglacial rebound. On a global
scale, the dominant process is the ongoing rebound following the retreat of the last Pleistocene ice
sheets. This retarded adjustment of the Earth‘s surface to the unloading is controlled by both the
viscosity distribution in the Earth‘s mantle and by the space-time distribution of the Pleistocene
ice sheets. Whereas the extent of former ice sheets can often be inferred from geomorphological,
stratigraphic, or biological indicators, the past ice thicknesses have only in a few instances been
measured directly, and therefore, must be estimated by modelling. This can be done by trial-and-
error techniques, in which a loading history is imposed that satisfies constraints on past relative
sea level variations inferred from e.g. raised beaches. The resulting ice sheet profiles are however
often not glaciologically consistent. Alternatively, the loading history can also be derived from
forward modelling of the ice sheet evolution in coupled 3-D ice-sheet/lithosphere/climate models
(Figure 3.2.7; cf. Section 3.3).

Improvements of current knowledge

The exploitation of future satellite results is expected to be an important step forward to answer
the basic question of the mass balance of the ice sheets and their current contribution to global sea
levels. Expected results for the coming 5 years include:

e A significantly improved gravity field for the polar regions, combined from satellite and
airborne data, to study mass anomalies in these regions

e A greatly improved elevation model over all of Greenland and most of Antarctica
e Animproved set of input and validation data for numerical modelling of ice flow

e  Much stronger constraints on the current volume/mass change of the Antarctic and Green-
land ice sheets, in particular by combining altimetry data with gravimetric data and the
integrated use of numerical models

e  Detailed knowledge on recent vertical crustal deformation due to the viscoelastic response
of the Earth’s crust on historical and recent ice mass changes

e New insight into the global sea-level change, its spatial and temporal pattern, and signify-
cantly improved estimates for the contributing processes

It is however equally important that measurements be continued for at least 15 years to establish
the climate sensitivities of the mass balance and decadal-scale trends. In view of the average life-
time of 3-5 years of forthcoming missions, this implies a follow-up beyond the current generation
of planned missions.
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O Dynamics, structure and isostatic
adjustment of the crust and mantle

Mass anomalies at the Earth's surface, in the crust and in the mantle are
both the cause and the result of various geodynamic processes such as
glacial isostatic adjustment, plate tectonics or mantle convection. In com-
bination with the new generation of seismic tomography and dynamic
topography models high precision determinations of the instantaneous
gravity field may be used to constrain large and small scale mantle con-
vection models and the rheology of the Earth. The instantaneous gravity
field will also be a valuable constraint on modelling crustal structure,
particularly in remote areas where limited data exist and access is re-
stricted or difficult (e.g. Antarctica). New available data of the time vary-
ing gravity field may provide new constraints on isostatic adjustment, ice
models and mantle viscosity. Time dependent mantle convection or plate
tectonic processes such as fast plumes, retreating subduction zones or de-
taching lithospheric roots might produce gravity signals coming close to
or exceeding the resolution of the new GRACE data.

Static, instantaneous and temporally varying
gravity field

The main parts of the Earth‘s mantle are assumed to behave as a highly viscous fluid on ge-
ological time scales,
overlain by a set of elas-
tic or viscoelastic, mo-
bile lithospheric plates.
Mass anomalies asso-
ciated with thermal or
compositional heteroge-

BENEFITS
— The static and time variable gravity field models from CHAMP, GRACE
and GOCE allow a much better and more detailed determination of the

neities or with deflected mantle viscosity, one of the key parameters of the Earth’s interior.
boundaries between lay- — Crust and lithosphere modelling will benefit from the homogeneity of the
ers of different density new gravity field models, without gaps or offsets at coasts or national
produce flow structures borders.

and processes known

as mantle convection CHALLENGES

— Mantle convection models have to be extended to shorter spatial scales.

— The identification of the small effects from mantle plumes and subducting
slabs in the GRACE signal is very challenging.

— The combination with the existing terrestrial gravity data sets will be very
informative, but laborious, too.

(including plumes, sub-
ducting lithospheric
slabs and sublithospher-
ic convection), plate
tectonics or isostatic ad-
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justment (Figure 3.3.1). The processes associated with such mass anomalies may be static, steady
or time dependent.

Examples for essentially steady processes include thermally induced mass anomalies associated
with thermal convection or cooling oceanic plates, long term temporal variations of such proc-
esses occur on time scales of 100 Ma or longer. Examples for static mass anomalies are composi-
tional or structural density variations within the lithosphere, or deflected boundaries, such as the
“isostatic topography” of the base of the crust (Moho) if kept in place by long-term lithospheric
stresses. Strongly time-dependent processes may be associated with the transport or advection
of compositional or thermal density anomalies, such as glacial isostatic adjustment, orogenic
processes, or lithospheric subduction with retreating trenches or starting plumes. Whether density
anomalies are in a static or time dependent mode strongly depends on the associated length scales
(short wavelengths anomalies may be supported elastically) and the strength of the lithosphere.
In any case, static structural density anomalies within the lithosphere or crust are the result of
time-dependent geodynamic processes. Thus, explaining structural mass anomalies also requires
knowledge of the underlying geodynamic processes.

All mass anomalies associated with static, steady state or time dependent processes produce in-
stantaneous gravity and geoid signals on various wavelengths, which may also vary with time. A
main objective in solid Earth geophysics is to decompose the composite gravity or geoid signal
into its individual contributions and to assign specific geodynamic processes and density struc-
tures to them. While it is difficult or impossible to invert for the sources of the instantaneous geoid
undulations without further constraints, a new and independent data set will be provided by the
temporal variation of the geoid field. Figure 3.3.1 shows schematically that the geoid undulations
and their temporal derivatives may be spatially in phase or out of phase. If these two geoid data
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Figure 3.3.1: Sketch of geodynamic processes associated with mass movements generating steady state
(N) and time variable (N ) geoid anomalies. Not to scale
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sets — the instantaneous geoid and its time variations — are complemented by further data sets,
such as seismic tomography and topography, new constraints upon dynamic processes, lithos-
pheric structures and rheology will be achieved.

The time-dependent geoid signal does not only contain the contributions of different geodynamic
processes, but also of mass anomalies and their movements associated with hydrological, ocea-
nographic and glacial processes. Only by a combined effort of analysing the time dependent and
instantaneous gravity data in the spatial and spectral space complemented by additional obser-
vations and modelling efforts, a separation of the geoid signal into its various contributions may
be possible and the solid Earth effects may be extracted. On the other hand, geodynamic models
based on seismic tomography, plate tectonic observations or glacial isostatic models can be used
to predict the instantaneous geoid or gravity and its temporal variations providing corrections for
the other disciplines.

Solid Earth mass anomalies, transport and the
instantaneous gravity potential

Global mantle flows

Mantle flows from seismic tomography

Mantle flows control the Earth’s surface, plate tectonic movements, the gravity field and geoid
as well as their time dependent variations. If we know the driving density anomalies within the
Earth’s interior and the gravity potential outside of the Earth, inferences about rheological prop-
erties can be made and mantle flows may be determined quantitatively. Whereas the gravity po-
tential is a key parameter for the dynamics of the Earth’s interior, the relation between the density
distribution and the gravity field is not unique and additional information, such as the seismic ve-
locity structure, is needed. Seismic tomography and the determination of the deflection of the in-
ternal boundaries provide supplementary information, which has improved drastically during the
last years. The new generation of tomographic models, such as those of Ritsema and van Heijst
(2000) or Montelli et al. (2003), has a global resolution of at least 1500 km (Figure 3.3.2a). Re-
gional tomography models have been improved down to resolutions of 200 km or less and show
detailed structures, such as slabs and plumes within the upper mantle or in the transition zone.
This resolution is comparable to the high resolution to be obtained by the new satellite missions
CHAMP, GRACE and GOCE, and new ways of interpretation must be found.

Density-velocity relation

A fundamental problem is the relation between the anomalous seismic velocity and the density
or temperature. While a constant factor has often been used in the past, mineral physics provides
improved depth dependent constraints (e.g. Karato, 1993) and refinements of density structures
based on seismic tomography have become possible. Alternatively, the density-velocity relation
may be inverted from gravity (e.g. Kaban and Schwintzer, 2001), but the uncertainties of such
inversions are large. In principle, higher quality tomography and geoid data combined with con-
straints from mineral physics may be used to separate the thermal and compositional contribu-
tions of density anomalies in the mantle.
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Dynamic topography

Density anomalies produce spatial variations of buoyancy forces, which drive the flow in the
Earth’s mantle. These flows are associated with stresses, which produce deflections of internal
or external boundaries, known as dynamic topography. In contrast, the isostatic topography is
the result isostatically compensated density anomalies not associated with mantle flow. The to-
tal surface topography is the sum of both. Dynamic topography is difficult to determine, because
detailed knowledge of the lithospheric structure (e.g. Mooney et al., 1998) is needed as it con-
trols the “isostatic topography”. Figure 3.3.2b shows an estimate of the global dynamic topogra-
phy, but the uncertainties are large. Moreover, deflected boundaries also contribute to the geoid
anomalies. Consequently, both the geoid undulation and the dynamic surface topography reflect
the dynamic flow field and the flow properties, i.e. the viscosity of the mantle. In general, the re-
lation between the geoid, dynamic topography and seismic anomalies is complicated, which is il-
lustrated in Figure 3.3.2. While the subducted West Pacific slabs (blue region in the tomographic
image) correlate with the geoid and dynamic topography highs, the relation between these quanti-
ties in other regions is probably superimposed by mantle dynamics and rheology. Thus, detailed
dynamic modelling is required to interpret such signals.

Modelling

So far, long wavelength geoid anomalies (degree / =2 — 12) have usually been explained by glo-
bal dynamic flow models assuming radially dependent viscosity (see Appendix A4 for the math-
ematical formulation of this problem). Taking reasonable spatial distributions of subducted slabs
or observed seismic tomography, relative viscosity profiles have been estimated (e.g. Panasyuk
and Hager, 2000a). Absolute profiles have been determined when using plate velocities as addi-
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tional constraint (e.g. Forte et al., 2002). The correlation coefficients between the modelled and
observed geoid reach values above 0.8 for very long wavelengths, but the correlation drastically
decreases for spherical harmonic degrees above 8. It is somewhat surprising that many successful
geoid inversions predict dynamic topographies in disagreement with first estimates, such as the
dynamic topography shown in Figure 3.3.2b. Thus, refinements of dynamic topography models
and reliable viscosity flow models are needed.

So far, only two investigations (Zhang and Christensen, 1993, Cadek and Fleitout, 2003) have
considered lateral viscosity variations with conflicting results. While Zhang and Christensen do
not find a significant improvement of the geoid fit, Cadek and Fleitout obtain a considerably im-
proved fit if lateral viscosity variations are allowed within the lithosphere-asthenosphere depth
range. The technical problem of models with lateral viscosity variations is mode coupling be-
tween source and signal spectrum, which requires forward modelling.

Small-scale sublithospheric convection

The presence of small-scale sublithospheric convection was first postulated already in the 1970s,
but direct observations are scarce. While under slowly moving or stagnant plates an irregular
cellular pattern is expected, fast moving plates reorganize the flow into convective rolls aligned
with the plate movements. Marquart et al. (1999) analysed growth rates and wavelengths of such
convective instabilities and suggested that they are weakly visible in the gravity anomalies as
linear anomalies crossing faults zones in the Pacific (Figure 3.3.3, e.g. between —15S,225E and
—58S, 250E). The expected high-resolution data set of the GRACE and GOCE missions could open
new possibilities of identifying sublithospheric convection structures also in other regions.
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Figure 3.3.3: Gravity anomalies in the Southeast Pacific derived from ERS-1 geodetic mission data (from
Marquart et al., 1999)
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Active, convergent plate boundaries

Mass and energy transports at convergent continent-continent or continent-ocean plate bounda-
ries are characterized by numerous strongly interacting processes, such as active deformation, up-
lift and erosion, magmatism and crustal accretion, seismic energy release (more than 90% of the
global release) and the formation of mineral deposits. While the general plate tectonic concept of
mountain building as a consequence of continent-continent or ocean-continent collision has been
widely accepted, the underlying complex dynamical, rheological and thermal mechanisms are
not well understood yet. Only a combined multidisciplinary effort of utilizing ground based geo-
physical and geological data combined with regional high-resolution gravity data from GRACE
and GOCE as well as structural and dynamic modelling will give new insights into the complex
interplay of the controlling mechanisms for the different types of mountain building. In this con-
text, the Andean subduction orogeny constitutes an excellent case study in view of the efforts of
several international geophysical and geodetic land- and sea-based programmes in the past years
(CINCA, ANCOREP and others, e.g. ANCORP Working Group, 2003).

To understand the dynamics of Andean type mountain building, the distribution and evolution of
forces and mechanical stresses associated with subduction are of particular interest. Key param-
eters are the rheology and flexural rigidity of the down going plate and the rheological behaviour
of the decoupling zone between the two plates. The effectiveness of the decoupling zone depends
on the temperature and the depth of dehydration and subsequent fluid migration. First ideas about
the fluid distribution within the decoupling zone are provided by correlating seismic reflectors,
discontinuities from seismic receiver functions and zones of high seismicity within the Benioff
zones. The three-dimensional and time-dependent nature of these processes results in asperities
and strain segmentation along the subduction zones. Recently, GPS and INSAR measurements
have provided the first kinematical view of the ongoing surface deformation.

Based on the structural information of the subducting and overriding lithospheres from geophysi-
cal studies, the new high resolution gravity data of the GOCE mission call for new dynamical
models, which further constrain the rheological properties of the system and quantify the decou-
pling processes at subduction zones. Importantly, the GOCE data will provide the opportunity to
extend interpretations to regions that currently lack data.

Asperities, areas of greater seismic slip and moment release with respect to surrounding regions,
have been recognized for many subduction zones. The origin of these areas of high slip and their
role in earthquake recurrence are much debated (e.g. Wells et al, 2003). Global bathymetric and
gravity data show that asperities are commonly correlated with forearc basins and strong, rigid
upper-plate blocks. Along the Nankai Trough of SW Japan, well constrained regions of maximum
co-seismic slip correlate with the bathymetric and gravity lows of forearc basins. Off southern
Chile, offshore basins are also marked by negative free-air gravity anomalies, but are also evident
in seismic profiles. Slip maxima during the 1960 Valdivia earthquake, the largest earthquake ever
recorded, coincide with the extent and distribution of the basin-centred forearc gravity lows. This
correlation suggests a link between basin formation and the slip process whereby basins grow by
interseismic subsidence driven by tectonic erosion at depth.

Song and Simons (2003) found that trench-parallel gravity anomalies and trench-parallel anoma-
lies of topography are positively correlated in most areas. This correlation is expected because
gravity anomalies are intrinsically tied to topographic variations by a given compensation mecha-
nism. Results from viscous models, viscoelastic models and laboratory experiments suggest that
spatial variations in the magnitude of shear traction on the plate interface can modulate surface
topography and hence gravity in the fore-arc. In particular, these models indicate that increasing
shear tractions on the plate interface induce a decrease in vertical compressive stress, thereby de-
pressing forearc topography and gravity.
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Identifying positive and negative gravity anomalies associated with the processes described above
requires high precision gravity field measurements. The uniform nature of the GOCE gravity/gra-
dient database will overcome the problems associated with combining sea- and land-based data
across the ocean—continent transition and greatly aid the determination of asperity distribution at
convergent margins.

This new database from GRACE and GOCE will also provide constraints for forward and inverse
modelling of the geoid, the isostatic gravity anomaly and its gradient in various segments along
active continental margins, but also for other regions of interest. New insights are expected for

1) the detailed structure of the lithospheric ocean-continent contact zone,

2) the flexural rigidity of the associated lithospheres and the viscosity distribution in the
subduction zone,

3) the distribution of stresses and buoyancy forces at specific active continental margins based
on 3D density models and dynamical modelling,

4) the state of isostasy and the flexural rigidity of the lithosphere in other active or passive
regions, such as the Antarctic margin, Ural mountains, eastern Alps, northern German basin
etc.

Temporal gravity field variations due to glacial
isostatic and geodynamic processes

Ice mass balance and glacial isostatic adjustment

An important process in the solid earth is its glacial isostatic adjustment in response to past and
present changes of the continental ice loads. This topic has been briefly addressed in Section 3.2,
where it has been pointed out that ice load changes cause elastic or viscoelastic deformations of
the earth. The calculation of the earth‘s elastic response to the present ice redistributions over
Greenland and Antarctica is a standard problem. The result is that, for a given ice mass loss, the
total mass deficit is reduced by about 10 per cent.

More difficult is the consideration of changes in the polar ice masses during the past hundreds to
thousands of years. The reason for this is that the history of the Greenland and Antarctic ice sheets
is recorded as an ongoing viscoelastic relaxation of the earth (e.g. Nakada et al., 2000, Tarasov
and Peltier, 2002, see Appendix A5 for the mathematical formulation of this problem). In princi-
ple, the calculation of the associated vertical motion requires a detailed knowledge of both the vis-
cosity stratification in the earth‘s mantle and the evolution of the ice sheets since the Pleistocene.
But whereas the earth‘s viscosity profile has been determined within certain bounds from studies
of the glacial isostatic adjustment following the melting of the major Pleistocene ice sheets on the
northern hemisphere, much less is known about the history of the present day polar ice sheets.
This situation applies in particular to Antarctica, where the development of the West Antarctic ice
sheet has been controversially discussed for years (see Figure 3.2.1 for a 3-D numerical model).
As a consequence, the uncertainties in calculating the bedrock responses for Greenland and Ant-
arctica are significant and may be comparable with the signals directly associated with the present
day ice mass fluctuations.

An alternative and possibly more promising method of allowing for the bedrock response is to
determine it by terrestrial measurements. The most direct approach involves the installation of
permanent GPS receivers on exposed bedrock along the margins of the Greenland and Antarctic
ice sheets (e.g. Tregoning et al., 2000, Wahr et al., 2001). Experience gained from the BIFROST
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GPS network installed in Fennoscandia has shown that, with vertical displacement rates of the
order of several millimetres per year, reliable linear trends can be extracted from the GPS time
series after a record length of about 5 to 8 years (Milne et al., 2001). Recently, absolute gravity
measurements have been used as a control for the GPS vertical motion results. However, although
the sensitivity of terrestrial gravity measurements to ice mass fluctuations is less pronounced than
that of satellite gravity measurements, the influence of such variations on the absolute gravity
measurements cannot be completely ignored. A different problem shared by GPS and absolute
gravimetry is that the measurements are restricted to the peripheries of the ice sheets, where the
pattern of vertical motion tends to be complicated. This is a result of the presence of a peripheral
bulge at some distance from the ice margin at the last glacial maximum. After the ice sheet starts
melting, the peripheral bulge gradually collapses and may also migrate laterally. The details of
this behaviour strongly depend on the shallow viscous stratification. As a consequence, the verti-
cal motion in the peripheral regions is usually not representative and also not easily extrapolated
toward the centres of the ice sheets.

Apart from the gravity change associated with present day ice mass changes in Greenland and
Antarctica, the secular gravity signal is influenced by the ongoing glacial isostatic adjustment fol-
lowing the retreat of the major Pleistocene ice sheets in Fennoscandia and Canada. The main sur-
face features associated with this process are the residual depressions in the Hudson Bay and Gulf
of Bothnia, both of which give rise to negative free air gravity anomalies. The benefit of these sig-
natures is, however, imparted by their superposition with the gravity anomalies caused by mantle
convection. So far, this has prevented their use as an additional constraint when inverting glacial
isostatic adjustment data in terms of the viscosity distribution in the earth‘s mantle, although the
new generation of seismic tomography inversions and associated mantle flow models might pro-
vide some useful constraints. The conventional procedure of modelling glacial isostatic adjust-
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Figure 3.3.4: Spatial (left) and age (right) distributions of radiocarbon-dated postglacial shorelines on
the northern hemisphere.
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ment followed over the last three decades has
been to invert raised postglacial shorelines in
terms of the viscosity of the earth‘s mantle
(e.g. Wu and Peltier, 1983, Lambeck et al.,
1990, Kaufmann and Wolf, 1996, Martinec
and Wolf, 1994). Figure 3.3.4 shows the spa-
tial and age distributions of dated shorelines
mapped on the northern hemisphere. The
modelling of the postglacial uplift recorded
by them is based on using viscoelastic earth
models loaded by surface masses represent-
ing the Pleistocene ice cover. A principal
problem of this procedure has been our un-
certainty about the space-time distribution
of the continental ice cover during the Pleis-
tocene. This has resulted in the development
of a series of global ice models, which, how-
ever, simulate the actual Pleistocene condi-
tions only crudely. Widely used is still the
global model ICE-3G (Tushingham and Pel-
tier, 1991) shown in Figure 3.3.5.
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Difference in ice thickness (m)

Recently, additional types of data have been
used to impose tighter constraints on the
earth‘s viscosity profile. Most important
among them are tide gauge and GPS meas-
urements. With time series sufficiently long,
linear trends may be extracted and interpret-
ed (e.g. Lambeck et al., 1998, Scherneck et
al., 2002, Velicogna and Wahr, 2002a, Milne
et al., 2004). An advantage of tide gauge and
GPS measurements is that they refer to the
present time. In contrast to postglacial shore-
lines reflecting the uplift history since the

last deglaciation, they are thus less affected y p

: . Figure 3.3.5: Difference in ice thickness for ice model
by our . inadequate knowledge (.)f the I.)lels ICE-3G between 21 ka BP and today (top) and asso-
tocene ice cover. So far, longer time series of ciated present day geoid rise (bottom).

GPS data have been obtained only at a small

number of locations. The situation is more

favourable for tide gauge stations, where time series extending over decades or even more than a
century exist. However, tide gauge records monitor relative sea level change, i.e. a combination
of land movement, geoid change and absolute sea level change, which complicates their use in
studies of glacial isostasy.
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A more promising constraint on the earths viscosity profile is expected to result from the GRACE
satellite mission. According to sensitivity studies, the mission is capable of resolving the temporal
variations of gravity associated with the ongoing glacial isostatic recovery. This, in particular, ap-
plies to Canada, where the largest Pleistocene ice sheet was located and where reliable estimates
of the current land uplift are still missing because of inadequate GPS coverage of the Hudson
Bay region. The GRACE gravity data, therefore, provide a new and independent constraint on the
mode of readjustment, which will allow us to impose tighter constraints on the viscosity distribu-
tion in the earth‘s mantle.
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Figure 3.3.6: Present day geoid change predicted for different glacial isostatic processes and ice mass bal-
ances.

However, temporal variations of gravity are not restricted to the Pleistocene centres of glacia-
tion in Fennoscandia and Canada, but encompass the whole earth. This is shown in Figure 3.3.5,
where the present day geoid rise is predicted on the basis of combining ice model ICE-3G and
viscosity model VM-2 (Peltier, 1998). The calculation also includes effects due to the redistribu-
tion of melt water in the oceans, which requires the solution of the sea level equation (e.g. Peltier
et al., 1978, Wolf et al., 2002). As explained above, geoid variations also enter into relative sea
level variations. Hence, their contribution must be taken into account when attempting to extract
absolute sea level changes from the tide gauge record.

An important problem to be solved is the differentiation between the individual processes con-
tributing to the linear trend in the GRACE gravity signal. Of some assistance is the fact that the
GRACE satellite mission is sensitive to temporal gravity variations down to fairly short wave-
lengths. This is illustrated in Figure 3.3.6, where the signal components of the main processes
responsible for secular gravity changes are seen to be above the GRACE error up to fairly high
spherical harmonic degrees (see also Fleming et al., 2005). The benefit of this sensitivity to small-
er scale features is that a rather detailed spatial distribution of gravity variability is expected to
evolve from the analysis of the GRACE data. With this, it will become possible to associate par-
ticular patterns with the individual processes mentioned above and, therefore, to decouple them
when interpreting the gravity variations.

Convecting mass anomalies in the mantle and other plate tec-
tonic processes

So far, the temporal variations of the geoid due to mantle convection and plate tectonic processes
have not attracted much attention. As mentioned above, many geodynamic processes are time-de-
pendent and, consequently, produce a time-dependent geoid signal. Thus, Ricard et al. (1993) cal-
culated temporal variations of long wavelength (degree /=2 — 12) geoid anomalies due to mantle
flow induced by sinking slabs and predicted variations up to 5 x 10 mm/a in the spatial domain.
A similar model by Marquart et al. (2004) is shown in Figure 3.3.7. If decomposed into the spec-
tral domain, the variations almost reach the same order of magnitude as the resolution limit of the
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Figure 3.3.7: Temporal variations of the geoid inferred from the slab sinking model. a) Variations in the

spatial domain of a model with a reduced asthenosphere viscosity (400 cm/Ma = 4 x10-3 mm/a). b) Rates of

change in the spectral domain for a model without a low viscosity channel, c) as b) but with a low viscosity

channel. Also shown is the degree resolution expected for a 1 and 5 year GRACE satellite mission duration

Jfollowing Kaufmann (2002) (thin solid and dashed line) and for 1 year flight duration accuracy according
to Wahr et al. (1998) (dotted line).

GRACE mission (5 years). Different radial viscosity distributions result in different spectra (c.f.
Fig. 3.3.7 b and c), hence the question arises whether new tomography models, other viscosity
distributions or rheological laws or other plate boundary conditions might lead to temporal geoid
variations resolvable by GRACE.

Regionally, several geodynamic processes may be characterized by high velocities of the mov-
ing masses. For example, plate boundaries may migrate with velocities above 20 cm/a (e.g. the
retreating Tonga subduction zone). Models of detaching lithospheric roots within collision zones
or of rising plumes have shown that a non-linear viscous mantle rheology may result in vertical
flow velocities between 10 cm/a and 1 m/a. Associated rates of change of the geoid resulting from
such processes are estimated to range between 10 and 102 mm/a for degrees / = 30 — 50, which
could possibly be identified in the GRACE signal.
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Uplift and erosion rates in active orogenic areas may not always be in a steady state. Measure-
ments of uplift rates are based on geodetic methods, while denudation rates are determined from
estimates of sediment discharge and thermo-chronometry of minerals with low closing tempera-
tures, which allow the reconstruction of recent unroofing histories during exhumation. Uplift and
denudation estimates for active orogenic areas range between 0.2 and 10 mm/a. If these rates ap-
ply to steady state conditions, they must be equal and opposite, and no temporal gravity signal
should be expected (e.g. the southern Alps in New Zealand). Any departure from steady state —
both secular and seasonal — will produce a time-dependent gravity signal. Deviations from steady
state are observed for several orogens. An example is the uplift rate of the Alps, which is about 5
times higher than the denudation rate. Non-steady state uplift-denudation rates of several mm/a
are expected to produce gravity signals of several uGal/a. Measuring temporal variations of grav-
ity by GRACE should provide an additional constraint on the unresolved question of steady state
versus non-steady state uplift rates in orogens.

While the above-mentioned geodynamic and plate tectonic processes are associated with long-
term velocities of the order of 1 mm/a to more than 10 cm/a, the short-term scale of these proc-
esses may be episodic. This is particularly the case along plate boundaries, where the relative
movement of the plates is accomplished by Earthquakes. Continuous GPS measurements near
plate boundaries, such as the San Andreas fault system or the rift system in Iceland, reveal that,
within a band of several 100 km width, the plate tectonic concept of steady plate velocities is no
longer applicable and episodic motions associated with seismic and post-seismic deformations
or volcanic activity are dominating. Depending on the style of deformation, such “episodic plate
tectonics” may show up in the gravity field, with temporal variations of several nGal/a. Monitor-
ing the gravity field along plate boundaries using GRACE data may therefore provide additional
constraints on the episodicity of plate tectonics along plate boundaries.

Combining and validating satellite gravity with
complementary data

As aresult of various geodynamic processes, such as continental collision or subduction, complex
crustal or lithospheric structures have evolved during geological history and continue to evolve
at present. Such structures produce gravity signals, which provide important constraints for any
geological model. A major problem is, however, the fact that Earth based gravity measurements
in different continental areas have different resolutions and non-compatible reference systems,
sometimes resulting in discrepancies of up to 60 mGal. Changes of resolution and reference sys-
tem often occur at political borders, which may coincide with tectonic boundaries. Thus, a better
understanding of tectonic processes and resulting structures requires a gravity anomaly field with
uniformly high resolution for wavelengths down to the order of 100 km.

To combine measurements from sea, land, air and satellites, a homogeneous set of gravity data
for the Earth’s surface and different altitudes is needed. This “test box” should be chosen for a re-
gion showing considerable gravity variations and high coverage of measurements, which allows
its use for the validation and calibration of satellite missions. Because of the high density of ter-
restrial data, possible “test boxes” are the active or passive continental margins of South America
and other appropriate regions. Complementary intraplate “test boxes” are also desirable. Of sig-
nificance is the development of methods to combine, analyse and interpret the gravity measure-
ments from the different platforms, with particular emphasis on horizontal and vertical gradients.
These are also directly measured by the GOCE satellite mission. The new algorithms should then
be tested and applied to the new satellite data.
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The signals measured by GOCE correspond to the gradient components of the gravity accelera-
tion, that is, the second derivatives of the gravitational potential. In the final product, the gradients
will be transformed to give a global gravity field expressed by a set of spherical harmonic coeffi-
cients (see Appendix A). However, the six independent components of the E6tvos tensor can also
be used for modelling lithospheric mass variations.

In contrast to gravity potential and the gravity field, the gravity gradients respond more sensitive-
ly to lateral density variations. Therefore, gravity gradients have frequently been used to detect
and investigate fault systems and gravity lineaments. Previously, horizontal gradients have been
quantified by calculating gravity differences between different gravity observation points. How-
ever, horizontal gradients and other derivatives of the gravity potential can be also determined us-
ing both older torsion balances (E6tvds, 1908) and modern gradiometers (Metzger and Jircitano,
1981; Bell et al., 1997; van Leeuwen, 2000; Toth and Volgyesi, 2003).

It has recently been suggested that ,,0ld* surface torsion balance measurements will be valuable
for calibrating the GOCE gradient measurements. Because of the long tradition of torsion balance
observations in Germany and Hungary, a large number of ground-based gradient and curvature
measurements are available (Gotze and Golz, in press). Therefore, Germany and Hungary provide
ideal test-beds for calibration purposes. Collocation methods with adequate covariance functions
can be used to calculate deflections of the vertical, geoidal undulations and gravity anomalies
from the horizontal gradients and curvature obtained directly from the torsion balance observa-
tions. 3D forward modelling of independently measured E6tvos tensor components will comple-
ment gravity modelling and provide model constraints in a different part of the gravity spectrum.
Furthermore, the torsion balance measurements can be transferred from the Earth‘s surface to
satellite height (250 km) by analytical upward continuation. This will allow a direct comparison
with gradients measured by the GOCE gradiometers.

Particular emphasis must be placed on the representation of the geoid or gravity field in geophysi-
cal interpretations. While, for long wavelengths, the spherical harmonic representation is most ap-
propriate, global base functions may not be optimal for analyses of regional geologic structures
or processes. Here, a wavelet analysis may provide improvements, as target regions may be ana-
lysed in the spectral domain without loosing the spatial information (e.g. Freeden et al., 1999).
Geologic features, such as ancient suture zones (zones where an ocean has been closed), may be
resolved in this way, which can be detected in the spatial domain only with very high-resolution
gravity data (Vecsey et al., 2002).

Essential complementary data sets for interpretations of geoid or gravity data include seismic and
topographic data (dynamic and isostatic). As mentioned above, a distinction between the dynamic
and isostatic topography requires global crustal models (e.g. Mooney et al., 1998), whose resolu-
tion is still insufficient. For example, in some regions the errors of the dynamic topography are of
the order of the signal itself. Here, an improvement is expected from a new global crustal model
based on a better coverage by seismic stations combined with the use of receiver functions and re-
flected seismic phases. Such seismological data may also be used to constrain the thickness of the
transition zone and the deflections of the phase boundaries at 410 and 660 km depth. In addition
to tomography models, these data are also important constraints or even input for dynamic geoid
models. On the other hand, the new gravity data from GRACE and GOCE must also be used to
refine the global crustal model in regions where seismic information is missing.

81



Mass Transport and Mass Distribution in the Earth System

Separation of the solid Earth gravity signal from
other signals

As all mass anomalies and movements within the system Earth produce gravity signals that add
up to the total gravity or geoid signal, the different disciplines have a natural connection. How-
ever, analysing the data in different spatial, spectral and temporal domains, the decomposition of
the total signal into its individual contributions should be possible to some extent.

One objective is the analysis of temporal gravity potential variations caused by long-term geody-
namic processes and episodic plate tectonic events. While the glacial isostatic adjustment signals
are well above the resolution of GRACE, the other solid Earth processes produce rates near or only
slightly above it. Ideally, it would be desirable that oceanography, hydrology, meteorology and
glaciology provide corrections to be used to isolate solid Earth generated temporal gravity signals.
Both global and regional predictions are required, depending on the geophysical target region or
process. For example, separation of the temporal geoid signal of a retreating subduction zone, such
as the Tonga trench, may only be extracted from the observational data if gravity changes due to
sea level changes and ocean currents in that region are removed from the GRACE signals.

On the other hand, forward models of time-dependent geodynamic processes have the potential
to predict longer wavelength gravity or geoid variations. Although these are expected to be close
to the resolution limit of GRACE, they may still be useful as corrections for other disciplines us-
ing secular geoid variations, such as oceanography, hydrology or glaciology. Regional dynamic
or structural models of active or passive continental margins allow us to predict the tectonic con-
tribution to the gravity potential signal and its gradients. As these signals cover also ocean areas,
they may also be used as corrections for oceanographic purposes.

Episodic variations of the gravity potential along active plate boundaries will be monitored. If
they can be associated with tectonic, seismic or erosional effects, these contributions to the total
signal will serve as an important correction for hydrological, oceanographic and glacial proc-
esses.

As an important by-product of large-scale geodynamic models, temporal variations of the global
or regional dynamic topography will be predicted. In the spatial domain, such variations are of the
order of 0.1 to 1 mm/a globally or 1 to 10 mm/a regionally, which is important for the determina-
tion of secular sea level variations.

Separation of the gravity signal into different components is also important in geological and
tectonic applications. For example, crustal studies require only the shortest-wavelength parts of
the gravity field. In surface-measured datasets, these short-wavelength components are masked
by longer-wavelength anomalies associated with density anomalies at mantle depth and deeper.
These regional and local effects can be isolated using “regional-residual separation”. The residual
field reflecting smaller-scale features within the crust is typically determined by subtracting from
the surface measurements a regional field defined by upward continuation or an isostatic model,
or by high-pass filtering the surface data. However, the ambiguties inherent in these techniques
can potentially be avoided by using a longwavelength (regional) field defined by GRACE or
GOCE gravity models. The resulting residual anomalies probably better reflect crustal structure
(see Figure 3.3.8).
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Figure 3.3.8: (a) residual gravity field in the central Andes derived by subtracting the EIGENGRACEQIS
gravity model (to degree and order 120, minimum wavelength ~300 km) from surface data, (b) residual
field for the same area derived by high-pass filtering of surface gravity data (cut-off wavelength 300 km),
and (c) crustal gravity effect predicted from a seismic tomography model (Ivan Koulakov, pers. comm.,
2004). The filtered data do not correlate well with the field predicted from the tomography model. This sug-

gests that the residual computed by subtracting a satellite-derived regional gravity field is more realistic.
Triangles mark active volcanoes of the Andean volcanic arc.

Impact of the new satellite missions on solid
Earth mass anomalies and movements

Instantaneous global and regional gravity potential field

The instantaneous global gravity potential field may be used in combination with seismological
and mineral physics data to refine global flow models with laterally varying viscosity. Such re-
finements include deflections of internal boundaries, such as the 410 km and 660 km discontinu-
ity.

New structures in the wavelength range of 50 to 500 km are expected to show up in the high-
resolution gravity potential field of GOCE and its gradient. These structures include active and
passive continental margins, ancient suture zones, buried continental faults, asperities at subduc-
tion zones, sublithospheric convection cells beneath oceanic and continental plates and other fea-
tures.

With complementary terrestrial data, e.g. from seismology, the new GOCE data may be used to
improve the global crustal model in areas with sparse terrestrial observations.

Temporal changes of the gravity field

The combined data sets of geoid and geoid variation may be used to infer not only relative, but
also absolute viscosity distributions within the Earth. In combination with improved seismologi-
cal data (seismic tomography and deflected internal boundaries) and dynamic topography data
(from improved crustal models), such data sets may allow us to infer also lateral variations of the
viscosity within the asthenosphere. In addition, the spectral modes of the geoid variation seem
to be more sensitive to a low viscosity zone beneath the lithosphere than the instantaneous ge-
oid itself. Thus, for the first time, temporal geoid variations may provide a data set that further
constrains mantle rheology and mantle flows. While viscosity estimates from glacial isostatic ad-

83



Mass Transport and Mass Distribution in the Earth System

justment are expected to be biased by continental influences, the GRACE data provide an evenly
distributed coverage.

The measured temporal gravity variations can be analysed in the spatial and spectral domains
and separated into drifting and non-drifting contributions. Correlations with drifting lithospheric
plates should provide some interesting clues.

Another interesting question is the possible correlation between the instantaneous gravity field
and its rate of change. Such correlations potentially contain additional information about the geo-
dynamic processes involved. For example, the correlation between geoid and geoid rate is expect-
ed to be different for retreating subduction zones, detaching slabs and developing plumes.

An important new field will also be the monitoring of episodic and steady mass movement proc-
esses along active plate boundaries or in orogens.

Forward modelling

Future forward modelling of the new satellite based gravity data should focus on the following:

Global:

- Global models will include laterally variable or stress- and temperature-dependent viscos-
ity

- Improvements of the seismological models and mineral physics relations may push geoid
modelling towards higher degrees (/ = 20 — 40 rather than 10 — 20)

- Non-linear relations between the density distribution in the mantle and the resulting satellite
gravity signals based on tomography or deflection of internal boundaries from seismology
may be detected

- Modelling of temporal geoid variations may become important in the light of the high reso-
lution GRACE data

- The new GOCE gravity field and gradients can be used for 3D whole-Earth forward mod-
elling. In this way, the gravity effect of global Earth models derived from seismol-ogical
databases and gross petrological models (e.g. Dziewonski and Anderson, 1981; Kennett et
al., 1995) can be compared to “normal gravity”, the gravity field of the refer-ence ellipsoid
used in gravity field research (currently GRS80: see Moritz, 1980).

Regional:

- Subduction zones are characterized by high seismicity and, as a consequence, high tomo-
graphic resolution. Detailed structural and dynamic models (steady state or time-dependent)
may predict the seismic signal to be correlated with the satellite gravity signal

- What is the effect of slabs lying flat at the 660 km discontinuity (Figure 3.3.1) on gravity?

- What is the effect of plumes interacting with the lithosphere, do they show up in the gravity
data?

- What are the fine features of the gravity signal of continent-ocean transitions?

- How do temporal gravity fields of developing plumes, detaching slabs, collision zones and
subduction zones look like, and do they show up in the GRACE data?
Inversions

In selected regions with good seismic coverage, joint inversions of seismic and satellite gravity
data may result in improved models of lithospheric (Moho depth) or upper mantle structures
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O Continental hydrology

In view of the pivotal role that continental water storage plays in the
Earth's water, energy and biogeochemical cycles, the temporal and spa-
tial variations of water storage for large areas are presently not known
with satisfactory accuracy. GRACE observations of the time-variable
gravity field will, for the first time, allow to directly quantify mass chang-
es on the continents that are caused by changes in water storage. This
will considerably enhance the knowledge about continental water stor-
age variations and will contribute to closing the water balance at differ-
ent scales in space and time. In addition, it will help to validate and im-
prove the predictive capacity of large-scale hydrological models.

The hydrological cycle

The system of water redistribution within the global water cycle is the main driving force for life
on the land masses. By transformation and transport processes in the hydrological cycle, water is
changing its phase from liquid or ice to vapour and back. Water fluxes within and between land
and ice masses, oceans and atmosphere are closely coupled to each other. In the form of a com-
plex system of nested cycles from local up to global scales (cf. Figure 3.4.1), mass and energy
is transported over large distances. Atmospheric water vapour originating from evaporation at
the ocean surface returns as precipitation on the oceans and, after vapour transport, on the land
masses.

Vapouriranspor

A

b ’
A i, 40 i =
H,IE P;E?:{ptgcn Evaporation 37 Transpiration Euapnraunﬁ l & &
e e g
K m&n{rﬂﬁ\\h\

Land

#;E.lrn %

Ground water flow

Transportin 1000 km® per year
Red = model calculation(MPI, ECHAM 3; 1832)
Blue = pbservation(Baumgartner & Reichal, 1975)

Figure 3.4.1: The global hydrological cycle (Max-Planck-Institute for Meteorology, Hamburg)

88



3.4 Continental hydrology

Mass changes observa-
ble by gravity measure-
ments are not directly
related to single process-
es like precipitation, but
are the result of the mass

THE HyproLoaGicAL CYCLE

BENEFITS
— For the first time, temporal and spatial variations of the continental water
storage can be quantified for large areas.

balance of numerous — This will allow to close the water balance of large river basins and
transport processes with continents, and to validate and improve existing simulation models
different time constants. towards an enhanced description of the hydrological cycle and the impacts
On the continents, wa- of climate / environmental change.

ter from precipitation is

recycled locally to the CHALLENGES

— The methodology of deriving water storage changes from GRACE gravity
data must be verified for well observed areas of appropriate size before
it can be applied to ungauged river basins. This is a prerequisite for the
separation of the hydrological component from the gravity signal.

— The separation of different water storage components such as

atmosphere by ongoing
evaporation from open
water surfaces or soils
and by transpiration from

Plaf}tS and i? 'ret.urned groundwater, surface water and snow or ice by help of complementary
again by precipitation as hydrological data is a complex and comprehensive task for large
rain or snow. These eva- catchment areas.

potranspiration process-
es are complex and vary
considerably in time and space. They depend on the type of land use, i.e., the vegetation type, its
vegetation period and leaf area, on available soil water storage and on local atmospheric condi-
tions. Depending on the available energy, precipitation is recycled several times via evapotranspi-
ration (about 10 times for tropical, and 1-2 times for temperate climate conditions) without being
observable in mass signals.

After evapotranspiration, the remaining rain or snow melt is split up into a surface runoff compo-
nent, a fast interflow component in the shallow soil zone and into percolation to deeper subsurface
zones resulting in a slow groundwater flow component. The relative contribution of the different
flow components to total runoff is governed by topography, vegetation, soil characteristics, un-
derlying hydrogeological conditions and the actual status of the related storage. In other words,
these factors determine the relative contribution and the residence time of water masses in the dif-
ferent soil and rock storage compartments and, thus, the time-variable soil moisture and ground-
water storage volumes. Runoff from the landscape is concentrated into the river drainage system.
River runoff as well as groundwater flow at large spatial scales passes various intermediate stor-
ages, such as retention in the river network itself, in lakes or wetlands. There, it is partly subject
to evaporation or extraction for human consumption, before being fed back into the oceans.

For a catchment area, being the basic spatial unit of hydrological analysis and water management
issues, the water balance can be written as:

P=Q+ET+AS (3.4.1)
P [mm] Precipitation,
0 [mm] Discharge,
ET [mm] Evapotranspiration,

AS [mm] Storage change
in units of the height of water column per time interval.

However, the rates of water fluxes between the different components of the hydrological cycle
vary considerably and show a specific temporal behaviour due to the different storage character-
istics. This storage in the form of snow or ice cover, vegetation interception, surface water, soil
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Figure 3.4.2: Storage in the global hydrological cylce. Storage volumes (1000 km?> in brackets), fluxes
(1000 km3/vear, in italics) and order of magnitude of mean water residence times (T) (after WBGU, 1997)

moisture and groundwater all exhibit individual residence times, maximum storage levels and
paths for water input and output. Characteristic average residence times of continental water stor-
age, for instance, range from a few days for the biomass or upper soil layers to several hundreds
or thousands of years for deep groundwater storage (cf. Figure 3.4.2).

Although making up only about 3.5% of total water in the hydrologic cycle, continental water
storage and related mass redistribution processes have a huge importance for the dynamic Earth
system. Soil moisture, for instance, has frequently shown to be a key parameter as it links the wa-
ter and energy cycles via the transport of latent heat envolved in the evapotranspiration process
and, in addition, the biogeochemical cycle by transport of solutes and suspended load being as-
sociated with water mass redistribution.

Furthermore, continental water storage is of highest importance for civilization on Earth. The
replenishment of surface and groundwater storage provides the basis for water supply to a wide
range of uses in the domestic, industrial and agricultural sectors. Soil moisture is essential for
plant growth, including agricultural crops and thus food supply. About two-thirds of global water
use is attributed to irrigation in agriculture. Population growth and economic development lead
to an increasing water demand and rising extractions from continental water storage. However,
the physiographic settings of many regions in the world together with climate variability often
constrain water availability to amounts being below the actual demand. About two-thirds of the
population of the world live at least temporarily in such a condition of water stress.

Global climate change associated with a projected increase of global surface temperature in the
range of 1.5 to 5.8°C between 1990 and 2100 (IPCC, 2001) provides an increase of available en-
ergy for evapotranspiration and is expected to change volumes and flux rates between the storages
of the hydrological cycle. Within a general tendency of increasing variability, global atmospheric
water vapour and precipitation is expected to increase, although effects at the regional scale may
deviate from the global tendency and are highly uncertain (IPCC, 2001). These changes, together
with other aspects of global change such as land use changes which directly affect evapotranspi-
ration and mass transport at the land surface, affect water availability in surface and groundwater
water storage being essential for human use.
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Thus, the knowledge and understanding of temporal and spatial variations in continental water
storage is of crucial environmental and economic importance. It forms the basis for a reasonable
description of mass redistribution processes in the hydrological cycle for current conditions and
consequently also for reliable estimates of the future development by scenario simulations. This,
in turn, is essential for the implementation of adequate long-ranging water management strategies
at the regional scale of river basins in view of both changing water availability and water demand.
Going even beyond the regional scale, a global scale analysis is required due the close interac-
tion of changes in the continental water storage and the climate system and its feedback on future
climate conditions.

Before the launch of the GRACE satellites, a large-scale monitoring system of changes in continen-
tal water storage, however, did not exist. Ground-based observations of soil moisture or ground-
water levels give only point estimates of the water storage and are hard to be interpolated to larger
areas in view of the sparse measurement network and the multitude of influencing factors. For
large areas, estimates by remote sensing have been made for snow cover and by altimetry for water
levels for continental surface waters, but so far only for selected lakes, reservoirs or wetlands. Also
data on soil moisture are given by remote sensing methods for larger areas, however they are lim-
ited to the uppermost centimetres of the soil and do not capture the important deeper soil water and
groundwater storage. While adequate measurements of precipitation and runoff may be available
in some cases at the river basin scale, a calculation of storage changes by use of the water balance
equation (see equation 3.4.1) usually is not feasible as no reliable estimates of evapotranspiration
are available for large scales. The shortage of adequate data (for model input and validation) also
limits the applicability of hydrological simulation models to quantify water storage components
for large areas.

Temporal variations of continental mass measured by the GRACE mission are of extraordinary
importance to overcome the lack of direct measurements of changes in the continental water stor-
age at large scales. Simultaneous altimetric measurements of surface water level changes and
of changes in snow or ice cover will allow for a further separation of the involved storage com-
ponents. In the following chapters an overview is given on present open questions in hydrology
and on the perspectives which are opened up by the use of gravitational and altimetric measure-
ments.

Global water balance

Until present, the global and continental water balance is not known with sufficient accuracy
neither in its temporal variation nor for its mean annual values. Values differ considerably for
different data sources (see Figs. 3.4.1, 3.4.3). This uncertainty is due to the difficulty of direct
measurements of the climatic components of the water cycle (precipitation and evaporation) at
the land surface in terms of the spatial coverage and density of measurement points. Problems
also arise with the accurate measurement of river discharge on the global scale, especially for the
main contributing river systems of the world with large discharge volumes. Estimates of total
continental discharge into the oceans vary by about 20% (cf. Figure 3.4.3).

Even more uncertain is the quantification of the considerably smaller net flux between oceans and
land masses. It is defined by the imbalance between water vapour transport to the land masses and
total runoff, and contributes to estimates of sea level change. Similar problems exist for the mass
balance of ice masses (here the Antarctic and Greenland ice sheets), for which the mass output
cannot be determined better than +/- 20% of the mass input (see Chapter 3.2). However, these
mass balances and the resulting net mass fluxes are essential for the determination of changes in
the oceanic mass storage.
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Figure 3.4.3: Long-term average annual continental discharge into oceans (Estimations of six observa-
tion-based and model-based studies compared in Doll et al. 2003)

Observations of gravity changes by GRACE measurements allow a direct determination of mass
variations and, thus, of net fluxes between the three compartments land masses, oceans and ice
(cf. Figure 3.4.2). As the mass loss from land and ice areas does not only occur via liquid water
but also via the release of water vapour to the atmosphere (evapotranspiration), the exchange with
the atmosphere as an additionally flow path has to be accounted for. These four compartments of
global water storage are closely coupled.

Large-scale variations of the continental water
storage

Intra-annual and inter-annual dynamics of continental water storage vary substantially between
environments of different physiographic and climatic conditions (Figures 3.4.4 and 3.4.6). For
example, the intra-annual variation between maximum and minimum water storage amounts to
about 50 mm of water column in river basins with rather uniform climatic conditions, whereas
it is up to 450 mm in tropical river basins with a strong seasonal variation of climatic forcing, in
particular precipitation input. These mass variations turn continental hydrology into one of the
strongest signal components of the time-variable gravity fields measured by GRACE.

In general, however, the spatial and temporal variability of water storage is not sufficiently known
until now (Rodell and Famiglietti, 1999; Alsdorf et al., 2003). Observations of variations in conti-
nental water storage such as soil moisture or groundwater are rarely available even on small scales
of sub-areas of river basins due to the limitations of the measurement methods with regard to sam-
ple density, spatial coverage or soil penetration depth as in the case of radar remote sensing of soil
moisture. GRACE, in contrary, provides a global, vertically integrating and, thus, unprecedented
measure of storage changes. Yet even more difficult than to assess water storage is to quantify the
water fluxes between the storages which often include complex interactions. Not all water fluxes,
however, cause a net change in water storage. Steady-state groundwater flow, for instance, trans-
ports water masses without changing the water volume stored in a certain section of the aquifer.
Consequently, such water transport processes without net mass variations cannot be captured by
gravimetric measurements such as GRACE, but require additional ground-based observations.

A complementary way to quantify hydrological processes, i.e., transport processes of water that
affect water storage, is by using hydrological models. Only models allow to represent the multi-
tude of processes in an integrative form and for prognostic purposes. A wide range of hydrologi-
cal models exists, reaching from detailed physically-based process models up to simplified water
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Figure 3.4.4: Average seasonal changes (changes between the months of maximum and minimum storage)
of the total continental water storage (composed of the storage components snow, soil water, groundwa-
ter, river, lakes and wetlands), simulated on a 0.5° global grid with the model WGHM (Déll et al., 2003),

period 1961-1995.

balance models which make use of interrelated conceptual storages and transfer functions to rep-
resent water fluxes (e.g., evapotranspiration, percolation, runoff generation, river network rout-
ing). More comprehensive models of water management also address anthropogenic, time variant
influences on water storage, such as pumping from groundwater or withdrawal from surface res-
ervoirs for irrigation or other uses (cf. Figure 3.4.5).
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Figure 3.4.5: Flow chart of a water balance model (Riegger et al., 2001)
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The applicability of a specific model type depends, among others, on the spatial scale and the
available information on soils, hydrogeology, land use and climate. On small scales with detailed
spatially distributed information, models can address a complex system of various interacting hy-
drological processes. These models often use a spatial discretization based either on a raster rep-
resentation of all relevant parameters or on a sub-division of the river basin into areas of similar
hydrological response.

With an increase in scale and a related decrease of detail in the available data, the actual landscape
heterogeneity can no longer be explicitly represented in the model. Thus, scaling approaches are
used to describe the sub-scale variability, e.g., by means of average parameters, distribution func-
tions or simplifying lumped process formulations.

In general, the capability of hydrological models to represent the hydrological cycle and, thus,
their predictive power to quantify current and future variations in continental water storage, is
dependent on the accuracy of input data, on the appropriateness of process formulations and on
the availability of data for model calibration and validation. Large differences between regions
of different climate or physiography in terms of hydrological processes and storage dynamics
prevent hydrological models from being easily transferred from one region to another. In particu-
lar for large-scale applications, the only available variable for model validation usually is river
discharge. Although satisfactory results may be obtained when comparing mean simulated and
observed river discharge, the temporal variability and the state of soil, groundwater and surface
water storage volumes may be unsatisfactorily simulated in the model. As an example, current
limitations of hydrological models to accurately quantify continental storage changes are shown
in Figure 3.4.6 in terms of large differences in temporal storage variations between model results
and water balance studies for large river basins.
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Figure 3.4.6: Mean difference between annual maximum and minimum conti-

nental water storage for large river basins, (a) median value of 10 global land-

surface models, years 1987-1988, (b) value derived from a water balance study,
years 1989-1992 (data summarized in Rodell & Famiglietti, 1999).

er when averaging for larger
regions, and are expected to in-
crease in future due to advances
in data processing and due to the

decreasing GRACE orbit alti-

tude. Thus, storage variations at
monthly and longer time scales observed by GRACE are of sufficient accuracy for large river ba-
sins to constrain uncertainties of existing estimates and model results

First results from GRACE time-variable gravity fields reduced to the hydrological signal compo-
nent (Tapley et al., 2004; Wahr et al., 2004; Schmidt et al., 2004) clearly show a seasonal conti-
nental-scale pattern of water storage changes that corresponds to estimates by global hydrological
models, such as the WaterGap Global Hydrology Model WGHM (Dol et al., 2003) (Figure 3.4.7,
see also Figure 2.12). The largest storage change signals occur in the tropical areas of South
America and Africa, in the monsoon region of South-East Asia, and in high latitudes of northern
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Figure 3.4.7: Global continental pattern of differences between two monthly GRACE gravity field solutions
(April/May 2003 minus Aug. 2003) reduced to the hydrological mass signal (left) and water storage differ-
ences for the same time period simulated with the global hydrological model WGHM (right).

Russia / Sibiria. While the spatial pattern is reflected in the model results, the amplitude of storage
changes as derived from GRACE is markedly larger than that of the hydrological model. Similar
results were obtained for the comparison with other global hydrological models (Schmidt et al.,
2004). Also at the scale of large river basins, first GRACE results allow to represent the charac-
teristic temporal dynamics of storage change of basins in different environments (Figure 3.4.8).
The overall seasonal behaviour corresponds to simulation results of hydrological models, while
the amplitudes usually are larger for GRACE than for the simulations.

These discrepancies between water storage variations from GRACE and from hydrological mod-
els highlight, on the one hand, residual errors in the GRACE solutions (e.g., errors in reducing
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Figure 3.4.8: Time series of water storage for large river basins for 11 monthly GRACE gravity field solu-
tions (ved) and for simulations with the global hydrological model WGHM (blue).
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other than hydrological mass signals), and, on the other hand, limitations of the hydrological
models. One limitation is that models usually represent only selected water storage components
whereas GRACE gives a vertically integrated storage signal. Other limitations are non-adequate
process formulations or parameterizations in the model, or errors in the input data such as a sys-
tematic underestimation of snow precipitation which may lead to underestimated storage change
in the case of high latitude basins (e.g., River Ob in Figure 3.4.8).

The validation of GRACE measurements of continental water storage variations by ground-based
measurements and the quantification of related uncertainties is of fundamental importance for hy-
drological modelling and forecasting and, as a consequence, for the separation of other contribu-
tions to gravity signals like the Earth’s mantle and crust dynamics (see Chapter 3.3). In principle,
the validation consists of investigating the consistency between climatic and hydrological data
on the one hand, and observed mass changes from GRACE on the other hand. For this compari-
son well observed catchments are to be selected where measurements of soil moisture, ground-
water levels, surface water storage and possibly snow cover exist with sufficient density and for
which the processes are understood and reliable model estimates of water storage variations are
available. An example is the Rhine catchment (Bardossy A., Hundecha J., 2004) (Figure 3.4.9),
although its spatial extent of about 200 x 600 km is at the limit of the observable resolution of
GRACE mass changes.

As gravity-based observations of continental mass variations deliver integral values of storage
changes of groundwater, soil moisture, snow and surface water, additional storage data help to
disaggregate the signal into its individual storage components. This is feasible in well-observed
catchments as that mentioned above (Figure 3.4.9, see also Rodell and Famiglietti, 2001). Com-
plementary large-scale measurements of water levels in surface waters by satellite altimetry pro-
vide the outstanding opportunity of quantifying changes in surface water storage and of separating
this component from total water storage data. Other remote sensing data for signal separation are
in particular data on snow or ice covers, surface soil moisture, as well as ground-based measure-
ments of variations in the groundwater table, for instance. Given any independent a-priori in-
formation, inversion techniques such as present by Ramilien et al. (2004) may help to separate
different hydrological contributions to the time-variable gravity field solutions.
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Figure 3.4.9: Time series of continental water storage averaged over 90525 km? of the Rhine catch-
ment for soil moisture, interflow and groundwater, according to simulations with the HBV model
(Bardossy A., Hundecha J., 2004).
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In summary, the knowledge of continental water storage variations measured by GRACE con-
siderably improves the understanding of the hydrological cycle and of water transport processes
and their relation to climate or physiography. Starting out from the continental scale and going to
a higher spatial resolution corresponding to that attained by GRACE, the investigation of a large
number of different environments and river basins will allow to cover the maximum diversity in
basin characteristics and storage responses, ranging from humid tropical, arid and semi-arid, hu-
mid temperate to snow- and ice-dominated regions. In this way, relationships between storage
variations and climate variability can be quantified for different basin characteristics and used to
improve model transferability and to reduce related uncertainty. This is of particular importance
for model transfer to ungauged catchments, where no calibration and validation with discharge
data is possible.

Large-scale evapotranspiration

Evapotranspiration fluxes and their temporal distribution, depending on climatic conditions, soil
moisture availability, the vegetation type and period and the time-variable area of surface water
bodies such lakes, reservoirs and wetlands, are poorly known for large scales. Different model-
ling approaches may deliver substantially dissimilar results at the monthly, seasonal or even an-
nual time scale. GRACE measurements of water storage changes together with the altimetric
monitoring of changes in surface water levels, however, will enable to close the water balance
and resolve the water balance equation for evapotranspiration (see Equation 3.4.1) (Rodell et al.,
2004). This will allow for an evaluation and improvement of evapotranspiration models with re-
spect to a realistic description under different hydrological situations (different climate zones, soil
and vegetation conditions). Thus, GRACE observations of the temporal variability of continen-
tal water storage should be suitable for the validation of existing evapotranspiration modules in
hydrological models. This reduces the degree of freedom in conceptional models and consider-
ably enhances the quality of parameter estimations and the prognostic power of the models. The
transfer of this knowledge to ungauged catchments will then allow a calculation of discharge on
the basis of known water storage changes from GRACE and climatic data and thus deliver an es-
sential input to the assessment of the global water balance.

Trends and anomalies in continental water
storage

Processes of environmental change may cause gradual changes in continental water fluxes and
storage volumes, which are of high importance for ecosystems and human water and food supply.
Similarly, large-scale modifications of the oceanic and atmospheric circulation patterns such as in
the course of EI-Nino - Southern Oscillation (ENSO) also have marked effects on the continental
hydrology at inter-annual scales in terms of anomalies of precipitation, soil moisture and runoff.
Inter-annual changes in the hydrological contribution to the gravity field measured by GRACE
will allow to investigate slowly changing storage, i.e. of groundwater or continental ice masses,
and thus contribute to the detection of long-term trends for large spatial scales. New signals of
climate change may become observable. In high latitudes, for instance, increasing temperature is
expected to lead to a thinning or disappearance of permafrost. A long-term storage decrease will
contribute to continental net discharge and thus to sea level rise. In arid to sub-humid areas, cli-
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mate change is likely to decrease soil moisture, causing runoff changes, land degradation or de-
sertification. The gravity-based observations of inter-annual water storage changes will also help
to better understand the impact and persistance of global ENSO-type of circulation anomalies on
continental hydrology.

Large scale anthropogenic impacts on water storage are expected to become observable by chang-
es in the gravity field. Direct impacts by water management like withdrawal use of groundwater
and surface water for irrigation as well as indirect impacts via changes in land use like deforesta-
tion or drainage of wetlands could be detected in areas where these data are not available by other
means (Rodell, M., & Famiglietti, J. S., 2002). Excessive water use from lakes and reservoirs or
from their contributing rivers leads to a decreasing trend in their storage volumes (Aral Sea, Lake
Nasser etc.). Huge new reservoirs, in particular the Three Gorges Dam in China, lead to an ac-
cumlation of water masses that might be represented in the GRACE data. For a differentiated de-
scription of trends or anomalies in one of the water storage components, they have to be separated
by means of complementary data from remote sensing like altimetry, ground-based measurements
and/or hydrological models.

The investigation of the relation between the observed continental storage changes and chang-
ing environmental boundary conditions in the context of climate change or human impacts is not
only important for the understanding of hydrological processes and the evaluation of hydrologi-
cal models, but also for the separation of geophysical contributions (by Earth’s mantle and crust
dynamics), as both are contributing to mass changes on this long-term time scale. In areas which
are insufficiently observed in terms of their hydrological behaviour it is inevitable to determine
long-term changes in water storage from climatic data on the basis of models. Only after the sepa-
ration of hydrological gravity changes based on hydrological models, a separate analysis of other
geophysical components is possible.

Long-term environmental change is not only expressed by changes in the mean, but also by
changes in the temporal distribution or variability. In this respect, another potential contribute
to the detection of gradual changes in the hydrological cycle by gravity measurements is via the
analysis of changes in the intra-annual regime of storage variations on a monthly basis. Possible
areas of investigation are temporal shifts in the soil moisture regime due to an increasing frac-
tion of rainfall relative to snow in the course of global warming, or changes in water storage due
to changing frequencies of different atmospheric circulation patterns can potentially be detected.
These analyses help to quantify the impact of environmental change, either due to natural climate
variability or various anthropogenic influences, on long-term continental mass variations and
changes in the hydrological cycle.
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O Atmosphere, tides and
Earth core motion

Mass transports by the atmospheric circulation and by tides make up
an integral part of mass variations and transports in the Earth system.
For the purpose of the proposed program, both components are regarded
as known from observations and models. They are treated as correction
terms during gravity field analysis. However, the contribution of their un-
certainty to the total error budget of mass variation estimates has to be
assessed. Furthermore, the atmospheric conditions are required as input
for models of the oceans, the continental hydrosphere and the cryosphere
to drive mass transport and mass exchange processes. Mass variations
caused by Earth core motion will be taken into account for the lowest
harmonic degrees.

Atmosphere

Atmospheric mass variations and mass transports are interconnected in many ways to the mass
signals and transport processes in other segments of the Earth system discussed in this report. In
the proposed research program, the atmosphere plays two distinct roles: First, atmospheric forc-
ing fields are essential in driving ocean circulation models, models of the terrestrial cryosphere
and of continental hydrology. Atmospheric exchange processes are an essential part of the hydro-
logical cycle. Second, atmospheric mass variations will inevitably influence the satellite estimates
of geoid and gravity anomalies, and, thus, they have to be separated from the total gravity signal
before studying mass variations in the oceans, ice masses, continental hydrology or solid Earth.

Atmospheric forcing and mass exchange

Ocean models are driven by surface forcing fields of momentum fluxes, net heat and net fresh-
water. Usually those forcing fields are provided by numerical weather prediction centers such as
ECWMF and NCEP on a daily basis. While all those fields are only estimates of the true forcing
fields, they are valuable first guess fields that lead to reasonable simulations of the ocean circula-
tion on time scales of days to weeks to years and beyond. Ocean data assimilation has as one of
its goals to improve those surface forcing fields in such a way that ocean models better simulate
observed conditions. It is hoped that those estimated forcing fields will help to improve atmos-
pheric models not only over the ocean but also over continents.
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On the continents, the atmospheric forcing is an essential input for hydrological models and for
models of the cryosphere. The main climate elements used by these models are precipitation,
available energy (radiation, air temperature), near-surface atmospheric moisture content and wind
velocities. These variables drive processes that govern the water and energy balance of the land
surface, such as snow or ice accumulation and melt, evapotranspiration, and water and heat fluxes
in the soil. The atmospheric forcing data for these models are provided from atmospheric model
outputs, ground-based or air-borne meteorological measurements, or combinations of both (rean-
alysis data of atmospheric circulation models).

These interactions between atmosphere, oceans, continental hydrology and cryosphere are dis-
cussed more explicitly in Chapters 3.1, 3.2 and 3.4. In the following, we concentrate on the
second research topic, the correction of the observed gravity field signal for atmospheric mass
variations.

Atmospheric mass variations and atmospheric
de-aliasing

Atmospheric mass variations due to atmospheric circulation and the related movement of pres-
sure systems cause one of the strongest components of the time-variable gravity field signal over
the continents. Over the oceans, in contrary, the atmospheric mass variations are to a large extent
isostatically compensated by the so-called inverse barometer effect.

To avoid contamination of the other gravity signal components over the continents, it is essen-
tial to correct gravity field observables using the best available air pressure data and atmospheric
models. These play an important role for the gravity field determination, as their errors are propa-
gated to the solutions via the corrections to be applied or via the assumptions made for the inverse
barometer effect. In order to estimate their specific error budget, an independent validation of
both the atmospheric model and the inverse barometer assumption is required.

Due to orbit characteristics of the gravity field missions the spatial sampling over a specific pe-
riod of time (e.g. monthly) is not uniform over the whole mission lifetime. This means mass vari-
ations occurring on shorter time scales generally are not eliminated by computing a mean value
of spatially repeated observations at different local times. For this reason these short-term, mass
variations have to be corrected before or during the gravity field analysis in order to compute a
representative mean value of the gravity field for a specific time period. This process is called
gravity field de-aliasing. Here we address the gravity field de-aliasing for atmospheric masses to-
gether with the inverse-barometer assumption and its validation.

Local mass changes of the atmosphere are reflected in changes of the local pressure values at the
Earth’s surface. The surface pressure at a specific time represents the mass of the atmospheric col-
umn including its water content above a point on the Earth’s surface at this time. The height of the
atmospheric centre of gravity has to be taken into account for the determination of the de-aliasing
gravity field spherical harmonic coefficients. Variations of the atmospheric masses are computed
with respect to a mean atmosphere. The definition of this mean atmosphere is dependent on the
de-aliasing concept to be used for the data analysis. If the static gravity field shall be determined
a multi year mean atmosphere shall be used as reference. In case monthly gravity fields shall be
computed the de-aliasing shall refer to a monthly mean of the atmosphere too. Any other combi-
nation is correct as long as the mean atmosphere covers the time period of the gravity field analy-
sis. In case the mean atmosphere covers a longer period than the gravity analysis period, one can
assume that the complete atmospheric gravity variations with respect to this mean atmosphere are
taken into account. This is the procedure which is currently implemented for the GRACE monthly
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mean fields, where a one year mean atmosphere is used (for year 2001). In other words, the cur-
rent GRACE monthly gravity field solutions are corrected for atmospheric mass variations with
frequencies from 6 hours (highest resolution of atmospheric models) to one year.

The atmospheric parameters required for the de-aliasing are extracted from global atmospheric
models as they are operated by the European Centre for Medium Range Weather Forecast (EC-
MWEF) or the National Centre for Environmental Prediction in the US (NCEP). To estimate the
quality of the atmospheric models one can compare for example pressure fields from ECMWF
and NCEP for the same time stamps. Such comparisons yield a RMS of the global differences
of 1 to 1.5 mbar. However, this number has to be regarded as a lower bound, because systematic
errors present in both models are not accounted for. Assuming that the above values are repre-
sentative, errors in atmospheric corrections to gravity field coefficients can be estimated from the
differences between both models and compared against the mission error predictions (see Figure
3.5.1). The figure shows that the atmosphere plays a significant role for the GRACE data analysis,
while for CHAMP only the very long wavelengths and for GOCE gradiometry only a few terms
are above the predicted error curves.
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Figure 3.5.1: Gravity signals computed from atmospheric models compared to mission predictions

From Figure 3.5.1 one can also identify that there is a visible difference in the gravity field de-
aliasing signals depending if ECMWF or NCEP data were used as input (all computations were
made for the same date and time). These differences represent an estimate of the error that the
atmospheric models induce to the final gravity field solutions for the missions.

As an example, Figure 3.5.2 shows the differences in terms of geoid heights that were obtained
when using the ECMWF or the NCEP atmospheric data set for an arbitrary 6-hour period. Dif-
ferences in the geoid height variations of up to =1 mm are present which can be regarded as the
6-hourly error introduced by atmospheric models during de—aliasing. As GRACE is designed to
observe geoid heights with mm accuracy up to degree and order 50 there are indications that such
errors will fully be incorporated into gravity field solutions of this level of accuracy.

As the error estimates of the atmospheric models are somehow speculative, a validation of them
shall be performed in order to better understand, what their level of uncertainty and what their im-
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Figure 3.5.2: Differences of geoid height variations between NCEP re-analysis and ECMWF operational
analysis for an arbitrary 6-hourly time interval [mm].

pact to the gravity field solutions is. The preliminary results shown above indicate such an influ-
ence, but are all based on the differences between two models. Such a validation shall be based on
independent data from other Earth observing missions or ground based observations.

For this purpose ENVISAT with its atmospheric sensors MIPAS, and SCTAMACHY could pro-
vide independent validation data sets. Also the GPS radio occultation results from the in-orbit
missions CHAMP and GRACE and from the planned COSMIC mission could significantly con-
tribute to such a validation activity. If we can derive realistic error estimates from comparisons
of the atmospheric models with in situ observations, their impact to the de-aliasing gravity coef-
ficients can be estimated and finally also the error induced to the final gravity field solutions can
be quantified.

A direct check of the consistency of atmospheric mass changes derived from gravitational signals
with that derived from surface pressure and thus a quantification of the resulting accuracy of at-
mospheric corrections is feasible in areas where all other fluxes causing mass changes are known
or negligible. This may apply to arid zones or deserts, where after long periods without rainfall
any mass redistribution by evaporation or runoff can be excluded and changes in the gravity sig-
nal are due to atmospheric mass fluxes only.

Inverse barometer assumption

Up to now it was assumed that no compensation of the atmospheric masses by water mass redis-
tribution over the oceans is present. This is the non inverse barometric assumption (non-IB). In
reality this is not the case. The oceans respond within some time delay to the atmospheric mass
variations by mass redistribution. If this time delay would be zero the ocean would immediately
react on atmospheric mass variations by water mass redistribution such that it fully compensates
them. This is called the full inverse barometer response (full-IB) of the ocean. Several investiga-
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tions based on satellite altimeter data pointed out, that there is a significant deviation of the oce-
anic response to atmospheric mass variations from the full-IB assumption. This deviation in the
mid and high latitudes mainly is caused by wind effects on the oceans. In opposite it was also
identified, that true non-IB effects are present in the tropics. This implies that none of both as-
sumptions (full-IB or non-IB) is fully correct. In order to correctly handle mass variations over
the oceans an ocean model providing ocean bottom pressure with the same time and spatial reso-
lution has to be used. This model shall use wind and other data in order to determine the real not
compensated ocean mass variations, which represents the deviation from the full-IB case. These
mass variations will again be validated by independent means. This could be done for example by
combining altimetry with sea surface temperature and salinity observations from space (the latter
are planned to be observed with the SMOS mission).

Tides

The presence of sun, moon and planets causes time variable gravity effects, which have to be
considered before or during gravity field analysis. We distinguish between direct tides, which are
the gravitational attractions of these bodies on the satellite itself and indirect tides, which cause
deformations of the fluid and solid Earth as result of the tide generating forces. The quality of the
direct tides depends on the knowledge of the gravitational constants of the Earth, sun, moon and
the planets and the relative position between the satellite and these external bodies. As planetary
ephemeris and the gravity constants of all bodies are known sufficiently well, the direct tides in-
fluence on the gravity field can be computed on a level of 10 and better corresponding to mi-
crometer accuracy in terms of geoid heights. Indirect solid Earth tides are dependent on the same
information than direct tides except that the Love numbers, which describe the elastic solid Earth
response to external forces. The knowledge of the Love numbers as of today is sufficiently good
for analysis of the new gravity mission data. It might turn out during gravity field analysis and
comparisons with GPS station data that some Love numbers shall be readjusted.

The modelling of the indirect ocean tides is much more complicated. The ocean responds hydro-
dynamically to external tidal forces. This means, that several other parameters have to be taken
into consideration in order to estimate the gravity effect of such water movements in the oceans
(e.g. ocean depth). The whole correction is strongly dependent on local features in the oceans
and therefore requires a much more complicated modelling. Actual ocean tide models strongly
are based on the analysis of altimeter mission data with a suitable repeat orbit (e.g. TOPEX/PO-
SEIDON and JASON-1). These models are known to be better than 3 cm RMS in terms of water
heights in the open oceans. This error significantly increases on continental shelves and in coastal
seas. The uncertainty of the ocean tide models and its impact on the gravity field determination
can be estimated by differencing two actual models and regarding the residual effects in terms
of gravity signal. Such an investigation shows, that the tide models significantly differ in coastal
areas and towards the polar regions. These differences are larger than the measurement accuracy,
which can be reached with GRACE. From this we can conclude that ocean tide models have to be
improved for the purpose of time variable gravity field analysis. As the current gravity missions
due to their orbit design are not well suited for tide modelling, other missions like the planned JA-
SON-2 with a wide-swath altimeter could support this task. For the time being a map showing the
uncertainty level induced from the existing tide models shall be generated, such that the user can
identify in which areas there might be problems from the tide model in the data.
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Earth core motion

In the Earth’s core, there is a wide range of mass movements and oscillations such as core modes,
inner and outer core nutation, and coupling at the core-mantle boundary. They cause gravity field
variations, although their effect on the magnetic field is much more important (see chapter 4.2).
The gravity field variations are very small, and most of them occur at short time scales that are
not resolved by the CHAMP mission. For GRACE, recent work revealed that the sensitivity of
the GRACE mission for the lowest harmonic degrees (degree 2 coefficients) is close to the time-
variable gravity signal expected from the Earth core (Greiner-Mai et al., 2003). Nevertheless, as
the signal to be resolved and the expected error budget for GRACE are on the same level it is not
expected that these signals can be discriminated with the current gravity field missions. There-
fore, the total effect of mass variations caused by Earth core motion will be taken into account,
but the Earth’s core is not included as a subject of research on its own within the proposed frame-
work structure.
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A common frame
for the Earth system:
integration and synergies

The gravity field and altimetry missions give us a new tool to observe mass
signals. However, in order to study and understand each individual mass
phenomenon, the interrelations with all others have to be considered.
Mass exchanges between the system components must be modelled
consistently. Major challenges are the separation of superimposed mass
signals and the homogeneity of reference systems and standards in all
involved disciplines.

4.1 Mass transport processes: parts of a
comprehensive system

In Chapter 3, mass transport and mass distribution associated with a wide range of processes from
the various parts of the Earth system have been discussed in detail, outlining the current status of
modelling and future perspectives for each of them. It has been shown that by the new satellite
gravity and altimetry data mass signals can be detected which cannot be detected by other means,
and thus a fundamentally new research field for modelling and understanding of very central
processes in the Earth system is opened.

Now the question will be addressed, why an intensive cooperation between the different research
areas is required in order to reach substantial progress on each individual field. It will be pointed
out that research on each of the individual processes described in this report would benefit con-
siderably from the integration into a joint research framework.

The overall structure of the proposed research framework is, once again, outlined in Figure 4.1.
The new satellite data, shown on the left hand side of the Figure, are the common basis for all ap-
plications. The central research fields, represented by the boxes to the right, are now complement-
ed with some keywords taken from Chapter 3. The colour circles connecting the central research
fields symbolize the interactions and interconnections between the fields. The atmosphere with its
special role (cf. Chapter 3.5) surrounds the system components. The yellow box contains the key
elements of geodetic analysis of the satellite data which will warrant the consistent use of the data
in all applications and enable the separation of effects and the mutual exchange of model results.

The individual research projects in this common framework are connected due to three basic
facts, which are:
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1. Complementarity of gravity and altimetry missions: For many of the proposed
applications, the exploitation of satellite gravity or altimetry data alone is not sufficient, but
the combination of both is needed, as well as the combination with other complementary
missions. This is particularly challenging, because the mass signals to be determined are
so small, and because the sensor systems and data types to be combined are profoundly
different.

2. Mass exchange: For many of the described processes, the exchange of masses between
system components, i.e. between oceans, ice and land masses is of central importance.
Output from one process represents intput for other processes.

3. Separation of integral signals: The satellite observations result from the sum of all mass
changes in the Earth system. A strategy has to be established to identify the contribution of
each individual mass change. The better we understand all other signal components, the
better we can extract and use one single component of interest.

The long term goal must be to build a comprehensive global model for mass transport and mass
balance in the Earth system. This will lead to a much deeper understanding of the individual proc-
esses, and will enable forecasts of Earth system behaviour. The authors agree that such a com-
prehensive model is not feasible on the short run. A valid starting point is the coupled modelling
of some processes, such as the combined modelling of glacial isostatic adjustment and recent ice
mass change in the polar regions. In other cases, closed sub-systems will be dealt with whereby
the interface with other system components is to be defined, and exchange of results will take
place by means of correction terms. In this sense, the aim of the proposed framework is to develop
methods for an interactive modelling of the involved Earth system components.

4.2 Neighbouring fields:
magnetic field and Earth rotation

This report does not cover all mass transport processes and mass distributions in the Earth system.
The fields proposed as core elements of this joint research framework (Figure 4.1) are those, for
which the gravity field missions in combination with satellite altimetry enable completely new
approaches.

On purpose, the framework will not include projects on magnetic field effects (because these are
subject to a DFG priority program on its own), and Earth rotation (which is subject of a DFG
research group). The interrelations with these fields will be taken into account, however, to the
necessary extent.

The combination of gravity and magnetic field data for a more complete Earth system understand-
ing could be very interesting for future research, not only for the study of the Earth’s core, but also
for the atmosphere and possibly for ocean circulation and tides. On CHAMP, this combination is
realized from the observational side. However, due to the currently running DFG priority program,
for the proposed framework it is recommended to restrict to gravity and altimetry as core data.

Variations of Earth rotation are subdivided into nutation, variation in spin rate and polar motion.
Any mass change in Earth system and any relative forcing between Earth system components re-
sult in variations of Earth rotation. As gravitation, the observed Earth rotation parameters (length-
of-day and polar motion) reflect the integral effect of all exchanges of angular momentum in
Earth system. The separation of effects is possible by means of typical time periods of the indi-
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Figure 4.1: The new satellite data serve as common basis for the modelling of mass transport and mass distribution in the
Earth system. The right hand side of the figure gives an overview of the main research fields. The coloured rings symbol-
ize the interconnections which are due to physical reasons, but also resulting from observational data characteristics.

vidual effects or based on external models. Earth rotation analysis ideally complements the grav-
ity field and altimetry approach to mass transports. At the time of writing, a special research group
on Earth rotation and global geodynamic processes is being established by the DFG, based on a
concept document by Schuh et al. (2004). A close cooperation with this group is planned.

4.3 Synopsis of signal components and
amplitudes

In Chapters 2 and 3, numbers of required accuracies and estimated signal amplitudes are dis-
cussed in various places. For the gravity field, a summary of this information is compiled in Ta-
bles 4.1 and 4.2, augmented by some further estimates from other sources (NRC 1997, Rummel
et al., 2003). Table 4.1 shows the requirements on the static gravity field in terms of geoid heights
and gravity anomalies, and the required spatial resolution, from the main areas of modelling.
These requirements will essentially be met by the GRACE and GOCE gravity field models.

Table 4.2 lists the gravity field time variations, showing the typical signal amplitudes, typical spa-
tial scales and time periods, as estimated today. The signal amplitudes are still subject of discus-
sions, as simulation results vary considerably, some giving regional extreme values, others global
standard deviations. The consolidation of these numbers will be among the tasks of the proposed
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research program. Therefore, in Table 4.2 (as in Table 4.1) only orders of magnitude are given,
which are rather certain in most cases.

The comparison of these signal amplitudes with the expected mission performance of CHAMP,
GRACE and GOCE as discussed in Chapter 2 (see Table 2.1, Figures 2.7, 2.8 and 2.9) shows that
the amplitudes of most signal components exceed the gravity field errors and are thus in the meas-
urable range, at least for large spatial scales. For the small numbers for secular changes in Table
4.2, it has to be taken into account that the accuracy of linear trend determination improves fast
with increasing mission duration: From 5 years of monthly gravity field solutions, each of them
with an accuracy of 0.01 mm in terms of geoid for the best resolved spherical harmonic degrees
(see Figure 2.9), a linear trend in geoid variation can be estimated with an extremely high accu-
racy of about 0.8 um/y for these degrees. Thus, also very small secular changes such as the signals
expected from mantle plumes will possibly be detectable.

When looking at the numbers for the time variations in Table 4.2, one should keep in mind that
any observation even being only slightly above the error level is already very valuable and repre-
sents a completely new piece of information on mass transport processes.

An impression of the type of interconnections between the processes and disciplines is given by
Figure 4.2, which is showing the spatial and temporal scales of geoid signals caused by the vari-
ous Earth system processes in synoptic way (adapted from Rummel et al., 2003). For both, space
and time, one has to deal with a wide variety of scales, ranging from static down to very high
frequent signals in the time domain, and from local to global scales in the space domain. The
bubbles of the various signals superimpose each other in many places. Some processes have sig-
nals ranging over nearly the entire spectrum, such as ocean circulation, or hydrology. The Figure
also shows the expected limits of spatial and temporal resolution for the gravity field missions
CHAMP, GRACE and GOCE. It becomes clear that the signal of some processes is partly or en-
tirely beyond the time or space resolution of these satellite missions. Signals with spatial scales
smaller than 70 km will not be resolved in the next few years, although we hope to extend this
limit with future missions. In the time domain, the current resolution limit is given by the monthly
GRACE gravity field solutions. Higher frequency signal components, with periods from hours to
days, e.g. tides or high frequency atmosphere variations, tend to alias into the observed time se-
ries. To keep this under control, for these components reductions using the best available models
have to be applied. Altogether, with the current missions we can achieve considerable progress in

Table 4.1: Static gravity field requirements for mass transport and mass distribution modelling

Accuracy Resolution
Application geoid gravity [km half-
[cm] [mGal] wavelength]
ocean circulation | short scale sea surface topography 1 100
and transport basin scale sea surface topography 0.1 1000
. . rock basement 1 50
ice dynamics ; :
ice height reference 1 100
crust anc_i lithosphere structure, plate 10 1 50
boundaries
Earth mantle and mantle convection 10 1 200
crust mantle plumes 10 1 50
subllthospherlc convection, 10 1 100
oceanic asthenosphere
unified height systems, tide gauges 1 100
geodesy GPS levelling 1 100
orbits (LEO) 0.01 200
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Table 4.2: Time variable gravity field signal components: amplitude, spatial scales and main periods.
Secular signal amplitudes are given in mm/year, um/year or uGal/year. Amplitudes referring to other time

periods are given in mm or uGal.

o . Spatial . .
Application Amplitude scales Main periods
geoid gravity (km)
ocean circulation | ocean currents, deep 10 mm 10 pGal 30-5000 | (sub-) seasonal
and transport, circulation, eddies, 0.01 to interannual,
sea level sea level mm/year 1000-5000 | so. o
1 mm 1 pGal 100-4000 | (sub-) seasonal
ice ice sheet mass balance 0.01 5000 to interannual
mm/year secular
glacial isostatic adjustment | 1 mm/year | 1 yGal/year |500-10000 |secular
Earth mantle
and crust mantle plumes, slabs 1 um/year | 0.01 pGallyear| 100-2000 |secular
tectonics, orogens 1 um/year | 1 uGallyear | 100-2000 |secular
continental water storage, some weeks to
evapotranspiration, runoff, 10 mm 10 uGal 100-5000 |;
hydrology . interannual
exchange with oceans
atmosphere 10 mm 10 uGal 50-5000 anpual, seasonal,
daily, others
tides el Bl el 1000mm | 100 uGal | 10-10000 | 9@y, semi-daily,
ocean tides semi-monthly

many areas, but we will not be able to cover all processes relevant for mass transport and mass
distribution. The present missions are a first important step for mass transport and mass distribu-
tion monitoring in Earth system research.

4.4 Common challenges for satellite data
analysis

This section addresses the topics in the yellow rectangle of Figure 4.1, which are prerequisite for
the derivation of mass signals from the satellite data products, and concern all geophysical appli-
cations. The box represents the interface between the satellite geodetic sensor data and the various
geophysical disciplines. It provides the processing chain from sensor data to mass signals, and
supports geophysical modelling in transforming the mission data into a format and representation
adequate to data assimilation requirements.

Consistent combination of missions

The combination of data products from different satellite missions allows some of the most inter-
esting and novel applications:

e The static geoid from GRACE and GOCE will be combined with the sea surface as derived
from the ocean altimetry missions in order to determine global dynamic sea surface topog-
raphy, which is the deviation of the sea surface from a state of rest. This allows a completely
new and direct way of modelling the quasi-static ocean circulation, and has important im-
plications for the determination of mass and heat balance, for climate and ocean forecasting
(cf. Chapter 3.1).
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Figure 4.2: Spatial and temporal scales of geoid signals associated to solid Earth (orange), ocean (green),
ice (dark blue) and continental hydrology (light blue) processes. The red lines show the spatial and tempo-

ral resolution limits of the CHAMP, GRACE and GOCE missions.

e  Mass variations as derived from GRACE over the oceans can be combined with geometric
variations of the sea surface height from altimetry in order to identify the temperature de-

pendent (steric) component of sea level variations (cf. Chapter 3.1).

e  Mass variations from GRACE over ice sheets in combination with height changes from
ICESat and CryoSat, together with ground based GPS, will allow to analyse the complex
superimposition of glacial isostatic adjustment, recent ice mass changes and ice compaction

(cf. Chapter 3.2 and 3.3).

With such combinations, a number of new research tasks arise: Each satellite mission has its
specific sampling and resolution in space and time. In particular, gravity missions — measuring
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a field quantity — have characteristics very different from those of altimetry missions. Thus, an
optimal fusion of time series from both types of missions is to be found — with minimum loss of
signal content — and to be adjusted to the requirements of the assimilation models. To adapt the
sampling, interpolation in space and time is required. To adapt the resolution, filtering may be re-
quired. As an example, the results for dynamic sea surface topography would be heavily disturbed
without a consistent low-pass filtering of geoid and altimetric data. For satellite altimetry, special
focus will be given on multi-mission combinations exploiting the sampling characteristics of the
various missions, in order to obtain long time series for the ocean and ice surface geometry, with
both high temporal and spatial resolution, a task which single satellite missions cannot fulfil.

Not only the signal data, but also the corresponding stochastic models have to be established and
combined in a consistent way. This is an ambitious task because the error characteristics of the
data sets vary considerably.

Reference systems and standards

The geometric and gravimetric signals to be analysed are very small. Only due to the enormous
technological progress of recent years they became observable with adequate precision, and spatial
and temporal resolution. The required relative precision is close to 1 p.p.b. (10”?), corresponding to
1 mm for distances of 1000 km or 1 pGal relative to “g”. It is a great challenge to transport the 1
p-p-b. precision from the sensor systems through various transformations into the geophysical mass

related models, and to maintain this standard when exchanging data between all involved models.

The link of the various space segments (satellite sensors) is established via the orbits, i.e. via the
tracking systems and ground stations. The objective will be to combine all data, from space seg-
ments and terrestrial systems, with a precision of 10 to 107, relatively, in one global reference
system, and to keep this combination consistent in space and in time over decades. This objective
is precondition in particular for the detection of anomalous trends in time and space.

The lowest degree coefficients of the satellite gravity models, where the reference system and the
scale are imprinted, have to be analysed carefully. The global height system requires particular at-
tention, as it provides the connection between land surface, ice and ocean, by means of tide gaug-
es and control markers on land and ice. Furthermore, all included reduction models such as solid
Earth and ocean tides, polar tides, and ocean loading have to be applied in a consistent manner for
all quantities to be determined. These problems are probably greatly underestimated at present.
Any violation of a consistent processing will lead to systematic distortions, with the danger of an
erroneous interpretation in terms of geophysical significance.

The efforts for a high precision and consistent reference system fit to the aims of the internation-
al geodetic-geodynamic community to establish an Integrated Geodetic-Geodynamic Observing
System (IGGOS). Such a system will integrate the observables of the geometric shape, the gravity
field and the rotation of the Earth, with the reference system as the very central issue. In the past,
the gravity field was a weak element of such an integrated observing system, which is changing
now due to the present gravity missions.

Data preparation for model assimilation

The mass signals derived from the satellite data are given in a certain appropriate mathematical
representation, typically in spherical harmonic representation, as global grids, or along satellite
tracks. These have to be made compatible with the mathematical representation (in space and
time) that is chosen for the geophysical models, such as triangular meshes or 3D grids for ocean
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circulation models, river catchment boundaries for hydrological modelling, point values, profiles,
and others. This, again, has to be accomplished with minimum loss of information. It also in-
cludes the appropriate treatment of truncated high frequency signal and of aliasing.

The study of representation and parameterization when introducing satellite data into the applica-
tion models must become a central task in the proposed joint research framework. Similar consid-
erations apply when introducing complementary data (see below).

Separation of signal components

The satellite observations represent integral signals containing components of all mass related
processes. To separate them and to identify the contributions of each individual process is gener-
ally seen as one of the most challenging scientific issues for the coming years. Time variations
from oceanic variability, from glacial isostatic adjustment, tectonics at plate boundaries, ice mass
changes, variations in continental water storage and from atmospheric mass sum up to an integral
signal. The superposition of effects can be seen in Figure 4.2. This applies certainly to the gravity
field signal, but to some extent to the geometry signal from altimetry, too: For example, in Antarc-
tica, height changes measured by ICESat and CryoSat contain the sum of vertical movements due
to the glacial isostatic adjustment and of ice thickness changes. GRACE, in turn, is measuring the
superimposed mass effect of glacial isostatic adjustment mass variations and ice mass changes.
The signal superposition is particularly pronounced for sea level change. The measured sea lev-
el variations contain contributions from thermal expansion, ocean current changes, ice melting,
changes in precipitation and river runoff, and from vertical land and ocean floor movements.

A strategy for signal separation has to be developed based on the following available elements:

e  Separation in space domain using regional signal characteristics, e.g. by filtering out the
signal component for a river catchment or a certain tectonic unit,

e  Separation in time domain based on long time series, isolating typical time periods such as
annual and semi-annual periods,

e  Separation in spectral domain using spectral characteristics in space (e.g. for the separation
of glacial isostatic adjustment and ice mass changes) and time (e.g. for hydrology using
characteristic response times, cf. Chapter 3.4),

e  Use of known geophysical contributions based on models such as atmospheric models,

e  Use of complementary terrestrial / in-situ data. Important examples are deep sea pressure
gauges in the case of ocean bottom pressure variations, GPS vertical land movement obser-
vations for glacial isostatic adjustment, hydrological data from well observed areas, terres-
trial gravity data for continental plate boundaries, or permanent superconducting gravimetry
for the identification of local gravity variations e.g. due to ground water variations,

e  Use of complementary remote sensing mission data: sea surface temperature, salinity, winds,
soil moisture, snow, deformations, see the corresponding box in Figure 4.1,

e  Mutual exchange of mass transport estimates as derived from models of individual Earth
system components (ocean, hydrology, solid Earth and ice). In general, the process mod-
elled with the inferior accuracy will benefit from the output of all other areas in order to
isolate its own contribution,

e  Use of special satellite configurations, crossovers, and repeat orbits, in order to reduce high
frequency variations (periods of hours or days in tides, atmosphere, hydrology, etc.) and to
avoid aliasing.

For the separation approaches, see also Tables 4.4 to 4.11 below.
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Mass balance determination

Besides the extreme accuracy, one of the strongest advantages of the new satellite data is the com-
pleteness of coverage. Geoid, gravity and their time variation are measured with global coverage
by the gravity field missions. From the new generation altimetry satellite missions, the surface
geometry and its time variation are obtained for the entire oceans (ice-free and ice-covered), for
the entire ice sheets and for glaciers, with the exception of very tiny polar gaps. The issue of com-
pleteness is particularly important for the study of mass transport balance. In-situ data may some-
times be more accurate or cover a longer time span, but only for single points or regions. They are
very valuable, e.g. for the separation strategy. But a reliable knowledge of mass balance requires
the observation of the processes as a whole, i.e. for the complete oceans, for whole continents or
ice sheets, which can only be realized by the new satellite missions.

4.5 Interconnection tables for the individual
processes

In the following, for all major mass related processes the interconnections between processes and
data sets are collected, see Tables 4.3 to 4.11. The number and intensity of interconnections un-
derlines the need for interactive modelling between the involved research disciplines, and the ne-
cessity of a joint research framework. The collection is based on the discussion of the individual
processes in Chapter 3.

Table 4.3 gives an overview in matrix form. The matrix entries show processes, for which in-
terconnections exist. The matrix is well filled. The number of entries demonstrates that all these
processes form one unity.

Tables 4.4 to 4.11 contain the following entries for each of the main processes and research
fields:

e interacting processes, by exchange of mass and energy (heat), or by interaction of forces;

e superimposed signal components, mass and/or geometry signals, caused by other processes
acting in the same geographical region, which have to be considered and separated from the
signal component of interest; these cases require an interactive modelling of all involved
processes and an exchange of results;

o data products from the new satellite missions; in many cases the combination of two or three
data types is needed;

e complementary data and models, and

e approaches for the separation of signal components.

The tables reflect an assessment of the current status and will probably undergo changes with time.
After each of Tables 4.4 to 4.11, the most important interconnections and synergies are explained.
Some aspects appear repeatedly, as it is natural for interconnections between several fields.
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Table 4.3: Interconnection matrix, black dots on red cells indicate considerable interactions between proc-
esses or superposition of signal components, circles on light red cells indicate less intensive interconnection.
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Table 4.4 Quasi-Static Ocean Circulation

Research Topics: major questions of global climate: how much heat does the ocean transport and
redistribute; determination of global absolute surface velocities, climatologic 3D circulation and
associated transports of heat, mass, nutrients and trace substances, ocean — atmosphere exchange of
heat and mass, interaction of mean flow and eddy field, role of ocean bottom topography

Interacting Processes, Superimposed Signals:

time variable ocean circulation, sea level anomalies (time variation of sea surface), eddies, tides, loading
effects, coastal bathymetry

Data from the New Missions: Complementary Data and Models:
static high resolution geoid ocean circulation models
altimetric sea level: mean and time | hydrographic in-situ data (ocean temperature, salinity)
vanaﬁon - _ velocities from moored instruments and drifters
precise gravity field for altimeter sea surface temperature and salinity from remote sensing (e.g.
orbit corrections SMOS)

tide models, tide gauges

marine gravimetry, bathymetry

future: altimetry by GNNS reflections, wide swath altimetry

Approaches for Separation of Signal Components:

accurate and consistent modelling of sea surface time variability (consistent time series, improvement of
spatial-temporal interpolation)

comparison of long time averaged observations with solutions from steady state forward and inverse
models

improvement of tide and loading modelling

In the past, when oceanographers approached questions concerning the climate, they had no pos-
sibility to use measured dynamic sea surface topography for their purpose. Until now dynamic
topography could only be measured at coastal tide gauges. With the new and accurate geoid infor-
mation a reference surface for altimetry is available and oceanographers can use a novel type of
data for comparison and assimilation into circulation models. It is expected that when assimilat-
ing the absolute sea surface topography into ocean circulation models, many features will appear
that have not been visible in the past, when modelling was only based on oceanographic in-situ
data. The in-situ data, however, remain very important for the deep ocean, and the optimal com-
bination of these very different data types (satellite gravity, satellite altimetry and in-situ data) is
one of the major challenges in this field.

The altimetric sea surface necessary for this approach cannot be derived from a single satellite
mission, but one has to advance the strategies for multi-mission combination in order to get the
best possible spatio/temporal coverage of the dynamic sea surface topography. Here another
synergy effect is the accuracy improvement for the past altimetry missions when using the new
satellite gravity field models for orbit recomputation and reanalysis.
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Table 4.5 Time Variable Ocean Circulation

Research Topics: intraseasonal and interannual variations of the ocean in relation to mean flows and
transports, global and regional sea level change, distinction between mass and volume changes,
increase in heat storage related to global climate change, ocean response to El Nino, the North Atlantic
Oscillation and changes in the atmosphere, ocean bottom pressure anomalies and associated changes
in shape off the Earth and Earth rotation, eddy induced mean flow, generation of eddies by instability of
the mean flow

Interacting Processes, Superimposed Signals:

mass exchange between atmosphere, ocean, land and cryosphere

atmospheric mass variation over land and ocean, deviation from inverse barometer model
tides, loading

oceanic response to varying atmospheric conditions

sea ice coverage and freshwater transports by sea ice

Data from the New Missions: Complementary Data and Models:

time variation of the geoid ocean circulation models

time variation of altimetric sea level hydrographic in-situ data

time variation of shape of inland ice | deep sea pressure gauges

time variation of sea ice coverage velocities from moored instruments and drifters

and thickness sea surface temperature and salinity from remote sensing
tide models, tide gauges

Earth orientation parameters

future: altimetry by GNNS reflections, wide swath altimetry

Approaches for Separation of Signal Components:

separation of volume and mass changes based on gravity and sea surface height changes
combination with deep sea pressure gauges

support by atmospheric models and data

support by continental water balance results and ice sheet modelling

improvement of tidal and loading modelling

Time varying ocean circulation can only be studied reasonably if the mean circulation is known
sufficiently well. Realistic ocean modelling always includes time dependence and interaction be-
tween mean (i.e. average) circulation and temporal variations. Their interaction is a key research
topic in oceanography at present. Therefore, both the study of high resolution mean conditions
based on GOCE as well as mass changes derived from GRACE offer unprecedented opportuni-
ties to oceanographers.

For time variable circulation, satellite gravity and altimetry missions support each other. The sea
surface height changes (anomalies) observed by altimetry satellites contain a volume (density)
and a mass component, which cannot be distinguished by altimetry alone. With mass change ob-
servations from GRACE, the distinction becomes possible. Thus, by the combination of satellite
data, one can determine (1) mass changes due to circulation variations, e.g. from deep ocean cir-
culation variations, and due to melting and other freshwater inflow, and (2) the steric volume ex-
pansion of water due to variations in temperature and salinity in the deep ocean and at its surface.
Both results are needed for ocean circulation modelling, and they are necessary in order to under-
stand present sea level rise.

Due to the mass exchange between the ocean, the continental water cycle (river runoff), the at-
mosphere (precipitation, evaporation) and the ice masses (discharge, melting, sea ice transport),
ocean modelling depends very much on a better understanding of processes on these fields.
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Table 4.6 Ice Mass Balance

Research Topics: altitude change of ice sheets and ice caps, ice flow velocity, accumulation/mass
discharge, sea level change

Interacting Processes, Superimposed Signals:

glacial isostatic adjustment (GIA)

snow / ice compaction

atmospheric and oceanic mass variation
tectonic motions

Data from the New Missions: Complementary Data and Models:
ice altitude changes altitude change from GPS
time variable and static geoid and gravity ice velocity from GPS, INSAR and modelling

radar echo sounding data

sea level change from tide gauges and modelling
glaciological and climatological data from ice cores
meteorological data

absolute gravimetry, airborne gravimetry

dynamic ice flow models

viscoelastic Earth models

atmosphere and ocean models

Approaches for Separation of Signal Components:

joint determination of altitude change, firn density change and ice mass balance

consideration of glacial isostatic adjustment using viscoelastic Earth models and 3D GPS displacements
corrections from atmosphere and ocean models

corrections from compaction models

The signals of the recent ice mass balance of the ice sheets are superimposed by the strong secular
glacial isostatic adjustment signal (see Table 4.7). Both processes cause mass changes as well as
surface height changes. The latter are also caused by densification of the surface firn layer. The
combination of GRACE mass change observations together with surface height changes from ice
altimetry missions and GPS measurements of bedrock uplift is expected to be particularly valua-
ble to resolve this complex superimposition. With this combination also ice compaction (ice den-
sity) models could be validated, which is considered as one of the key uncertainties for ice mass
balance determination today.

For the polar regions, the combination and mutual validation of satellite data and ground data is
of particular importance. Table 4.7 shows that a broad range of complementary terrestrial data can
be introduced. These data sets have to be extended in the near future for a sufficient spatial and
temporal coverage of mass variations. The impact of each data type for ice mass balance model-
ling has to be carefully assessed.

A very central issue is, of course, the interconnection between ice mass balance and all sea level
observations. With the improved results expected from the new satellite data, substantial progress
on this field will be achievable.
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Table 4.7 Glacial Isostatic Adjustment (GIA)

Research Topics: vertical movement, 3D displacement, internal mass redistribution, sea level change,
3D distribution of mantle viscosity, development of Pleistocene land ice

Interacting Processes, Superimposed Signals:

recent ice mass balance

absolute sea level change

tectonic vertical movement

hydrological and oceanic mass variations

Data from the New Missions: |Complementary Data and Models:

time variation of the geoid vertical movement from repeated levelling and from paleo-shorelines
ice altitude changes 3D displacement from GPS

mass redistribution from absolute gravimetry and modelling

sea level change from tide gauges, GPS and modelling

mantle viscosity from viscoelastic Earth models

Pleistocene land ice from geomorphology and modelling

dynamic ice flow models

viscoelastic Earth models

hydrological and ocean models

Approaches for Separation of Signal Components:

joint determination of 3D displacement, internal mass redistribution and sea level change
consideration of recent ice mass balance and absolute sea level change

consideration of tectonic vertical movement

corrections from hydrological and ocean models

The aspects of glacial isostatic adjustment (GIA) are manifold. One of them concerns the predic-
tion of various signatures related to GIA. An important signature is the relative sea level change
induced by GIA. This is of particular significance for estimating the global sea level rise caused
by the recent melting of the polar ice sheets and ice caps and the mountain glaciers. Therefore, the
interconnection between GIA and all sea level related observations is very close. Another GIA
signature is the temporal gravity variation associated with readjustment processes. In view of their
size, the rebounding areas of Canada, Fennoscandia and Antarctica are of particular importance,
and the resulting secular gravity trends are expected to be part of the gravity variation recorded by
GRACE. Forward calculations therefore serve to correct monthly GRACE solutions for the influ-
ence of ongoing GIA. On the other hand, after a satellite mission duration exceeding five years it
should become possible to extract the GIA induced secular gravity change over Canada directly
from the GRACE data. For Antarctica and Greenland, the GIA mass change is superimposed by
present ice mass changes. Therefore, ice mass balance results based on ice altimetry can support
GIA modelling. Together with complementary data, such as GPS, it will be possible to invert for
the viscoelastic stratification of the Earth’s mantle and, thus, to improve our constraints on the
viscosity model. The viscosity model, in turn, represents the interconnection to global mantle dy-
namics, because it is vital for models of mantle convection and the evolution of the Earth.
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Table 4.8 Sea Level Change

Research Topics: global sea level change, pattern of spatial variation, distinction of mass exchange
from volume change, quantification of single contributions, separation of recent variations from long term
change

Interacting Processes, Superimposed Signals:

vertical land movement: tectonics, glacial isostatic adjustment

melting of ice sheets and glaciers

hydrological cycle

volume change due to temperature changes

change in composition of ocean properties, velocities, dynamical sea surface topography
tides, loading effects, atmospheric mass variations, water exchange with atmosphere

Data from the New Missions: Complementary Data and Models:

quasi-static and time variable geoid core probes from ocean drilling, geological and climatological
altimetric sea surface: mean and time | data, corals

variation paleo-shorelines

ice surfaces: elevation and extension GPS elevation change, levelling

changes from altimetry tide gauges

ocean surface temperature and salinity from remote sensing
and in-situ data

ocean circulation model results
runoff, hydrological models

Approaches for Separation of Signal Components:

Modelling the thermo-haline expansion of sea water using climatological data (temperature/salinity
profiles), drifters, XBT data or remotely sensed salinity (SMOS-mission) or sea surface temperature

Comparison between tide gauge recordings and altimetric time series
Modelling sea-air interaction, evapotranspiration, river run-off

Global sea level, the most prominent indicator of global change, is interconnected to nearly all of
the processes discussed in this report. Mass balance changes of the polar ice, of the atmospheric
water content and in the continental hydrological cycle — all reappear as sea level change. Abso-
lute or relative sea level is also changed by ocean circulation variations, by thermal ocean volume
expansion and by vertical movements due to glacial isostatic adjustment. Thus, the total sea level
change signal is very complex and has a large range of spatial and temporal scales.

Drilling at ocean sediments, for example, indicate sea level changes of about 120 m for the geo-
logical sequence of glacial era and intermediate warming periods. The last deglaciation causes ver-
tical crustal movements of up to 1 cm/year, visible at paleo-shorelines or observable by repeated
or continuously performed precise point positioning. Today, sea level is monitored by tide gauges
and satellite altimetry, two observation systems that complete each other. Tide gauges provide very
precise records of mean sea level for time periods up to 100 years or even more, limited, however,
to sites of an inhomogeneously distributed network. Satellite altimetry, on the other hand, provides
fast, repeated, precise and nearly global observation of the sea level. ICESat and CryoSat, will
extend the coverage to nearly the entire global oceans. However, vertical control and long-term
stability of altimeter systems is available only since the last decade. A careful calibration and cross-
calibration of altimeter systems is as necessary as the knowledge about the actual vertical crustal
movement at tide gauges to ensure that both systems really observe the same sea level signal.

Altimeter data of the last decade show large areas with completely different evolution of the sea
level, the rates of change reaching +15-20 mm/year. Most of these changes are attributed to the ther-
mo-haline expansion of the upper layer water. The combination of satellite altimetry and GRACE
observations will help to clarify associated mass changes; see also the comment on Table 4.5.
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Table 4.9 Global Mantle Dynamics

Research Subjects: global mantle flow and dynamic topography of Earth surface and internal boundaries
from seismic and geoid data, time-dependent mantle convection and plate rearrangements, plumes,3D
viscosity models, small scale sublithospheric convection processes, improvement of crust and
lithosphere models

Interacting Processes, Superimposed Signals:

structure and gravity field signal of the lithosphere

viscosity models from glacial isostatic adjustment models

thermally, compositionally and water induced variations of seismic velocities and density
phase transformations in the mantle

kinematics of the plates

plume — lithosphere interaction

Data from the New Missions: Complementary Data and Models:

quasi-static geoid and gravity crust and lithosphere models

time-dependent geoid dynamic and isostatic topography
seismic velocities, seismic tomography
PREM

seismic velocity — density conversion models
viscosity models (vertical, lateral)
experimental viscosity data

Approaches for Separation of Signal Components:

independent modelling of dynamic Earth surface topography using crust and lithosphere models
combination with seismic tomography

correlation gravity — topography — plate kinematics to identify sublithospheric convection
correlation with heat flow

relate quasi-static with time-dependent geoid variations

Mass anomalies associated with global convective mantle flows lead to a complex system of dy-
namic and rheological interactions with observables such as gravity, geoid, long term variations of
these fields, dynamic topography, seismic velocities, heat flow etc. Interpretation of new gravity
potential data in terms of such mantle dynamic processes requires a combined effort of dynamic
forward modelling, including 1D or 3D-variations of mantle viscosities based on models of glacial
isostatic adjustment models, as well as plate kinematics, and accounting for seismic tomography
and crustal and lithospheric structures. Thus, seismic tomography, dynamic topography, surface
deformations, gravity and the vertical and lateral viscosity structure of the mantle are the key
observables and parameters for a three and four dimensional modelling of mantle dynamics.

The worldwide seismic station network enables the improvement of global models of the Earth’s
crust (density distribution and thickness) and of tomographic velocity models of the Earth’s man-
tle. The spatial structure of the gravity field gives boundary values for (1) an isostatic model of the
Earth’s lithosphere to investigate its static equilibrium (medium to short-scale) and (2), by this, to
infer the dynamic topography due to mantle dynamics for the mantle’s temperature and density
distribution. The knowledge of the Earth’s crustal structure and the resolution and accuracy of
tomographic models is, compared to the knowledge of the quasi-static gravity field, rather low.
Therefore, there is a need for improving the seismologic monitoring and modelling. This situa-
tion changes, when turning to smaller wavelengths appropriate e.g. for sublithospheric convec-
tion, plume — lithosphere interactions or to regional tectonic modelling. In the latter case accurate
gravity down to wavelengths of some kilometres is required, and satellite gravity field missions
will provide the longer wavelengths frame for a reliable detailed geoid and gravity field model-
ling with a data coverage densified by terrestrial and ship- and airborne measurements.
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Table 4.10 Subduction Zones, Tectonics

Research Subjects:

sinking slabs in Earth mantle, roll back of subduction zones, active and passive continental margins,
orogeny, episodic mass shifts,

Interacting Processes, Superimposed Signals:

topography, bathymetry

mass changes from ocean, continental hydrology, and atmosphere
mantle gravity field

phase boundaries in the mantle

viscosity stratification of the mantle and viscosity structure of the slabs

Data from the New Missions: Complementary Data and Models:
time variable and static geoid surface deformation and uplift/subsidence rates from
time variable and static gravity anomalies INSAR, GPS, levelling

viscosity parameters

rigidity, elasticity

seismic data

PREM

tide gauges

absolute gravimetry, airborne gravimetry
terrestrial gravimetry

Approaches for Separation of Signal Components:

forward modelling of subduction and orogenic processes
correlation with seismicity
reduction of time-dependent gravity signals from hydrology and oceanography

A challenging task will be the search of time dependent signals near plate boundaries such as
subduction zones or orogens, and to identify processes such as vertical mass movements in the
mantle associated with subduction or delamination, trench roll back or other episodic mass move-
ments. Such time variations will be near the resolution limit of GRACE. Therefore careful anal-
yses of temporal variations of the gravity field in the space domain in combination of dynamic
forward modelling utilizing geometric, kinematic or seismic observations will be necessary.
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Table 4.11 Continental Hydrological Cycle

Research Subjects: global and continental water balance (water fluxes between atmosphere,

continents, oceans and ice masses), spatial and temporal variations of the terrestrial water storage,
evapotranspiration of the land surface, effects of climate change / environmental change on the terrestrial
water storage

Interacting Processes, Superimposed Signals:

atmospheric mass variations

mass variations in the ocean adjacent to the land surface

atmospheric circulation (meteorological and climatological conditions as forcing of the hydrological cycle)
mass change in continental snow and ice zones

change of land use and vegetation zones

human water use

mass changes by glacial isostatic adjustment

Data from the New Missions: Complementary Data and Models:

time variation of geoid and gravity meteorological data

altimetry of water levels in lakes, reservoirs, hydrological data (river discharge, soil moisture,
wetlands and rivers (time-variations) groundwater)

data from remote sensing of the land surface (land
use, snow cover, ice cover, surface temperature)

large-scale hydrological models

(global) circulation models of the atmosphere and the
oceans (GCMs)

snow and ice balance models

Approaches for Separation of Signal Components:

corrections of the gravity signal with results from ocean and atmosphere circulation models and with
meteorological data

separation of components of the terrestrial water storage by using hydrological data and models

separation of mass variations in surface water and snow-/ice cover with the help of altimetry and other
remote sensing data

spatial filtering for the geometry of river basins
temporal filtering by process-specific time constants

The continental hydrological cycle is coupled to a large number of concurrent processes which
affect mass variations at a broad range of space and time scales. Exchanges between the terres-
trial water storage and the atmosphere are driven via precipitation and evapotranspiration proc-
esses. Variations of the ice or snow mass balance of glaciated areas contribute to changes in the
water balance of river basins. Long-term variations in the freshwater runoff from continental ar-
eas induced by climate variability and climate change are directly connected to oceanic processes
such as sea level change or the time-variable oceanic circulation due to salinity changes. Glacial
isostatic adjustment may interact with a gravity signal due to hydrological processes at high lati-
tudes for longer time scales. In addition, human impacts by land use changes or water use affect
the hydrological cycle and the terrestrial water storage.

Due to these numerous couplings, there is an indispensable need for a joint analysis including data
and models from a variety of disciplines in order to separate the contributions to mass variations
induced by the involved processes. Measured mass changes from GRACE, monitored surface
water levels from altimetry missions as well as ground based hydrological measurements allow to
quantify changes in the water storage, to separate the different storage components and to elimi-
nate the hydrological component of the time-variable gravity signal as a basis for the investiga-
tion of other processes.
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Annex

The following annexations provide the concepts and the state-of-the-art
in physical and mathematical methods applied in global gravity field
analysis and in the research fields that are addressed in this report. The
satellite mission fact sheets (A7) summarize the characteristics of the rel-
evant recent and coming missions.

A1 Gravity field tutorial

The formulae and derivations in the following Chapters A1.1 to A1.3 are based on Heiskanen and
Moritz (1967) and Lambeck (1990). For the sake of simplicity, problems dealing with topographic
reduction and ellipsoidal corrections when using spherical approximations are not addressed. As
such, most of the formulae given below are first order approximations of the exact expressions.

A1.1 Expansion of the gravitational potential into spherical har-
monics

The stationary part of the Earth’s gravitational potential U at any point P(r,¢,A) on and above
the Earth’s surface is expressed on a global scale conveniently by summing up over degree and
order of a spherical harmonic expansion. The spherical harmonic (or Stokes’) coefficients repre-
sent in the spectral domain the global structure and irregularities of the geopotential field or, more
generally spoken, of the gravity field of the Earth. The equation relating the spatial and spectral
domain of the geopotential is as follows:

GM|R- & & (R) 5 ~ -
U(r,p,\) = — {7000 +) Y (7J B, (sin ¢)(C,, cos mA+S,, sin mi) (A1.1.1)
=1 m=0
where 7, - spherical geocentric coordinates of computation point
(radius, latitude, longitude)

R - reference length (mean semi-major axis of Earth)

GM - gravitational constant times mass of Earth

Lm - degree, order of spherical harmonic

- fully normalized Lengendre functions
C .S - Stokes’ coefficients (fully normalized)

Im >~ Im

The C,, -term is close to 1 and scales the value GM. The degree 1 spherical harmonic coefficients
(C_’IO,C‘“,S‘H) are related to the geocentre coordinates and zero if the coordinate systems’ origin
coincides with the geocentre. The coefficients (C,,,S,, ) are connected to the mean rotational pole
position that is a function of time.

Subtracting from the low-degree zonal coefficients (order 0) the corresponding Stokes’ coeffi-
cients (C,C,...C") of an ellipsoidal ‘normal’ potential V(r,¢) leads to the mathematical

00 >~200°"" 80

representations of the disturbing potential 7(»,p,A) in spherical harmonics, related to a conven-
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tional ellipsoid of revolution that approximates the Earth’s parameters. Close to the Earth surface
with » = R (in spherical approximation) the disturbing potential reads:

T(R,p,A) =U(R,p,A) — V(R,9) (Al.1.2a)
GM | =. bnae L _. _
T(R,0,\) = T[COO+ 2 2 Em(sin(p)(C,m cosmh+S,, sinm?u):| , (A1.1.2b)
=1 m=0

with C'=C —C* . Note, that C,, is close to zero.

The maximum degree / _of the expansion in Equation (A1.1.1) correlates to the spatial resolu-
tion at the Earth surface by

A, ~40000 km /(I +0.5), (A1.1.3)

where A is the minimum wavelength (or twice the pixel side length) of gravity field features that
are resolved by the / (I +1)~(l +0.5)° parameters C, ,S,

m?>~Im *

Equation (A1.1.1) contains the upward-continuation of the gravitational potential at the Earth’s
surface for » > R and reflects the attenuation of the signal with altitude through the factor (R/
},.)l+1 .

Figure A1.1.1 gives examples for the three different kinds of spherical harmonics P, (sing)-cosmA.:
(a) zonal with [ # 0, m = 0, (b) tesseral with / # 0, m # 0 </ and (c) sectorial harmonic with / =
m. Amplitudes and phase of the individual spherical harmonics then are determined by multipli-
cation with the C, and S, coefficients.

zonal: [=6, m=0 tesseral: [=16, m=9 sectorial: [=9, m=9

Figure A1.1.1: Examples for spherical harmonics P, (sing)-cosm} [from —1 (blue) to +1 (violet)].

A1.2 Functionals of the disturbing gravitational potential

The geoid undulation N (Figure A1.2.1) is the distance between the special equipotential surface
U(R,p,\) = const that is close to the mean sea level and the surface of the conventional ellipsoid of
revolution. As such the geoid is derived from the disturbing potential T applying Bruns formula

=L (A1.2.1)

Y
where y is ‘normal’ gravity on the surface of the ellipsoid. With y = GM/R’ in spherical
approximation, the geoid undulations (or geoid heights) can be computed from the spherical
harmonic coefficients in Equation (A1.1.2) by

2

R
N(R,p,2) =
(R,p, 1) M

- T(R,p,A) , (A1.2.2a)
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NR,9A\) =R |Coo + 2 Z (sing) (Cimcosmh + Spsinmd)| . (A1.2.2b)
=1 m=0

Strictly speaking, Equation A1.2.2 applies only over the oceans, where no topographic masses

exist above the geoid. Over land areas, the disturbing potential must be computed at the bottom

of the topography, i.e. inside the masses. Without considering topography, Equation A1.2.2 yields

(in spherical approximation) the so-called height anomalies, which are close to geoid heights but
of different conceptual background.

The negative of the vertical derivative of the disturbing potential dg = —87/r is called gravity
disturbance dg (Figure A1.2.2) that is equal to gravity at a point P (negative of vertical derivative
of U) minus ‘normal’ gravity at point P (negative of vertical derivative of V). Close to the Earth
surface and in spherical approximation (» = R) the gravity disturbance then is expressed by

_. Iy [ _. _
8g(R,p,\) = i—Af[coo+ Y @+ P, (sing)(C,, cosmh+S,, sinmx)]. (A1.2.3)
1=1 m=0

The difference between gravity at a point P at the Earth surface with potential U, and ,normal*
gravity at the corresponding point Q with ,normal‘ potential v,=u is called (free-air) gravity
anomaly Ag (Figure A1.2.3) and related to the disturbing potential by

Ag=-2 - 27T (A1.2.4)

The vertical distance between P and Q is the height anomaly. Again in spherical approximation,
one gets for the spherical harmonic expansion of the gravity anomalies (note: no degree 1 terms
appear in Equation A1.2.5)

Ag(R,0,\) = [ C00+Z = 1)2 P, (sing)(C,, cosmh+35,, sinm?x.):|, (A1.2.52)
thus
2
Ag =8g — = T . (A1.2.5b)

The second derivatives of the potential leads to the gravity-gradient tensor. The most important
2

. . —0°U
vertical gradient g, = =7 of the tensor component can be represented as
r

GM L. / R l+3_ _ _
g = ( ) 2+ > 2(1+1)(1+2)(—) B, (sing)(C,, cosmA +S,, sinm) |.
r

3
R =1 m=0

(A1.2.6)

Once the spherical harmonic coefficients Elmjlm of a global gravity field model are given, the
quantities of the various functionals described above can be computed in its geographical dis-
tribution. If computed in terms of gravity disturbances or anomalies and gravity gradients, the
higher frequency regional to local content is emphasised through the degree-dependent factors
(I+1), (I-1)and ({+ 1)(/ + 2), respectively, whereas the potential and geoid representations of
the gravity field show the broad and generalized features of the gravity field. Vice versa, a gradi-
ometer measuring gravity gradients is capable to better resolve detailed structures of the gravity
field rather than the long wavelength part.

The fully normalized spherical harmonic coefficients in Equation (A1.1.1) are related to the mass
distribution within the Earth by
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-100 -6 =20 o 20 [} 100

..1M i) -20 o HI 100

100 -60 20 0 20 &0 100
Figure A1.2.3: Gravity anomalies Ag [mGal]: resolution A=500 km, rms (Ag Jeos ®) = 20.6 mGal.
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e =1 Ll L] L] iH] w Ll w R AR N W F N N R R E T

lnax=10 corres. to i ,./2=2000 km =50 corres. to i,,/2=400 km

A <1 88 80 - W 0 m ow & W W e E1 B ] M [ » L] | 1
Ima=100 corres. to J.,./2=200 km lnax=300 corres. to };/2=67 km
Figure A1.2.4: Geographical distribution of gravity anomalies [mGal] over Europe with different spectral
() and spatial resolution pixel size (A, /2).

1

@I+1) C, = o j H ¥ P (sing) cosmAdM (A1.2.7a)
Earth
- 1 I .
@) 5, = [JJ # B, (sing) sinmidm (A1.2.7b)

Earth

with the mass element dM=dM (r,p,)\).

Figure A1.2.4 depicts the geopotential distribution of gravity anomalies over Europe derived from
spherical harmonic coefficients complete to / _equal to 10, 50, 100, 300, respectively, in order to
demonstrate the relation between spectral and spatial resolution according to Equation (A1.1.1).

A1.3 The power spectrum of the Earth’s gravity field

Given the fully normalized Stokes’ coefficients C,,,S, of a specific degree / over orders m
(m=0...1), the signal degree amplitudes o, (or square root of power per degree /) of functions of

the disturbing potential 7 (R,¢,A) at the Earth’s surface are readily computed by
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/ p— —
c, = \/ Z (C2 + S2) in terms of unitless coefficients (Al.3.1a)
m=0
GM . . . . .
o,(T) = = o, in terms of disturbing potential values (m*/s?) (A1.3.1b)
o,(N)=R - o, in terms of geoid heights (m) (Al1.3.1¢)
GM : o
c,(82) = e (I+1) - o, in terms of gravity disturbances (m/s?) (A1.3.1d)
GM : . .
0,(Ag) = e (-1 - o, in terms of gravity anomalies (m/s?) (Al.3.1¢e)

GM
o,(g)= IS I+ (I+2) - o in terms of vertical gravity gradients (1/s?)  (A1.3.11f)

where the C - ,S, are related to the ‘normal’ potential. The SI units of the physical gravitational

Im

quantities are given in parenthesis. Following Kaula’s ‘rule of thumb’ (Kaula, 1966) the power
law follows approximately

-10
o, ~ ‘/(21+1)- 1(;4 . (A1.3.2)

Examples for signal degree amplitudes are given in Figure A1.3.1.

If the estimation errors of the Stokes’ coefficients in a global gravity field model are known, the
error degree amplitudes (error spectrum) are computed accordingly replacing the coefficients in
Equation (A1.3.1) by their standard deviations. Difference degree amplitudes, representing the
agreement of two different gravity field models per degree, are readily computed replacing the
coefficients in Equation (A1.3.1) by the coefficients’ differences between the two models. Exam-
ples for difference degree amplitudes are given in Figure A1.3.2.

amplitude [m, mgal]

at . v |

spherical harmonic degree

Figure A1.3.1: Signal degree amplitudes for geoid undulations (red), gravity disturbances (blue) and
gravity anomalies (green) in meter and mGal, respectively.
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The degree amplitudes as a function of minimum and maximum degree / displays the power
(signal, error, difference) spectrum accumulated over a spectral band from /, to /,:

lZ
0,, (accumulated) = ’2 o} (A1.3.3)
4

Usually /=0 or 2 is taken to display the increase in overall power with increasing degree /,.
Recall that the spectral degree / is related to the spatial extension or wavelength of features in the
gravity field according to Equation (A1.1.3). Examples for difference amplitudes as a function of
maximum degree 1 (successive accumulation of the curves in Figure A1.3.1) are given in Figure
Al1.3.2.

Equations (A1.3.1) again demonstrate that the higher degree terms, i.e. the shorter wavelengths
in the signal spectra, are enhanced by factors proportional to degree / for gravity anomalies and
disturbances and proportional to / for gravity gradients compared to the signals in the geoid and
gravitational potential.
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|
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] 0 an ] - 100 120

spherical harmonic degree

Figure A1.3.2: Difference degree amplitudes (GRACE-01S vs. EGM96) in terms of geoid undulations
(red), gravity disturbances (blue) and gravity anomalies (green) in meter and mGal, respectively

LlE

amplitude [m, mgal]
o,

wi f

11

[ o a0 ] ] 100 12
spherical harmonic degree

Figure A1.3.3: Difference degree amplitudes (GRACE-01S vs. EGM96) as a function of maximum degree
in terms of geoid undulations (red), gravity disturbances (blue) and gravity anomalies (green) in meter and
mGal, respectively
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A1.4 Non-tidal temporal gravity field variations

The Earth and ocean tide induced time-varying part of the gravitational potential due to solid
Earth deformation, water mass redistribution and loading is accounted for when solving for a glo-
bal gravity field model. Variations of the spherical harmonic coefficients C, ,S, with time there-
fore can be attributed to environmental and climate related processes at the Earth surface causing
mass redistributions within and among the atmosphere, cryosphere and hydrosphere. Solid Earth
processes, like core/mantle coupling, post-glacial adjustment and subduction, add low amplitude
secular variations (linear trend) of the spherical harmonic coefficients to the overall spectrum of
temporal gravitational variations.

The formulae and derivations within this and the following chapter are based on Wahr et al.
(1998).

When solving for a time series of spherical harmonic coefficients (e.g. monthly values from
CHAMP/GRACE data), the gravitational potential and the Stokes’ coefficients, Equation
(A1.1.1), at the Earth surface (r=R) become time-dependent (t-time):

GM [

Lnax / _ _ —
U(t,R,0,\) = Co + 2, Y, B,Gsing) (C(r),, cosmh + Slm(t)sinmk)] . (Al4.0)

=1 m=0

If we concentrate here on the surface processes (atmosphere, cryosphere, oceans, continental
hydrology) with seasonal, interannual and long-term variations, the variation in surface density
(i.e., mass/area) can be expanded into (fully normalized) spherical harmonics (thin layer
approximation):

G(Z’(pvx’)zR pw |:éOO +

~

i P, (sing) (é(z),m cosmh + S(1),, sinmk):| (A1.4.2)

1 m=0

~
Il

with p_ - being the density of water to make the coefficients C (®),,> S (t),, dimensionless.

The ratio o(t)/p, means the variation in equivalent water thickness (1 mbar/g = 1 cm equivalent
water thickness with g being the mean gravitational acceleration at the Earth’s surface).

Then, the relation between the gravitational spherical harmonic coefficients in Equation (A1.4.1)
and the surface density coefficients in Equation (A1.4.2) is given by:

{(_,’(t),m}:ﬂ 1+k |C), (A1.4.3)
S| Pae 2041 |S(0),,

with p being the average density of the Earth (5517 kg/m’) and £’ being the degree dependent
load Love numbers (e.g. Farrell, 1972). The factor (1+k;”) in Equation (A1.4.3) accounts for both
the direct mass potential and the solid Earth loading deformation potential.

Equations (A1.4.2) and (A1.4.3) may be used for forward computations (potential, geoid, grav-
ity, gradients) when a surface mass distribution with time is given from geophysical models and
measurements.

Vice versa, inverting Equation (A1.4.3),
C(1),, _ Pue 2041 C(),, (Al.4.4)
S;(t)lm 3p\1’ 1 + kl’ §(t)lm

and inserting é(t) . S(t),m into Equation (A1.4.2), the CHAMP/GRACE satellite observed sur-
face density variations can be estimated from the solved-for C(?),,,S(¢),, time series.
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Equations (A1.4.2) to (A1.4.4) are for indicative purposes only. Refinements, e.g. taking into ac-
count the density variations over depths (oceans) or with altitude (atmosphere), are required for
highest accuracy.

Filtering in the spectral and/or spatial domain (Wahr et al., 1998) also may be required for the
localization of effects, for source separation and for reducing the impact of less well determined
higher frequency parts of the gravitational spectrum.

A1.5 Spatial/temporal power spectra of temporal field variations

The spatial/temporal power spectra (degree amplitudes) of the time varying fields represented by

the spherical harmonic coefficients C_’(t)lmj (1), (or ACV'(Z),m,AS'(t)lm ) are again computed fol-
lowing Equation (A1.3.1a) but replacing the coefficients by their root mean square (rms) about

mean over the time of consideration (C (t)=C(t)-C,,,.S (t)=S(t)-S,,,,
l -’ -
G, = \/Z[(rms C'®,,) +(rms § (t),m)Z:I . (A1.5.1)
m=0

Appropriate scaling of the coefficients like in Equations (A1.3.1b to f) or as being obvious from
Equation (A1.4.2) allows the expression of the degree amplitudes in terms of functionals of the
disturbing gravitational potential or in terms of surface density and equivalent water thickness,
respectively (cf. Figure A1.5.1).

B

—— Atmosphere
—-—. Atmosphere + Ocean
- Hydrology
——=  Atmosphera + Ocean
+ Hydrology

o
v

Vi —— Atmosphere
s —-=- Atmosphere + Ocean
Hydrology
=== Atmosphere + Ocean
+ Hydralogy

equivalent water thickness variability [mm]

4 O 2 3
spharical harmonic degres spherical harmaonic degree

Figure A1.5.1: Degree amplitudes of longest wavelength mass redistributions in terms of (left) geoid and
(right) equivalent water thickness variations from monthly averages.

The spherical harmonic coefficients in Equations (A1.4.3) and (A1.4.4) may be subject to a tem-
poral spectral analysis to extract amplitudes A4 (f), .4, (f),, and phases @.(f),,.9,(f),. or,
being equivalent, the sine C(f);,,S(f);, and cosine terms C(f):,,S(f) ata given frequen-
cy f (e.g. annual as shown in Figure A1.5.2) for the time series of each individual coefficient
C ®) .S (t),, - The power spectrum expressed in degree amplitudes of the fields varying at a giv-
en frequency (cf. Figure A1.5.3) then may be computed starting from:
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qm=%wzﬁwmfﬁamf+@mmﬁﬁmmﬂ (AL5.22)

being equivalent to

qm=%JZ

Inserting the frequency-dependent coefficients C(f Vs S(f );,,» and C(f )i S(f ), » Tespectively
into one of the spherical harmonic expansions in Chapter Al.2, one gets the geographical
distribution of the since and cosine component, respectively, of the corresponding functional
(geoid, gravity, gravity gradient) or, applying Equations (A1.4.4) and (A1.4.2), of the surface
density at a given frequency.

(A) A0 (A152)

10 mm

=10 mm

Figure A1.5.2: Atmospheric, oceanic and hydrological contribution (spherical harmonic degrees 2 through
4) to the annually varying geoid component. (top) Sine component and (bottom) Cosine component (with t
= 0 on January 1). Root mean square (weighted by cosine of latitude) is 1.2 mm.
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Figure A1.5.3: Degree amplitudes of annual component in longest wavelengths mass redistributions in
terms of (left) geoid and (vight) equivalent water thickness variations.
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A2 Oceanography tutorial

A2 Physical oceanography

Basic equations

Ocean dynamics are based on physical first principles such as Newton’s law of motion. A gen-
eral description is given by the Navier-Stokes equations. However, these equations are far too
complex to be solved for general circulation problems concerning the global ocean. A number of
simplifications and approximations can be made to make the system of equations tractable which
results in a set of coupled partial differential equations. The ocean is considered as a thin shell
around the globe which is taken as a sphere with radius a. The surface z=0 is assumed to be the
geoid, i.e. horizontal movement is defined as along the geoid. The earth rotates with constant an-
gular velocity Q. The flow field can then be described by

du wuvtan@ uw 1 op

du_wtang ww o1 P pip (A2.1)
dt a a acos® por

2
ﬂ_utﬂ+m+fu=_la_p+}7;+Dv (A22)
dt a a a poe

2 2
d_W_uz_a_P_g (A2.3)
dt a poz

1 du d(vcos®). ow
au Mo
acoso T ap o (A2.4)

with the definition of the derivative

i_i_’_ u 8+v8 +w8 (A2.5)

dtzat acos(pa adQ 9z

Latitude is denoted by ¢ and longitude (east) by A. Velocities in the zonal, meridional and up-
ward (z) direction are u, v and w, respectively. The density of water is p, p is pressure and g is the
acceleration of gravity (a negative quantity when z is defined as upward). fis commonly known
as Coriolis parameter and is defined as /=2Qsing. F, and F are external forces such as action of
wind or tides. D and D, represent frictional and diffusive forces. These are largely unknown and
depending on choice and application they are approximated by linear or quadratic bottom friction
or viscosities of the type proportional to V*u, V?v, or —V*u, —V*y called harmonic and bihar-
monic viscosity, respectively.

It turns out that the terms in (A2.1 — A2.3) proportional to squared velocity divided by the ra-
dius of the earth can be neglected compared to other terms. For large scale motion the horizontal
scale is much longer than the vertical, which results in small vertical accelerations. A common
choice is to set dw/dt to zero in (A2.3) leading to the hydrostatic approximation (A2.8). Another
very good choice is to replace p with a constant p in equations (A2.1-A2.2), which is part of the
Boussinesq approximation. Both approximations are excellent for large-scale motion.

For many applications Cartesian coordinates are used with x, y and z pointing east, north and up-
ward, respectively. Hydrostatic and Boussinesq equations of motion then read
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du_ el P gD (A2.6)

dt P,Ox

Dy fu=—L v F 4D, (A27)

dt p,0

P (A2.8)
0z

du Jdv Jw

—+—+—=0 )

>y e (A29)

The momentum equations are augmented by the conservation of temperature 7 and salinity S

”;—f =F +D, (A2.10)
ngs 4D, (A2.11)

and the equation of state that describes the nonlinear dependence of density on temperature, sa-
linity and pressure

p=p(T,S,p) (A2.12)

F, ¢ are external forcing by sources and sinks of temperature and salinity, respectively, which are
non-zero only at the ocean-atmosphere boundary. The term D, describes internal mixing due to
turbulent motion, frequently denoted as diffusivity and assumed proportional to VT, VS . Fi-
nally, the derivative is now defined as

d_9_ ,9_ ,90_ 9 (A2.13)
dt ot odx dy oz

Equations (A2.6-A2.12) are known as the hydrostatic primitive equations. They form the basis of
practically all modern ocean general circulation models.

Conservation of trace substances like oxygen, carbon dioxide, freons, nutrients, trace metals and
so on are in analogy to the equations for temperature and salinity (A2.10-A2.11). As temperature
and salinity take an active part in the primitive equations, they are usually denoted active tracers
while all other tracers are denoted passive.

Geostrophic balance and thermal wind

On time scales of days and longer and on spatial scales of longer than 10 km the momentum equa-
tions can be approximated very accurately by the balance between Coriolis force and that due to
the pressure gradient known as the geostrophic balance

= (A2.14)
pox
dp
fu=—L (A2.15)
pay

where the Boussinesq approximation has been removed. Geostrophy holds in the open ocean
away from boundaries and the Equator even on quite short time scales.
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Pressure relative to the geoid cannot be measured from ships in an easy manner. However, by
using the hydrostatic equation (A2.8) pressure may be eliminated in the geostrophic equations in
favour of density, which can be measured accurately

v g dp

r__ER A2.16
I3 p(ax)” ( )
ro_8g %) (A2.17)

dz p oy

Here the index p denotes derivatives within surfaces of constant pressure, i.e. the p-system. These
equations, which are very useful in both meteorology and oceanography, are called thermal wind
relation. Vertical integration yields the form more familiar to oceanographers

pu(z) =(pu), + %I g—idz (A2.18)
()= (pv), 4 [ Lot (A2.19)

The thermal wind equations allow the diagnosis of the geostrophic velocity at any depth z rela-
tive to a reference velocity u, or v,. Up to this point, there is a similarity between atmosphere and
ocean. The same equations can be applied to both fluids. Differences become visible when we
consider boundaries. As reference velocities in the atmosphere bottom velocities can used and
easily be measured. In oceanography, this is more difficult. A common choice for reference ve-
locity is some deep level where the ocean is stagnant or the current direction reverses. Here a leve/
of no motion is assumed with reference velocities 1, and v, of zero.

The free sea surface

One of the most apparent differences between atmosphere and ocean is the ocean surface topog-
raphy n. The governing equation for n describes the motion at the sea surface

a—n+ua—n+va—n=w z=n(x,y,t) (A2.20)

ot ox dy

The vertical velocity w can be derived by integration of the continuity equation (A.2.9) from the
bottom H to the level z

: du ov
w(z)=w(H)— jH (G 5)dz (A2.21)
W(H):—uaﬂ—va—H z=H(x,y) (A2.22)
ox dy

Equation (A2.22) is called kinematic boundary condition and ensures that there is no flow into the
spatially varying bottom H(x,y).

The free surface 1 and the density p vary on different time and space scales. It is useful to split
the pressure p in the hydrostatic primitive equations (A2.6-A2.12) into a part that is due to the free
surface and one due to density variations
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z=0 z=0
p(z)=-g| pdz—g nﬁ pdz =—g| pdz—gp,n (A2.23)
z z=0 z

where the surface density is set to p, for simplicity. If we denote the first term of the right hand
side of (A2.23) with p” we can rewrite the equations for horizontal momentum (A2.6-A2.7)

du on o
B =M _P pip A2.24
dt fr=g ax pox " ( )
Y =g ¥ pp (A2.25)
dt Ay P9y

Finally we arrive at an expression for the geostrophic surface flow u and v,

fu, =g3—“ (A2.26)
y

S, = —gg—n (A2.27)
X

which concludes the oceanography tutorial. Please remember that g is negative and 1 is positive
upward. If the free sea surface 1 (dynamic sea surface) is measured from space, the relations
(A2.26-A2.27) can be used to calculate surface geostrophic velocities away from the equator.
This surface velocity now serves as reference velocity in the thermal wind equations (A2.18-
A2.19) and using measured density the full 3-dimensional geostrophic velocity field is available.
Together with the wind driven surface currents estimated from the wind field total absolute
currents can then be estimated.

A note of caution must be added. The total flow field derived this way may not be mass conserv-
ing and small additional corrections will be necessary before the velocities can be used for the
calculation of transports.
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A3 Gravity effect of ice mass changes and the
sea level equation

Mass changes of ice caps (Antarctica, Greenland) and glaciers can be expressed as a function L
of position ¢,A and time ¢:

L=L(p,A,1). (A3.1)

It is convenient to express the changing load in equivalent of water thickness. An expansion of
this load function into (fully normalized) spherical harmonics leads directly to Equation (A1.4.2)
with the relation (A1.4.3) between spherical harmonic coefficients and the surface density.

The resulting time variable parts of the geoid and gravity disturbance can be easily computed us-
ing Equations (A1.2.2b) and (A1.2.3), respectively. In addition, the viscoelastic response of the
Earth’s crust and mantle have to be taken into account (see A5).

The exchange of water between the global ocean and the continental ice causes global changes of
the gravity field. Therefore the ocean surface will not change by a uniform water layer thickness,
but following the new shape of the equipotential surfaces. This is expressed by the so-called sea
level equation (Peltier 1998):

8S(@.M.1) = C(0, A1) -{8G (9,1, 1) — SR(@, A1)} (A3.2)

with oS relative sea level change (with respect to the solid Earth)
C ocean function (1 for ocean, 0 for land)
oG geoid change
OoR vertical deformation of the solid Earth

and

3S(@, A1) =C(@, A1)

. {j [ J(l Oy, t—t)-T(y,t— t')J- L(¢" N, t')d0:| dt’ + lAq)(t)} (A3.3)
s\ & 2

—oo

with  ®,I" Green’s functions
AD Mass conservation term.

Since the changing sea level on the left hand side of Equation (A3.3) is also part of the changing
load term L on the right hand side, Equation (A3.3) has to be solved iteratively. It is easy to con-
clude that the effect of individual ice masses will not only be different in the gravity field, but also
in relative sea level change (“fingerprints”).
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A4 Mantle flow and gravity potential

Density anomalies within the Earth’s mantle affect the long term gravity potential in several ways:
they produce a signal due to Newton’s law of attraction, and they lead to viscous flow stresses
which deflect internal interfaces between regions of different density (such as the core mantle
boundary) or the Earth’s surface (dynamic topography). Deflected boundaries represent mass
anomalies and produce an additional gravitational signal. The density anomalies within the Earth
op(r,p,\) can be expanded into spherical harmonics, where 7,,A are the spherical coordinates

op(r,,\)=p, [lnz zl: I_’lm (sin@)(C}, (r)cosmh + S} (r)sinmA) J (A4.1)

=1 m=0

]

Here p, is the reference density, / and m are the degree and order of the spherical harmonic
representation and B, ,C; ,S; are the fully normalized Legendre polynomials, and the spherical
harmonic coefficients of the density anomaly distribution, respectively. The coefficient Cf, (r) is
not considered, as its integrated effect is zero.

If the i-th interface at the radial distance 7, (or the Earth’s surface at » = R, R being the Earth’s ra-
dius) is associated with the density contrast Ap,, any deflection of this interface may be described
by the dynamic topography % (¢,A). The associated mass anomaly may be represented by a spheri-
cal shell with variable surface density (mass/area, thin layer approximation), which can be ex-
panded into spherical harmonics

lma)( l _— . .
o, (1,0,\) = ApiR(z Y P, (sin@)(C;, cosmA +S;, sinm) ) (A4.2)
=1 m=0
where C, .S, are the spherical harmonic coefficients of the dynamic topography of interface i,

scaled by the Earth’s radius R.

The density anomalies given in Equation (A4.1) produce a disturbing potential 7(R,¢p,\) (see
Equation A1.1.2) at the Earth’s surface, whose Stokes coefficients are given by

= R [+2 p
G _3p 1 1 J|£ Cn(rI 4, (A4.3)
Slm pave 21 +1 R 0 R Sl‘zn (l")

where p__is the average density of the Earth.

In a similar way, the disturbing potential due to all » deflected interfaces is given by

5 n . /+2 Cl'
“wl_ 3 1 S| ap 4 (Ad.4)
Slm pave 21+1 i=1 R Slm

Internal density anomalies and dynamic topography (of the surface or an internal boundary) are
coupled by the equations describing mantle flow. These are the equations of conservation of mass
and momentum

aa—f +V(py)=0 (A4.5)

= 0 dv.  Ov, .

0=-VP+—n| —+—L |[+pge. (A4.6)
ox, | dx; ox :

where ¢ is the time and V is the flow velocity of mantle flow, P is the pressure, x, is the Cartesian

coordinate, 1 is the viscosity, g is the gravity acceleration and e, is the unit vector in z-direction.
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It should be noted that in the equation of momentum inertial terms have been neglected. The driv-
ing force for mantle flow is represented by the last term in Equation (A4.6), which contains the
internal density anomalies.

The internal density anomalies may be due to temperature and compositional variations within the
Earth, and may be written as a linearized equation of state
9P

oT + —
e oC

9P

5C (A4.7)
oT

pPT

p=py(r)+

where p, is a reference density, T is the temperature, 37 is the deviation from a reference
temperature, C is a parameter quantifying the composition. It should be noted that the pressure
dependence of the density is not accounted for explicitly, since it may be included in the depth
dependent reference state. Since temperature and composition is not known in the Earth’s mantle,
the density may also be related to observed quantities such as seismic velocities V), or V

0
p=p,(r)+ ﬁSVP,S : (A4.8)

The partial derivative has to be determined in the laboratory or by inversion methods.

Once the internal density anomalies are known or assumed using Equations (A4.7) or (A4.8),
Equation (A4.5) and (A4.6) may be solved giving the mantle flow field and the pressure distribu-
tion. From this the stress tensor

v, v,
Gij :_P8U+n(87j+a—xj] (A49)

can be derived (Sij is the Kronecker-0). Usually the Earth’s surface at » = R (or internal interface
i at ) is kept fixed in such calculations. This results in non-vanishing normal stresses at the
surface r = R or r,. If the surface were allowed to move vertically (i.e. assuming a free boundary
condition), the resulting dynamic topography will produce a lithostatic stress, which equilibrates
the normal stress from the flow field at R or 7, to first order. Thus, the dynamic topography of the
interface 7 (or of the surface) is given by

p=9=0) (A4.10)
Apg

Equations (A4.5), (A4.6), (A4.9) and (A4.10) describe a coupled fluid dynamical system of the
Earth’s mantle, which produce gravity perturbations given by Equations (A4.1), (A4.2), (A4.3)
and (A4.4). It should be noted that this formulation also includes the effect of isostatic topography,
as long as it is kept in place by a highly viscous lithosphere or crust.

In the case of only radial viscosity variations Equations (A4.5), (A4.6), (A4.9) and (A4.10) may
also be decomposed into spherical harmonics, and the relation between a density anomaly at a
given depth and the associated gravity potential at the surface may be represented by kernels. For
example, the geoid anomaly 8N, caused by an assumed density distribution in the mantle is ob-
tained by a convolution of these kernels G (r) with the density field:

4nGR

"= Glthg | G,()3p,,ar (A4.11)

Tems

where G is the gravitational constant. The determination of G(r) requires the full solution of
the fluid dynamical problem for a given viscosity depth distribution and it includes the effect of
dynamic topography.
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A5 Glacial-isostatic adjustment

Glacial isostasy is concerned with the gravitational viscoelastic response of the Earth to surface
loads. To derive the governing incremental field equations and interface conditions, infinitesi-
mal perturbations of a compositionally and entropically stratified, compressible Earth initially
in hydrostatic equilibrium are considered, where the perturbations are assumed to be isocompo-
sitional and isentropic. In the following, the Lagrangian representation of arbitrary tensor fields,
fl.jm(X,t) , will be used, which refers the field values to the current position, 7;(X,?) , of a par-
ticle whose initial position, X, at the time # = 0 is taken as the spatial argument. The total field,
Sy (X1), 1s then decomposed according to f; (X,#)= f;??(X)+ ff’) (X,?) , where fll(o)(X) is
the initial field and fl,(a) (X,?)is the material incremental field, i.e. the increment with respect to
the particle. Sometimes, it is more convenient to consider the spatial incremental field, i.e. the in-
crement with respect to a fixed location, given by f;*(X,r)= flﬁ)(X,t)— O XD (X,0)
where u,(X,t) is the particle displacement. For the material gradient of a field, we use

fi. +X0)=9f; (X,t)/dX, . Henceforth, the arguments X and ¢ will be suppressed.

A5.1 Equations for the total fields

For a gravitating Earth undergoing perturbations of some initial state, the momentum equation is
0y — 40 72
T, P g =P dr, (AS5.1.1)

where T, are the non-symmetric Piola-Kirchhoff stress, p‘® the initial volume mass density and
g, the gravitational force per unit mass. The symbols d, and d’ , respectively, denote the first- and
second-order material time derivative operators. The field g is given by

-1
g = (b’j rj,i R (A512)

with ¢ the gravitational potential and 7; ;

can be written as

the inverse of 7 ;. The gravitational potential equation

: -1 -1 -1 \_ _ (0)
](¢,U’;,krj,k+¢,iri,]j)_ AnGp ; (A5.1.3)

where j:=detr, ; is the Jacobian determinant and G Newton‘s gravitational constant. The
constitutive equation is of the form

t,=t"+M, [r (t—t’)r (t—t’)—8 } , (A5.1.4)
' Kl

m,k m,l

where 7, = jr;;,'tik is the Cauchy stress, M, the anisotropic relaxation functional transforming the
strain history given by the term in brackets into the material incremental Cauchy stress and ¢’ the

excitation time. With M, and p"*'prescribed, Equations (A5.1.1) to (A.5.1.4) constitute the

[j b
system of total field equations for g, j,7,t;,T, and ¢.

In order to incorporate ice or water loads, the gravitating Earth is assumed to possess (internal
or surficial) interfaces of discontinuity occupied by material sheets whose interface mass den-
sity, &, is prescribed. Then, the following interface conditions result from Equations (A5.1.1) to

(A5.1.4):

[r. ] T =o, (A5.1.5)
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—¢ ]J_f =0, (A5.1.6)
no jrj‘l.l]f = —4nGo, (A5.1.7)
n_t_,]+ = —go. (A5.1.8)
L J U]l — 1

A5.2 Equations for the initial fields

Commonly, the Earth is assumed to be initially in hydrostatic equilibrium. With the mechanical
pressure defined by p:=-t,/3, then t(o) 517 p'” applies and Equations (A5.1.1) to (A5.1.4)
reduce to

PO +p@g® =0, (A5.2.1)
gi(0> - 4’,(?) , (A5.2.2)
¢f?,-) — —4nGp® (A5.2.3)
RON (p(O),x(O),(P(0>) ' (A5.2.4)

The last expression is the state equation, & the state function, A a field representing the initial
composition and ¢ the initial entropy density. With &, A and ¢© prescribed, Equations (A5.2.1)
to (A5.2.4) constitute the system of initial hydrostatic field equations for g!”, p, p” and ¢© .

Supposing 6» =0, the following initial interface conditions are obtained from Equations (A5.1.5)
to (AS.1.8):

:G(O)k ~ 0, (A5.2.5)
—¢(°)] =0, (A5.2.6)
:nfo)q)(‘?)]f =0, (A5.2.7)
"p(O)]J_r 0. (A5.2.8)

A5.3 Equations for the incremental fields

After decomposition of the total fields in Equations (A5.1.1) to (A5.1.4) into initial and incremen-
tal parts followed by linearization, we obtain for isotropy

: A5.3.1

(4 ( PO, ) (0)(p<0)u ) +p0g® = p©042y, ( )
7.]

gW = q)(A) (A5.3.2)

q)(A) _4nG(p(0)ui)l- , (A5.3.3)
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(9 =8, [ m(e=0)=2my(1=0) ] 4. g () ] @

oy (=) d, [ () v, () Jar,

where m and m, are the bulk and shear relaxation functions, respectively. With m, and m, pre-
scribed and the initial fields given as the special solution to the initial field equations and interface
conditions, Equations (A5.3.1) to (A5.3.4) constitute the material-local form of the incremental

gravitational viscoelastic field equations for g,.(A),t;.S),ul. and ¢@ .

(A5.3.4)

Decomposing the total fields in Equations (AS5.1.5) to (AS5.1.8) into their initial and incremental
parts followed by linearization gives

—ui ]j =0, (A5.3.5)
:¢(A)] t 20, (A5.3.6)
:nfo)(¢ff)—4nGp(°)ui) ] * = _4nGo, (A5.3.7)
:n;‘))t;?)] = g0 . (A5.3.8)

Before solving the incremental field Equations (A5.3.1) to (A5.3.4) subject to the interface condi-
tions (A5.3.5) to (A5.3.8), the relaxation functions must be specified. Usually, the bulk properties
are taken as elastic and the shear properties as Maxwell viscoelastic. Then, the shear relaxation
function, m,, takes a simple form in terms of two parameters: the elastic shear modulus, u, and
the shear viscosity, 1. The explicit form of m,and the basic response characteristics of the Max-
well analogue model are shown in Figure A5.1.

[ Shear-relaxation function )

mz(t—t’)=uexp|:—%(t—t’):|H(t—t’)
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0 rigidity
€ viscosity

[ Analogue model ) [Creep experiment)

Elastic .
spring = Elastic
g
m .
M Elastle .
t, Time
2
&
n | | n
Viscous dashpot fp  Time 7

Figure AS.1: Maxwell viscoelasticity
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A5.4 Solution methods, forward and inverse modelling

The standard method of solving the field equations for radially symmetric Earth models is illus-
trated in Figure A5.2. It involves Laplace transformation with respect to the time, ¢, followed by
spherical harmonic expansion of the incremental field equations and interface conditions, where
the ice model adopted determines the interface conditions on the boundary of the Earth model.
This leads to a (6 x 6) system of linear first order differential equations representing the Earth’s re-
sponse and a load spectrum, representing the ice model. Matrix methods return transfer functions
as the general solution to the differential system, which, upon multiplication with the load spectrum
leads to the spectral solution.

Inverse Laplace transforma- Legendre - frequency domain

Id
1
tion followed by expansion of !
th herical h : : ! Transfer
¢ spherical harmonic series 1 1st order functions
finally results in the space-time differential
1
1
1
\

solution. With the stratification

system | Matrix multiplication Load Multiplication
spectrum
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of the Earth model given and __——  Ssm—— | )

the ice model specified, this 1 f

procedure allows the calcula- Laplace transformation Laplace transformation Inverse Laplace transformation

ti f arbit field titi Spherical-harmonic expansion Spherical-harmonic expansion Evaluation of series expansion
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1 . :
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\

ployed to compute the Earth’s
response. Figure AS.2: Solution method

Figure A5.3 illustrates the types of field quantity of interest in glacial isostasy and the terrestrial
and satellite methods available to measure them. In the first instance, forward modelling of the
time changes of these field quantities on the basis of standard Earth and ice models and the con-
firmation of this temporal variability by the observational data is of interest. At a later stage, time
series of the individual types of data may be jointly inverted in terms of improved estimates of
the Earth’s viscosity, of the Pleistocene ice distribution or of the present day mass imbalances of
the polar ice sheets.
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Figure A5.3: Forward and inverse modelling of glacial isostatic adjustment
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A6 Hydrological processes and related mass
transport

Mass changes due to changes in terrestrial water storage are conveniently expressed in hydrology
in terms of changes in equivalent water thickness A#, i.e., water mass changes per surface area
(with Imm water column corresponding to ~1 1/m? or ~1 kg/m?). The change of mass due to
changes in water storage in a thin layer at the Earth’s surface can be written in terms of changes in
the geoid shape when expanded as a sum of spherical harmonics according to Equations (A1.4.2)
and (A1.4.4):

) : ;
Ah = Ao(eh) =RY DB, (sin (p)(AC,m cos(mh)+AS,, sin(m?u)) (A6.1)
pw =0 m=0
with
Aélm _ M 21 +1 AClm (A6 2)
Aglm 3pw 1+ kl’ A§lm |

¢ and A are latitude and east longitude, Ac is the change in surface density (i.e. mass/area), p_
is the density of water, R is the radius of the Earth, p__1is the average density of the Earth, B,
are the normalized associated Legendre functions of degree / and order m, Cv'lm,S’,m , C,, and S,

are dimensionless coefficients with C, and S,, defining the geoid model derived from GRACE
satellite observations, and &, is the load Love number of degree /.

Changes of the water storage Ah per time interval are described for any spatial unit of the land
surface, e.g. a river basin, by the water balance equation:

Ah=P-ET-Q (A6.3)

where P is precipitation, ET is evapotranspiration and Q is runoff (all in mm). Spatial units for
which Equation3 is valid range from the plot scale of a single soil profile to the catchment area of
a river basin being the basic spatial unit of hydrological analysis and water management issues,
and up to the continental scale. Precipitation as rain or snow is the main input to the terrestrial
water storage. It is measured by point samplers, ground-based radar or remote sensing and subse-
quently interpolated to a spatial mean for the area of interest.

Evapotranspiration includes evaporation defined as the transformation of liquid water to vapour
from open water surfaces (lakes, rivers), from bare soils and from water stored on plant surfaces
(interception). Evapotranspiration also includes the transfer of water from the soil to the atmos-
phere by transpiration of plants. On scales with variations in soil and land use it cannot be meas-
ured directly like precipitation or discharge. Neither it can be calculated from the water balance
equation (Equation A6.3) as the variations in storage cannot be determined with sufficient accura-
cy. Thus there is need for a description of evapotranspiration by climatic, soil and land use data .

There are a number of physical approaches as the evapotranspiration rate is controlled by the
availability of energy and water at the evaporating surface, and by the ease with which water va-
pour can diffuse into the atmosphere, i.e., as a function of plant resistances and atmospheric tur-
bulence. Basically, evapotranspiration, expressed as latent heat flux AE, is part of to the energy
budget of land surfaces:

A=R -G=ME+H (AG.4)

where A4 is the available energy at the surface, R~ is incoming net radiant energy (i.e., the differ-
ence between incoming and reflected solar radiation plus the difference between incoming and
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outgoing long-wave radiation), G is the energy transfer into the soil, H is the outgoing sensible
heat flux and A is a proportionality factor (latent heat of vaporization of water) to convert from
energy units into equivalent water thickness. Practical models to describe evapotranspiration in
hydrology often apply a resistance approach to represent, in addition to the energy balance, the
impact of atmospheric turbulence and vegetation characteristics on evapotranspiration. One wide-
ly used model of this type is the Penman-Monteith approach. It includes the aerodynamic resist-
ance r, as a function of wind speed and surface roughness due to varying height of the vegetation,
and the canopy resistance 7, to represent plant stomata control on the transpiration process as a
function of vegetation type, leaf cover, soil water status and micro-meteorological conditions:

~ 1[AA+pach/ra:|

=— A6.5
A+y(1+r /1) (A6.5)

A

D is the water vapour pressure deficit of the air,p, is the density of air, A is the gradient of the
saturated vapour pressure curve, c, is the specific heat of moist air and 7 is the psychometric con-
stant. Being simplifications of Equation A6.5, a number of empirical formulations exist to assess
evapotranspiration for large areas where data availability does not allow to account for each in-
fluencing factor explicitly.

Total runoff Q as another component of the water balance equation (Equation3) is composed
of a surface runoff component, a fast interflow component in the shallow soil zone and a slow
groundwater flow component of water percolating to deeper subsurface zones. In a general form,
subsurface water flow Q_, (in mm per time unit) through any cross section in the saturated or un-
saturated soil zone can be described by Darcy’s equation for a porous medium:

0., =-K(8)3 (466

In Equation (A6.6), written in the one-dimensional form for simplicity, K(0) is the hydraulic
conductivity of the soil which is a highly non-linear function of the actual soil moisture 6,
reaching its maximum value for a water-saturated soil. Oy in Equation (A6.6) is the gradient of
the hydraulic head (or potential) over a distance Ox, being the sum of primarily (1) the capillary-
pressure head due to capillary forces acting on water in the soil matrix and (2) of the elevation
head due to gravitational forces. It should be noted that the capillary-pressure head is again a non-
linear function of soil moisture 0, with its form varying considerably with soil characteristics such
as porosity and grain size distribution. When written for the vertical direction, Equation (A6.6)
is the basis to describe infiltration of rain into the soil. Additional precipitation volumes which
exceed the infiltrability of the soil are transformed into surface runoff O . The applicability of
Equation6 for the description of subsurface runoff over large spatial scales such as river basins
is limited, however. One reason is the deviation of natural soils from the idealized assumption
of being a homogeneous porous medium. Macropores, for instance, may allow a very fast water
transport, bypassing the soil matrix. Additionally, in view of the large natural heterogeneity, the
available information in particular on soil characteristics is usually not sufficient for large areas
to parameterize Equation (A6.6) appropriately. Thus, simplified formulations are often used to
describe subsurface storage and water transport by representing the soil zone or the groundwater
by one conceptual storage for an entire river basin or a part of it with similar hydrological
characteristics. Subsurface runoff per time unit from such a storage, expressed in equivalent
water thickness for the catchment area 4 (m?), is represented as being proportional to the actual
storage volume V' (m?):

4

O = R (A6.7)
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The proportionality constant T (with units of time) in Equation (A6.7) is a storage coefficient
which is related to the average residence time of water in the groundwater or soil storage. t
depends on geological, topographic and soil characteristics and usually is a calibration parameter
in hydrological models.

The flow of surface runoff, whether generated directly as infiltration-excess from precipitation or
as return flow to the land surface or into river channels after the passage of the soil and ground-
water zone, can basically be described by hydrodynamical equations based on mass and energy
balancing such as the Saint-Venant equations. In order to describe flow routing in the river net-
work of river basins, simplified schemes are often used which essentially introduce a time delay
of the downstream movement of water masses as function of flow distance, flow volume and top-
ographic gradient. The retention of river runoff in natural and man-made reservoirs or in wetlands
causes an additional delay in flow routing. It influences the water balance and related changes in
water storage (Equation A6.3) when considered at the basin scale.
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A7 Satellite mission fact sheets

A7.1 Gravity missions

The satellite mission CHAMP
(CHAIllenging Minisatellite Payload)

Objectives:

(1) global mapping of the Earth’s gravity field and

(2) the Earth’s magnetic field
and of temporal field variations, and

(3) sounding of the neutral atmosphere and ionosphere
by GPS radio occultation technique

Satellite:

trapezoid body (4 m length, 1 m height, 1.7 m width) with 4 m long boom
to carry the magnetometers, 500 kg mass

attitude: three-axes stabilized, Earth-oriented, boom in flight direction
attitude control: cold-gas thruster system, magneto-torquers

attitude sensors: four star cameras, GPS navigation, fluxgate magnetometers
manufacturing: Jena-Optronic/Astrium

Instrumentation and Sensors:

BlackJack GPS receiver (JPL/NASA, USA) with antennas for orbit determination
(top side) and radio occultation (rear side), STAR three-axes accelerometer (CNES,
France),

Overhauser scalar magnetometer, 2 Fluxgate vector magnetometers,

Digital Ion Drift Meter (USAF USA), Laser Retro-reflective Assembly,

two star cameras on both, body and boom for attitude knowledge

Mission and Orbit Profile:
launch on July 15, 2000 with Russian COSMOS-3M rocket from Plesetsk
cosmodrome into an almost polar (inclination 87°) and circular (eccentricity < 0.01)
orbit with an initial altitude of 454 km, decaying to 300 km around mid 2008 (predicted
end of life time)

Responsibilities:
GeoForschungsZentrum Potsdam (GFZ): overall project management, instrument control,
management of science ground segment, product dissemination
Deutsches Zentrum fiir Luft- und Raumfahrt (DLR): mission operation and satellite
control

Funding:
Bundesministerium fiir Bildung und Forschung (BMBF), DLR, GFZ;

Exploitation phase funded within BMBF’s GEOTECHNOLOGIEN
geoscientific R + D programme
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The dual-satellite mission GRACE
(Gravity Recovery And Climate Experiment)

Objectives:

global mapping of the Earth’s mean and time variable gravity field with enhanced
resolution (primary objective), and sounding of the neutral atmosphere and
ionosphere by GPS radio occultation technique (secondary objective)

Satellites:

two identical satellites (CHAMP heritage), each one with trapezoid bodies
(3.1 m length, 0.7 m height, 1.9 m width) and 490 kg mass

attitude: three-axes stabilized, Earth-oriented

attitude control: cold-gas thruster system, magneto-torquers

attitude sensors: two star cameras, GPS navigation

manufacturing: Astrium

Instrumentation and Sensors per Satellite:

BlackJack GPS receiver with antennas for precise orbit determination (top side)

and radio occultation (rear side and front side, resp.), SuperStar three-axes accelerometer,
K-band Intersatellite Ranging System, Laser Retro Reflective Assembly, Center of Mass
Trim Assembly to center the accelerometer, two star cameras for attitude knowledge

Mission and Orbit Profile:

launch on March 17, 2002 with a Russian ROCKET launch vehicle from Plesetsk cosmo-
drome into an almost polar (inclination 89°) and circular (eccentricity < 0.01)

orbit with an initial altitude of 500 km (470 km in autumn 2004), design life is five years,
both satellites are co-orbiting, separated along track by nominally 220 km

Responsibilities:

Jet Propulsion Laboratories (JPL), USA: project management

Deutsches Zentrum fiir Luft- und Raumfahrt (DLR) : mission operation

Centre for Space Research (CSR), USA: management (PI) of science ground
segment, product generation and
dissemination

GeoForschungsZentrum Potsdam (GFZ): management (Co-PI) of European science
ground segment, product generation and
dissemination

Funding:

National Aeronautics and Space Administration (NASA), USA,

Deutsches Zentrum fiir Luft- und Raumfahrt (DLR),

Funding of German science ground segment within BMBF’s GEOTECHNOLOGIEN
geoscientific R + D programme
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The gravity gradiometry mission GOCE
(Gravity field and steady-state Ocean Circulation Explorer)

Objectives:

global mapping of the Earth’s static gravity field with very high resolution
(1 cm geoid accuracy and 1 mGal gravity accuracy for scales down to 100 km)
based on GPS satellite-to-satellite-tracking and gravity gradiometry

Satellite:

octagonal body (5 m length, 1 m diameter) and 1000 kg mass

structure: carbon fibre, several compartments with extreme mechanical and thermal
stability, high stability thermal control

attitude: three-axes stabilized, Earth-oriented

drag free orbit and attitude control system: continuous ion thrusters, cold-gas thruster
system, magneto-torquers

attitude sensors: star cameras, gradiometer, GPS navigation

manufacturing: Astrium

Instrumentation and Sensors:

Laben GPS receiver with antenna for precise orbit determination, three-axes gravity
gradiometer consisting of 6 electrostatic three-axes accelerometers in asymmetric
diamond configuration, mounted on an extremely stable gradiometer structure, Laser
Retro Reflector, star cameras for attitude knowledge

Mission and Orbit Profile:

launch in 2006 with a Russian ROCKOT or similar launch vehicle into a near polar
(inclination 96.5°), sun synchronous and circular orbit with very low constant altitude of
250 km, design mission duration is 2 years

Responsibilities:

European Space Agency (ESA): project management. mission operation, and level 1
mission data generation

Alenia Spazio (Italy): prime industrial contractor

science management and science product generation (PI): tbd

Funding:

European Space Agency (ESA)
Funding of German science ground segment (preparation) within BMBF’s
GEOTECHNOLOGIEN geoscientific R + D programme
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ISsions

Main Characteristic of past, present and future satellite altimeter missions

A7.2 Altimetry m

Table A7.2

"9oads 1eper 03 Joalqns aIe SJUSWAINSBIW JOJOWIII[E JBSOAI) o[3Uls ‘FuIssao01d YyS 03 an(g "PuoI) UOIBAJ[D J99YS 991 JO AoeIndoy (L
Iojown[y Iepey omawoIsrou] arnrady onopuAs = TvIIS (9
Z-SYA Se s3oe1) punoI3 awes A} SOAISSqO 03 sonunuod TVSIANA (S
700Z/80 [1un uoprasod/Xdd 0L Aq P2I10JIUOW SE SOBI) PUNOIT QWIES Y} 9AIOSQO O} SaNUNU0D [-uosef (§
(uorsstur yeadar 10exd) JARH 18S090) AQ PAIOIIUOW SB SYOBI} PUNOIS dWES ) dAIISQO 0) Sanunuod 040 (€
"SUOISSTW [)0q JO UOTN[OSAI
Tenreds oy 9[qnop o3 uoneredas yoe1 oy} Jjey Aq PIYIYS sem 3110 UOPIsod/XddOL o (Z00z/80 03 dn) [-uose( yjim uoneIn3yuod wopue) oyl 0Py (g
91qe) o) Ul USAIS SOISLIdIORIRYD }1QI0
oy ynm (INYH) uorssiw jeadar joexa, ue pue 91q10 Sunyup ‘yeador-uou e s (JND) UOISSIW 91j9p0a3, B ‘saseyd UOISSIW JUSIOPIP O0M) Pey Jes0dn) (]

ou ou /oK €/S9K /oK €/S9K /oK /oK ou sarouanbai,f/1a0worpey

«L0 (9a1) 01 4 Sl S'¢ € (4 S L (o) ostou 1MWy
am«ﬂa agmwwhu 901 mmmm..mm SLSET+ €S Sl $€l 9EI+¢€°¢ Sl Sl MMM%_MM&:@& 1

S'L ST 08 91¢ 91 08 91¢ 91/08/€€6 aS91 (uny) uoneredas soel],
69¢ €81 S¢ 95166 L1 S¢ 9516’6 891/S€/€ aSO'LT | (sKep) o[aKd yeadoy
0'88F 098+ SYI8F 099 0'TLF 91 18¥ 0'99F S'I8F 07+ | (o) 9Be10A00 Opmne]

'T6 b6 586 099 ¥0'801 586 099 $'86 0801 | (o) uoneurpouy

L1L 009 8'66L 0'9€€1 SP8L v I8L 0'9€€1 0°S8L §'68L | (uny) 1ySroy uedy

- Suro3uo Suro3uo Suro3uo uro3uo wcwquo suosuo 96/£€0 6%/60 (1eaf/uow)

: : : : popeigop jnq papeidop [un uonisinboy
$0/S0 €0/10 20/£0 20/10 86/20 $6/10 T6/60 16/L0 $8/€0 | (xeak/qyuowr) youne|
vsd VSVN vsd VSVN/SAND AAVN-SN  VSd VSVN/SAND vsd VVON | £qparesadQ

1eS0A1)  1eSHADI | LVSIANA  ( [-Uoser «0dD T-SU4d UOPPSOJ/XAIOL  I-S¥d RELIIERS) UOISSIIA
SI130[0UYd9) MIN SWIIYSAS 19)oWIN[B PIWI[-YIPIMIS[ng

154



