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Executive Summary

There is a strong science and user need for the sustained observation of the Earth’s gravity field by
means of dedicated satellite gravity missions. They provide a unique tool for observing changes and
dynamic processes in the Earth system related to mass transport that is complementary to all other
types of available and planned Earth observation missions. During the last decade, with satellite gravity
missions of the first generation such as GRACE and GOCE, spectacular science results and new insights
into the Earth’s sub-systems hydrosphere, cryosphere, oceans, atmosphere and solid Earth, and their
interaction, could be achieved. However, these results suffer from several shortfalls, such as limited
temporal and spatial resolution and a limited length of the observation time series.

The quantification of dynamic processes in the components of the Earth system and of their coupling
provides an improved understanding of the global-state behavior of the Earth as well as direct and
essential indicators of both subtle and dramatic global change. Therefore, a sustained observation of
mass transport at fine scales for long periods is needed and mandatory for separating natural from
human-made climate change effects.

For the sustained observation of the global water cycle, satellite gravimetry is unique because it
observes the completely integrated water column. It also enables the detection of sub-surface storage
variations of groundwater or sub-glacial water mass exchanges that are generally difficult to access
and that have specifically been hidden from remote sensing observations. Therefore, with satellite
gravimetry all relevant processes of the global water cycle and mass changes of ice sheets and glaciers
can be quantified, allowing to directly estimate their contribution to sea level rise. Because of its
unique sensitivity to the solid Earth interior mass displacement, satellite gravity can also provide
important information for monitoring the entire seismic cycle and understanding how stress
accumulates and is released.

In spite of the great contributions by the first generation of satellite gravity missions, our current
knowledge of mass transport and mass variations within the Earth system still has severe gaps. Due to
a currently achievable resolution of 200-500 km (depending on signal strength, time scale and
geographic location) on a monthly basis, worldwide only about 10% of the hydrological basins can be
captured, and not even the largest individual outlet glacier drainage basins of ice sheets can be
resolved. This limited spatial resolution also hampers the separation of different superimposed
processes, thus leading to leakage problems and the misinterpretation of signals. As an example,
current uncertainties in the knowledge of glacial isostatic adjustment (GIA), resulting from deglaciation
of primarily ice sheets, overprint ice mass variations in Antarctica. For ocean applications, a higher
spatial resolution and measurement accuracy is required to monitor the variability of the main
processes driving ocean circulation, such as the Atlantic Meridional Overturning Circulation (AMOC).
Due to limited measurement accuracy, up to now only the very strongest earthquakes with a
magnitude greater than 8.4 can be detected. Many applications also suffer from the limited length of
the currently available time series. More reliable separation of anthropogenic and naturally induced
changes of the water cycle, ice mass melting and sea level rise on global to regional scales requires a
sustained observation infrastructure. Natural processes like decadal fluctuation of Earth’s global mean
surface temperature obscure, and therefore make it difficult to predict, secular anthropogenic change
in climate. The currently too short time series prevent us from disentangling the effect of climate
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modes on global and regional sea level. Limited temporal and spatial resolution together with rather
long product latencies hamper the use of satellite gravity products for near real time applications and
services.

The current shortcoming of the gravity observation infrastructure can be overcome by tackling the
following challenges in the future.

A long-term sustained satellite gravity observation system is a prerequisite for deriving robust and
reliable trend estimates and for capturing non-secular behavior. At least 3 decades of gravity time
series are required for properly separating true secular changes from natural mass transport variability
wherein we anticipate a rich spectrum of scales to be operating. The longer the time series, the better
positioned we are to provide answers to questions of ice mass loss, sea level rise, groundwater
depletion, and natural hazards. The longer time series will also allow identifying the intensification of
seasonal transport of mass and energy, say between the tropics and sub-tropics. Therefore, the
continuation of available time series is of utmost importance.

Increase of spatial resolution, targeting approximately 100 km, is required to properly monitor
important catchment basins that are either smaller than, or at the resolution limits of, current space
gravimetric missions. It is a prerequisite to study hydrological and cyrospheric processes on regional
and sub-basin scale, to include regional ocean mass and heat transport patterns into empirical
forecasts of sea level rise and coastal vulnerability, and it will also facilitate separation of superimposed
signals. Moreover, it will close the scaling gap to high-resolution terrestrial data and will thus enable
consistent combination with complementary in-situ terrestrial and remote sensing observations.

Increase of temporal resolution toward 1 to a few days, in combination with short latencies, will
facilitate real-time application services, such as in water management and evaluation of flood risk or
agricultural and ecosystem stress, and the inclusion of satellite gravity data into operational
forecasting. An increased temporal resolution will also provide data related to more complex modes,
such as quasi-periodic stability and unstable transitions in climate physics.

Consistent combination of satellite gravimetry with complementary satellite and ground-based data
will provide a more complete picture of Earth system processes. It is necessary to separate mass and
thermosteric effect of sea level change, to measure global ocean circulation to disentangle the
individual contributors to the global water cycle and to close the water budget, to quantify the flux
exchange between land and atmosphere, and to separate solid Earth processes from ice mass changes.

Combined observations and their uncertainties have to be assimilated and consistently integrated into
physical process models, because the physical understanding of processes forms the basis to facilitate
reliable predictions. The long-term aim is to feed an Earth system model directly with mass changes
rather than to extract each contributing source as it is done today. The integration of sustained mass
transport observations will result in improvements in climate system models, and will provide an
important and unique variable for global initiatives such as the Intergovernmental Panel on Climate
Change (IPCC).

Meeting these challenges, the sustained high-resolution mapping of mass transport for a long period
will help solving the following science objectives, among others,

e Closure of the global water balance on scales down to 150-200 km and separation of medium-
scale drainage basins,



e Robust estimation of ice mass balance for individual drainage basins at monthly to decadal
time-scales, their relation to climate forcing and their contribution to global and regional sea
level rise,

e Recovery of variations in global ocean circulation patterns, as well as mass and heat transport
in the oceans on regional scale,

e Regional separation of mass and steric contributions to regional and global sea level rise,

e Monitoring earthquake events with magnitude M > 7.0 (about 12 events per year),

e Signal separation of tectonic, GIA, hydrologic and cryospheric effects,

e Support of atmospheric modelling by observing processes related to surface mass balance
changes,

e Separation of natural and human-made effects of climate change on regional scale.

A stronger commitment to turn satellite gravimetry into an observation system would enable to
include gravimetric data sets into operational modelling and forecasting systems. Ensuring short
latencies of data availability, significant contributions to applications of water management, short-
term prediction and operational forecasting of floods and droughts, risk management and disaster
mitigation related to natural hazards, and monitoring changes of a globally unified height reference
surface for land management applications will serve important societal needs. Understanding the
dynamics of coastal sea level variability will support medium-term forecasting of coastal vulnerability,
and understanding the climate forcing on continental hydrology, cryosphere, ocean and atmosphere
will enable significant contributions to near-future climate predictions.

Fig. E-1 summarizes the main scientific (yellow) and societal (blue) objectives addressed by a future
satellite gravity constellation.
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Figure E-1: Main scientific (yellow) and societal (blue) objectives addressed by a future sustained
satellite gravity observing system.
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To meet these scientific and societal objectives a satellite gravity infrastructure is needed with
increased space-time sampling capability, higher accuracy and sustained observations.

The present document can be considered as a joint expression of the need of the geoscience
communities for such a sustained satellite gravity observing system.

Under the umbrella of the International Union of Geodesy and Geophysics (IUGG) and as a joint
initiative with the Global Geodetic Observing System (GGOS) of International Association of Geodesy
(IAG), consolidated science and user needs have been derived by a representative panel of
international experts covering the main fields of application of satellite gravimetry and representing
five member associations of IUGG. On the basis of previous and recent study results and
developments, the international science community has worked on science and user needs for the
themes Hydrology, Ocean, Cryosphere, and Solid Earth. The main application-specific scientific and
societal questions have been analyzed and quantified regarding spatial and temporal resolution, as
well as the required measuring accuracy. The added value in terms of science return of a future
scenario compared to present day capabilities has been evaluated, and cross-theme interdisciplinary
aspects have been identified.

Eventually, rooted on theme-specific aspects consolidated joint science and user needs for a future
satellite gravity mission constellation have been derived. They are expressed in two categories as
a) threshold, and b) target performance numbers. In technical terms, they are defined as performance
numbers required to sense monthly changes of (water) mass distribution in system Earth, expressed
in terms of the height of an equivalent column of water. The performance numbers for sub-monthly
down to daily temporal resolution scale down accordingly.

A mission that meets the following threshold requirements enables to achieve a significant
improvement with respect to the current situation, and to perform a significant number of new
applications, which clearly justifies the realization of such a mission.

Table E-1: Science and user threshold requirements in terms of equivalent water height in dependence
of the spatial resolution.

Spatial Equivalent Water Height
resolution Monthly field Long-term trend

400 km 5mm 0.5 mm/yr

200 km 10 cm 1cm/yr

150 km 50 cm 5cm/yr

100 km 5m 0.5 m/yr

A mission that meets the following target requirements means a significant leap forward, and enables
to address completely new scientific and societal questions.




Table E-2: Science and user target requirements in terms of equivalent water height in dependence of
the spatial resolution.

Spatial Equivalent Water Height
resolution Monthly field Long-term trend
400 km 0.5 mm 0.05 mm/yr
200 km 1lcm 0.1 cm/yr
150 km 5cm 0.5 cm/yr
100 km 0.5m 0.05 m/yr

Recommendation:

The international science community, represented by IUGG, urges international and national
institutions, agencies and governmental bodies in charge of supporting Earth science research to
make all efforts in implementing a long-term satellite gravity observing system with high accuracy
that would respond to the aforementioned need for sustained observation.
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1. Introduction

Global satellite gravity measurements provide unique information on mass and mass transport
processes in system Earth. They are linked to changes and dynamic processes in continental hydrology,
cryosphere, oceans, atmosphere, and solid Earth. Investigation of the non-tidal time-dependence of
the Earth’s gravity field began with the launch of Starlette in 1975, and Lageos-1in 1976. While of great
scientific value, orbital tracking of these satellites have mapping capability at very large scales (only up
to wavelengths of the order of the radius of the Earth), and therefore had either limited, or virtually
no application to mass transport studies. Some 25 years later, however, dedicated gravity missions
such as CHAMP (Challenging Minisatellite Payload), GRACE (Gravity Recovery And Climate Experiment)
and GOCE (Gravity field and Steady-State Ocean Circulation Explorer) initiated a revolution in our
understanding of near-surface mass transport processes due to the improved resolution to medium
scales offered by these global gravity field mapping missions. A future gravity field observation concept
at even finer scales is expected to realize a similarly dramatic advancement in application capabilities
and scientific discoveries. Therefore, it is important to address mission concepts beyond those of the
GRACE-Follow-On mission that is scheduled for launch in 2017 and to move from demonstration
capabilities to sustained observations at fine scale whilst continuing the medium scale heritage from
GRACE and GRACE Follow-on. Beyond scientific questions, a future satellite gravity constellation shall
be able to address practical applications with societal benefit. Figure 1 summarizes the main scientific
(yellow) and societal (blue) challenges that shall be tackled by such a future concept.

soring and fo"et‘a,g )
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Figure 1-1: Main scientific (yellow) and societal (blue) challenges addressed by a future satellite gravity
constellation.



12 1 Introduction

Previous studies on selected science needs and mission goals (see Appendix 2) have resulted in quite
different performance requirements for future gravity concepts. Therefore, the main motivation of
this initiative is to collect all relevant scientific and user communities’ needs and to achieve consensus
on expected and desired performance of a future satellite gravity field concept, which is capable of
serving these needs. Furthermore, it can expand our knowledge of global mass transport processes at
short and long time-scales within the Earth system and in the meantime provide sustained
observations of this essential global change variable. Therefore, in a joint initiative of the International
Union of Geodesy and Geophysics (IUGG), the Global Geodetic Observing System (GGOS) (Working
Group on Satellite Missions), and the International Association of Geodesy (IAG) (Sub-Commissions 2.3
and 2.6), consolidated science and user needs have been derived by a representative panel of
international experts covering the main fields of application of satellite gravimetry (cf. Appendix 1).
They are representing five member associations of IUGG: International Association of Hydrological
Sciences (IAHS), International Association for the Physical Sciences of the Oceans (IAPSO), International
Association of Cryospheric Sciences (IACS), International Association of Seismology and Physics of the
Earth's Interior (IASPEI), and International Association of Geodesy (IAG), with additional contributions
by the International Association of Meteorology and Atmospheric Sciences (IAMAS).

On the basis of previous and recent study results and developments, the international science
community has worked on science and user needs for the themes Hydrology, Ocean, Cryosphere, and
Solid Earth. In order to guide the discussion between what is desired and what might be feasible whilst
keeping technological capability in mind, a limited number of mission scenarios have been assessed to
see which science and user needs can be addressed roughly by what type of mission (cf. Table 1-1).
This is done to trade-off new applications and the added value in terms of science return of a future
scenario compared to present day capabilities.

The logical flow of this document is as follows: In Chapter 2, the overarching scientific questions of
global mass transport in the climate system that can be addressed by satellite gravimetry are
discussed. In Chapter 3, the science requirements for the four main themes, hydrology, cryosphere,
ocean, and solid Earth, are derived, and cross-theme interdisciplinary aspects are identified. Finally, in
Chapter 4, a set of consolidated science and user requirements are derived from those rooted in the
four themes. Consensus on these requirements has been achieved at a joint international workshop
that was held on 26-27 September 2014 in Herrsching/Munchen, Germany.

Therefore, the resulting consolidated Science and User Need Document can be considered as a joint
expression of the need of the geoscience communities for a future sustained satellite gravity field
infrastructure.
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Table 1-1: Mission scenarios and performances
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2. Overarching scientific questions and benefits from satellite gravimetry

The past decade of satellite gravimetric data - that have so advanced our quantitative understanding
of Earth mass transport and mass redistribution processes - demonstrates that the measurement of
gravity from space provides both immediate and long-term benefits for society. An improved
understanding of the global-state behavior of the Earth and the coupling between dynamic processes
of the main components of the Earth system is a central focus for space gravimetry missions. The
coupling takes place between elements of ocean, continental hydrology, cryosphere, atmosphere and
solid Earth, and these interact through forcing and feedback mechanisms. Satellite gravimetry is a
unique measurement technique sensitive to distributed mass and mass change in the Earth system,
which includes for example key contributions from the global water cycle. As such, it now has a proven
capability to observe processes that are direct indicators of both subtle and dramatic climate change
and provide the seed information for improving climate system models. With such improvements we
have a better chance to separate natural variability from anthropogenically induced climate changes.
Results derived from gravity missions have been widely used as important input for the
Intergovernmental Panel on Climate Change (IPCC) Fifth Assessment Report (AR5) in 2014.

Changes in the Earth system occur on a variety of spatial and temporal scales. Currently, they are
usually investigated and modelled on the level of individual sub-systems, without fully taking into
account the global, large-scale coupling with other sub-systems, feedback-loops and the input/output
balance, thus neglecting mass conservation in the total system. Therefore, consistency of the global
mass balance and sea level budget are key scientific challenges to obtain a consistent picture of the
Earth system and its changes.

Most of the mass redistribution processes are related to the global water cycle, by which the ocean,
atmosphere, land, and cryosphere storages of water interact through temporal and spatial water mass
variations, at time scales ranging from daily to inter-annual, and decadal periods. Examples of mass
changes related to climate variability are ice mass changes in ice sheets, ice caps and glaciers, changes
in the global ocean circulation patterns, sea level rise, ground water storage change and severe
droughts. These processes may indicate a change in forcing or of feedback loops that have an impact
on climate change. Therefore, mass variations in all sub-systems can be considered as a proxy and
indicator for natural or anthropogenic-induced climate change.

The understanding of the dynamics and the variations of the global water cycle requires the closing of
the water balance, i.e. the variation of water mass input, output and storage in time and space, and a
solid understanding of the processes governing the water exchange between all sub-systems: land,
oceans, ice masses, and the atmosphere. Today, many processes are still poorly understood, which is
also due to the fact that they are hardly accessible through direct measurements. For example, almost
no direct observational techniques for evapotranspiration and for storage changes in groundwater and
deep aquifers exist for large areas. Also, other water flux terms of the continental water budget
(precipitation, run-off) have been provided with large uncertainties only. It has been difficult if not
impossible to validate global hydrological models until space gravimetry data became available. Time-
lapse gravity observations are an integral measure of water storage changes. These observations have
the potential to close the terrestrial water budget, and they serve as an important constraint to
evaluate and complement observed and modeled fluxes, provided that they are available with
sufficiently high temporal and spatial resolution. Currently, the size of many river basins is somewhat
smaller than the spatial resolution of satellite gravimetry. However, the societal relevance of closing
the terrestrial water balance and of observing changes in the water storage lies in providing sound
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information on changing freshwater supply for human consumption, for agriculture and industry,
facing the challenge of steadily growing demands that are anticipated for the future. Thus, gravity data
may provide a basis for developing sustainable water resource management strategies, including near
real-time observations for the monitoring and prediction of extreme hydrological events such as floods
and droughts.

Knowledge on the state of continental ice masses and the processes of past and present evolution of
ice sheets and glaciers is also key for the understanding of the Earth and climate system, because they
represent very sensitive indicators of climate change. In contrast to other geometrical observation
methods, satellite gravimetry is relatively little affected by problems of incomplete sampling and
avoids the inherent difficulty of making problematic ice volume to mass conversions (firnification).
However, the shortness of available time series still makes it difficult to separate anthropogenic-
induced effects from natural long-term variability, and the current observation capabilities via GRACE
with limited spatial scales of 200-500 km (depending on signal strength, time scale and geographic
location) restrict their application to larger catchments. Consequently, the current understanding of
cryospheric mass balance and coupling processes, such as the dynamic response of ice flow to changing
oceanic and atmospheric boundary conditions and interactions with subglacial hydrology, remains
limited.

Interaction of continental hydrology and cryosphere with the ocean results in changes in the mean sea
level, as the sum of mass in(out)flux and a thermosteric component. With the help of gravity
observations, a separation between these two components can be achieved on global to regional level,
and the individual contributions can be quantified. The monitoring and prediction of sea level change
has an important societal impact to address coastal vulnerability and for the mitigation and adaptation
of global coastal industrial infrastructure. Additionally, in combination with complementary data
sources, surface and deep ocean circulation, the latter being an essential but hidden part of the climate
system, can be quantified, and thus we have the possibility to greatly improve models of the energy
transport in the oceans, atmosphere and land hydrosphere. Closing the sea level budget still poses a
great challenge due to that fact that complementary observations of dissimilar temporal and spatial
character and of entirely differing sampling, error budgets and bias corrections must be dealt with.

The solid Earth experiences mass variability associated with its deformation. The associated time
scales vary: viscous deformations are slow and reveal themselves primarily as trends, and elastic
deformations are short-term processes associated with great earthquakes, which are essentially
instantaneous step jumps. Glacial Isostatic Adjustment (GIA) is due to long-term viscoelastic rebound
of the solid Earth resulting from the deglaciation of primarily the Late Pleistocene ice sheets, and
results in variations of the relative sea level. Thus it is an important example for the coupling of solid
Earth with cryosphere and oceans. Together with this viscoelastic deformation, elastic response of the
Earth due to loading effects related to changing surface water, ice and atmospheric masses as well as
the co- and post-seismic solid Earth deformation hold important information about the Earth’s
rheology. In the gravimetry observations, solid Earth mass variations are superimposed on those that
are fluid in nature. Consequently, this mixing of signals, part of which have a solid Earth origin, requires
careful treatment. This is especially true when trying to interpret climate trend signals, which must be
separated from the trend signals related to GIA and tectonic uplift. Accurate model representation of
the solid Earth signal can be crucial for deriving precise estimates of continental water and cryospheric
mass balance and sea level changes. In the future, it also might be possible to detect mass change
signals due to plate tectonics, rising mantle plumes, dynamical processes in the mantle and core
motions, which are currently too small to be observed. Finally, in addition to the mitigation of natural
hazards and an improved understanding of geophysical processes, also the exploration and evolution
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of natural resources, such as minerals, hydrocarbons or geothermal energy, pose a great challenge
with a high societal relevance.

In spite of the great contributions by the first generation of satellite gravimetry missions, our
knowledge of mass transport and mass variations within the Earth system still has severe gaps, which
simultaneously poses challenges to be tackled by satellite gravimetry in the future.

Long-term monitoring is a prerequisite for deriving reliable trend estimates and for capturing non-
secular behavior. The longer time-series could provide necessary information for properly separating
true secular changes from natural mass transport variability wherein we anticipate a rich spectrum of
scales to be operating. The longer the time series, the better positioned we are to providing answers
to questions of ice mass loss, sea level rise, groundwater depletion, and natural hazards. The longer
time series could also allow identification of the intensification of seasonal transport of mass and
energy, say between the tropics and sub-tropics. Therefore, the continuation of available time series
is of utmost importance.

Increase of spatial resolution is required to properly monitor important catchment basins that are
either smaller than, or at the resolution limits of, current space gravimetric missions. Currently,
different spatial scales prevent a consistent combination with complementary in-situ terrestrial and
remote sensing observations. An increased spatial resolution will also facilitate signal separation and
reduction of leakage effects (contamination of target signals by mass variations in adjacent areas).

Increase of temporal resolution, in combination with short latencies, will facilitate real-time
applications and services with direct applicability, e.g., in water management and evaluation of flood
risk, issues of coastal vulnerability, and agricultural and ecosystem stress. An increased temporal
resolution will also provide data related to more complex modes, such as quasi-periodic stability and
unstable transitions in climate physics.

Consistent combination of satellite gravimetry with complementary satellite and ground-based data
will provide a more complete picture of Earth system processes. It is necessary to separate mass and
thermosteric effect of sea level change, to measure global ocean circulation, to disentangle the
individual contributors to the global water cycle and to close the water budget.

Combined observations and their uncertainties have to be assimilated and consistently integrated into
physical process models, because the physical understanding of processes forms the basis to facilitate
reliable predictions. The long-term aim is to feed an Earth system model directly with mass change
observations rather than to extract each contributing source as it is done today.
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3. Derivation of requirements for main thematic fields

In the following, specific requirements for the main fields of application, continental hydrology,
cryosphere, ocean, and the solid Earth, are derived. An overview of scientific questions and challenges
of each discipline is given, and the spatial and temporal scales of the geophysical phenomena involved
are addressed. By necessity we both highlight current achievements and identify certain limitations of
satellite gravimetry. Additionally, potential new fields of application and recipes for addressing new
research questions are considered. We therefore identify key areas where the limited performance of
current missions limits the scope of science questions that we can address. Based on this review and
the mission scenarios defined in Chapter 1, the added value of these new mission scenarios is analyzed,
based on which theme-specific science and user needs are defined.

In this document, we consistently distinguish between threshold requirements and target
requirements, which are defined as follows:

e A mission that meets the threshold requirements enables to achieve a significant improvement
with respect to the current situation, and to perform a significant number of new applications,
which clearly justifies the realization of such a mission.

e A mission that meets the target requirements means a significant leap forward, and enables
to address completely new scientific and societal questions.

Finally, based on the theme-specific user needs identified by the main fields of application, joint
science and user needs will be derived in Chapter 4.
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3.1 Continental Hydrology

3.1.1 Societal challenges related to hydrology

The terrestrial hydrological cycle is constantly changing under the influence of natural climate
variability, climate change, and direct and indirect anthropogenic impacts. Monitoring, separating and
understanding these effects will pose important challenges for hydrological research in the upcoming
decades, with critical questions on freshwater resources, food security and ecosystem services
preservation (Gerten et al., 2013). In this context, the following societal challenges can be identified:

e Water management

The sustainable exploitation of water resources is one of the most important environmental and socio-
economic challenges of a constantly growing population, important to ensure drinking water supply,
agriculture and food security particularly in arid and semi-arid regions around the world. Terrestrial
water storage data based on time-variable gravity monitor overall variations of continental water
storage, including all storage compartments such as soil moisture, groundwater, snow and ice, water
in rivers/lakes and reservoirs. Therefore, they reflect the abundance of both green and blue water
resources, being national or trans-boundary. The sustainable use of water can be investigated and
therefore information to evaluate water policies and constrain their impact on ecosystem services can
be provided to stakeholders.

e Early warning for extreme events and risk management

Hydrological extremes, such as floods and droughts, represent globally important natural hazards.
Observations of water storage change have been shown to improve model predictability and constrain
potential trends. Therefore, assimilation of these data into models may lead to a better prediction of
extreme events, at seasonal time scales (droughts, floods) and short time scales (floods) and contribute
to early-warning systems and the set-up of adaptation strategies.

e Understanding climate change impacts on the water cycle

The terrestrial water cycle is responding to climate change (see e.g. Douville et al. (2013), Jung et al.
(2010)). Water storage information is critical to assess the impact of changing water fluxes, since it
accumulates fluxes over long timescales, and can therefore provide valuable insights for both direct
and indirect impacts of climate variability. Main advances encompass (but are not limited to) the
separation of natural interannual climate cycles from long-term trends, informing about adaptation
strategies to climate variability (impact of irrigation, land-use changes), and investigating the storage
components with long transfer time (groundwater, permafrost, glaciers).

3.1.2 Scientific questions and challenges and their relation to gravity field signals

Meeting the societal challenges described above leads to the following scientific questions:

The monitoring of changes in water storages on different spatial and temporal scales will remain a
challenging task, especially in those storage compartments that are not well constrained by
observations (e.g. groundwater, snow with regard to snow water equivalent). Changes in water
storage directly cause variations in the gravity field, and monitoring these changes will spur
investigation of new processes, which have so far been difficult to analyze, at spatial scales ranging
from regional to global. Such processes include, but are not limited to, groundwater-surface water
interactions, storage change in confined and unconfined aquifers, permafrost thawing, erosion and
sediment transport, and the contribution of glacier melt to the hydrological cycle.
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Different modeling results, reanalyses, and observations are available for different variables of the
hydrological and the atmospheric water cycle, but we are still far from closing the budgets on various
spatial and temporal scales. Reducing the uncertainties for the individual quantities will be required to
converge towards budget closure. Especially the water fluxes (precipitation P, evapotranspiration ET,
atmospheric convergence, fresh water exchanges with the ocean (surface & subsurface)) are provided
with large uncertainties and these will require better constraints. As the net flux deficit is balanced by
changes in the water storage term, observed changes of water mass, as provided by gravity field
observations, can serve as such constraints.

Other important hydrological challenges will be involved with the evaluation and control of water
management procedures and policies. These procedures, such as the impoundment of reservoirs
cause gravity changes on very small temporal and spatial scales (but aggregate to larger scales) and
will require near real-time observations that are available after a few days. Other examples for near
real-time applications, which might gain increasing importance in the future, is the validation of
seasonal climate forecasts and the prediction of extreme events such as flooding. Initial conditions of
catchment wetness in terms of soil moisture and aquifer storage are a key to this prediction.

Focusing on longer time scales, the identification of climate change signature and anthropogenic
impacts on the hydrological cycle will present an important research question. We are still far from
disentangling the overlaying influences that inter-annual natural background climate variability,
radiative forcing (e.g. CO, emission due to fossil burning), and direct and indirect anthropogenic
influences have on the terrestrial water cycle. Anthropogenic influences might impact and accelerate
the water cycle either directly by use and consumption of “blue water”, as it occurs in case of irrigation
or during the construction and management of reservoirs, or indirectly through land use and land cover
change, which can have significant influence on the generation of evaporation and run-off and through
complex soil-vegetation-atmosphere feedbacks. All these effects directly or indirectly influence the
distribution of water masses and thus induce variations in the gravity field. Changes in these
anthropogenic impacts might be attributed to change of management practices, human adaption to
climate change, and population growth. The quantification of individual natural and human-driven
influences, as well as the separation of the different effects will only be possible in a joint effort of
combining modeling approaches with a large variety of different observations. Furthermore, observed
changes of water mass changes will be necessary to validate decadal climate predictions. Being
already a major topic in the meteorological community those days (Meehl et al. 2009, Goddard et al.
2013), decadal prediction attempts to bridge the current gap between seasonal predictions and
climate projections.

Finally, reliable hydrological models on various spatial and temporal scales will be indispensable for
quantifying changes of the terrestrial water cycle, for understanding the underlying controls, and
especially for making reliable predictions into the future. For example, when predicting the impact of
climate change on water use, the uncertainties that arise from global hydrological models outweigh
by far uncertainties from global circulation models and from emission scenarios (Wada et al., 2013).
Therefore, it will be one of the major scientific challenges in the upcoming decades to drive and
constrain the development of predictive hydrological models for water management and climate
adaption studies. One deficit of hydrological models has been an accurate and reliable evaluation of
the storage term. Here, space gravimetry has a huge contribution to improve the models. In order to
achieve a more realistic representation of the hydrological processes, and to separate all the different
effects mentioned in the paragraphs above, these models will have to incorporate a large variety of
complementary observations, e.g. by means of data assimilation and model calibration techniques.
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3.1.3 Relevant temporal and spatial scales

The spatial and temporal scales associated to the abovementioned processes are summarized in
Table 3.1-1, and discussed thereafter. Bubble plots illustrating the spatial scales versus the signal
magnitude are shown in Fig. 3.1-1.

Table 3.1-1: Spatial and temporal scales associated to gravity changes relevant to land hydrology
investigations.

Signal Time scales Expected signals: temporal
variation in equivalent water
height (EWH)

up to~ 2-4 cm EWH/yr on
large scales, a few cm more

on smaller scales

Spatial scale

Groundwater storage years to secular a few 10 km to ~1000 km

monthly to (inter-) same as above

annual

up to 10-20 cm on larger
scales, up to 30-40 cm on
smaller scales of a few 10 km

decades to secular a few meters up to a few

hundred km

up to 0.5m/year on large
scales ( a few 100 km), up to
1 m/year on smaller scales
(a few km)

Surface water storage

monthly to (inter-) same as above

annual

up to ~10 m, on different
scales

daily to monthly

up to a few meters

same as above

Soil moisture

monthly to (inter-)
annual

up to ~40 cm

a few km up to a few
100 km

hourly to daily

linked to precipitation and
evapotranspiration (see
below)

A few km to a few
100 km

Snow water equivalent

years to secular

up to 1 cm/year

a few 10 km to a few
100 km

daily to annual

up to several m on small
scales, up to ~50 cm on scales
of a few 100 km

a few meters up to
several 100 of km

Precipitation

hourly to daily

up 1 mon small scales, up to a
few 10 cm on larger scales

a few km to >100 km

Evapotranspiration

hourly to daily

up to afew cm

a few 100 m to a few
100 km

e Groundwater storage changes: The spatial scales of aquifers range from a few tens of kilometers
up to around 1000 km for the largest existing aquifer (Great Artesian Basin). When determining
groundwater storage changes from satellite gravimetry, the withdrawal of (fossil) groundwater
sources is of particular interest. Magnitudes of trends can lead up to ~2-4 cm EWH/yr on large
scales and even more on smaller scales. Monthly to interannual groundwater variations reach
from a few cm on larger scales, up to 30-40 cm on smaller scales of a few 10 km.
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e Surface water storage change: continental surface waters exist on a large range of spatial scales,
from a few meters of river width or lake size up to around 300 km for the largest reservoir (Lake
Victoria) and 600 km for the largest lake (Caspian Sea). Monthly variations can be in the order of
up to ~10 m on all different spatial scales, whereas long-term trends range from around
0.5 m/year on large scales of a few 100 km, up to ~1 m/year on smaller scales of a few km. In case
of the impoundment or drawdown of reservoirs, a few meters of water change can be achieved
on very short (daily to weekly) time scales.

e  Soil moisture storage change (storage change in the unsaturated zone, including root zone):
relevant soil moisture variations can be detected on scales of a few meters up to a few 100 km,
with magnitudes of monthly to annual variations in the order of up to 40 cm.

e Change in snow water equivalent: Snow covered areas reach from > 100 m to several hundreds
of km. Monthly to seasonal storage changes range from several meters on small scales to ~20 cm
on scales of a few hundreds of km. Trends of a few mm/year can be expected on scales of a few
10 km to a few 100 km.

e Precipitation: Water mass changes due to precipitation events happen on very short temporal
scales of hours to days, reaching several months in monsoonal regions. The spatial dimension
spans areas of a few km to a few 100 km with magnitudes of up to 1 m on small scales and a few
tens of cm on larger scales. Precipitation is strongly affected by interannual oceanic
teleconnections (e.g. El Nino) and trends may reach 0.5 cm per year.

e Evapotranspiration: Water mass changes due to evaporation can occur on small temporal (daily)
time scales, but is generally driven by a seasonal cycle. The magnitude can reach a few cm per day
and a few 10 cm for interannual variations (e.g. Sudd wetlands, Nile). Trends are in the order of
0.5 mm per year.

e Vegetation storage (biomass, interception water): storage changes of up to 2 mm are regarded as
negligible compared to, e.g., 200 mm soil moisture variations, but indirect effects of varying LAI
(leaf area index) on related processes such as evapotranspiration might have an effect on water
balance and water redistribution.

3.1.4 Achievements and limitations of current gravity missions

GRACE has, for the first time, provided global observations of large-scale terrestrial water storage
variations. Time series of basin-wide averages of water storage changes were computed for large and
medium size catchments (Swenson and Wahr 2002, Lettenmaier and Famiglietti 2006) to investigate
especially seasonal, inter-annual, and long-term water storage variations (e.g., Tang et al. 2010, Becker
et al. 2011, Llovel et al. 2010, Crowley et al. 2006). Tailored processing strategies have allowed to push
the limits of the spatial extent of river basins down to a surface area of about 200.000 km?
(Longuevergne et al. 2010) and to investigate smaller-scale mass change phenomena with large
amplitude, as they occur, e.g., in case of surface water bodies (Awange et al. 2013, Tourian et al. 2015).

This improved knowledge of water storage changes has allowed to impose innovative constraints on
the estimation of water fluxes such as precipitation (Swenson 2010, Seo et al. 2010),
evapotranspiration (Ramilien et al. 2006, Long et al. 2014a), the flux deficit (precipitation minus
evapotranspiration, Swenson and Wahr 2006) and river discharge (Syed et al. 2007, Syed et al. 2010,
Jensen et al. 2013) by solving the terrestrial water balance equation for the quantity of interest. From
the opposite point of view, the degree of closure of the terrestrial water budget, which has only
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become analyzable because GRACE provides the before largely unknown storage change term, can
serve as constraint to evaluate the quality of observed and modeled fluxes and storage changes
(Sheffield et al. 2009, Gao et al. 2010, Springer et al. 2014, Lorenz et al. 2014). Furthermore, enforcing
the water balance closure as a hard constraint has been used to generate an improved estimate of the
individual terms of the water budget equation (Sahoo et al. 2011, Pan et al. 2012). By combining
terrestrial and atmospheric water balance equations, GRACE has also been applied to investigate
atmospheric water budgets (Fersch et al. 2012) and the fate of water in the global hydrological cycle
(van Dijk et al. 2014).

Several studies have proven the potential of satellite gravimetry to serve as a sensor for inter-annual
climate variabilities. GRACE water storage variations have been linked to ENSO-like climate indices,
revealing good correlations in various regions (Garcia-Garcia 2011, Xavier et al. 2010, Morishita et al.
2008, Becker et al. 2010). It has been concluded that GRACE is able to detect all the significant known
ENSO teleconnection patterns around the globe (Phillips et al. 2012) and that such teleconnections can
also be exploited to predict water storage changes in certain areas (Forootan et al. 2014b).

Furthermore, GRACE time series analysis has enabled the investigation of extreme hydrological events
(Seitz et al. 2008, Famiglietti and Rodell 2013, Long et al. 2014b), revealing the capability of GRACE to
monitor the spatio-temporal evolution of droughts (Leblanc et al. 2012, Frappart et al. 2012), and
floods (Chen et al. 2010b, Espinoza et al. 2013). It was found that GRACE-derived water storage
changes provide a more reliable source of information regarding the magnitude of droughts than
modeled storages, which often lack an adequate representation of groundwater changes (Chen et al.
20104, Long et al. 2013). Integrating water storage information into a drought monitoring system has
allowed the development of GRACE-based drought indicators and therefore the identification of
drought conditions (Hobourg et al. 2012) with the potential to also improve fire season forecasts (Chen
et al. 2013). Additionally, it was pointed out that GRACE has the ability to provide unique information
on soil saturation conditions and therefore has a considerable potential to be used in flood prediction
systems (Reager and Famiglietti 2009, Reager et al. 2014).

As GRACE observes the complete vertically integrated water column, it enables the detection of sub-
surface storage variations that are generally difficult to access and that have specifically been hidden
from remote sensing observations before. Therefore, it can be considered as one of the major
achievements of the GRACE mission, that (anthropogenically induced) groundwater depletion has for
the first time been derived from space (Taylor et al 2013). This potential of GRACE has been validated
in regions with a good coverage of in-situ groundwater observations, such as North American aquifers
(Yeh et al. 2006, Famiglietti et al. 2011, Scanlon et al. 2012) and has been applied to monitor
groundwater changes in regions where extensive irrigation is expected to lead to a critical decrease in
groundwater resources, such as Northern India (Rodell et al. 2009, Tiwari et al. 2009), the Middle East
(Voss et al. 2013, Joodaki et al. 2014, Forootan et al. 2014a, Mulder et al. 2014), the Sahara (Gongalves
et al. 2013) and Northern China (Feng et al. 2013). In addition to the withdrawal of groundwater, also
other direct anthropogenic impacts of water management on the water cycle can be studied using
GRACE. As an example, water impoundment in large reservoirs has been quantified from satellite
gravimetry and good agreement has been found with in situ measurements of the same surface water
storage changes (Wang et al. 2011, Longuevergne et al. 2012).

By providing information on large-scale water storage changes with global coverage, temporal gravity
field variations represent an innovative and very valuable data source for the evaluation and
improvement of hydrological modeling. A variety of studies have compared modeled and observed
storage variations, with the satellite data serving generally as a validation tool for the model output
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(e.g., Glintner 2008, Syed et al. 2008, Alkama et al. 2010). Such comparisons have shown that GRACE
can detect water storage anomalies which are not sufficiently represented in models (Grippa et al.
2011), and they have revealed the importance of accurately modeling individual storage
compartments such as river (Kim et al. 2009), groundwater (Vergnes and Decarme 2012, Pokhrel et al.
2013, Lo et al. 2010), as well as canopy and snow storage compartments (Yang et al. 2011). The
validation with GRACE has also illustrated the necessity of correctly representing the lateral
redistribution of water (routing) in rivers and groundwater aquifers towards the oceans (Ngo-Duc et
al. 2007). Furthermore, a comparison with GRACE trends has led to a more realistic quantification
of groundwater withdrawals in groundwater depletion areas world-wide (Déll et al. 2014a). However,
it was found that only if water abstractions lead to long-term changes in TWS by depletion or
restoration of water storage in groundwater or large surface water bodies, GRACE may be used to
support the quantification of human water abstractions (D6ll et al. 2014b). In order to improve model
structures, calibration approaches have been developed that tune model parameters (retention times,
soil water capacities, runoff velocities, etc.) to make the models fit better to GRACE (and other)
observations (Werth and Giintner 2010, Xie et al. 2012, Livneh and Lettenmaier 2012). These studies
conclude that the resulting calibrated models have better predictability skills and that their output
agrees better with independent data sets than the original model runs. Constraining land surface
model simulations using GRACE has led to an improved representation of modeled water table depth
and therefore to a better characterization of groundwater storage changes (Lo et al. 2010). Recently,
it has become increasingly important to assimilate GRACE data into hydrological models, allowing not
only for an improvement of model results, but also for a disaggregation of the integral GRACE water
storage observations spatially, temporally, and vertically into the individual hydrological storage
compartments (Zaitchik et al. 2008, Li et al. 2012, Su et al. 2010, Eicker et al. 2014).

Currently, the major limitations to an even broader use of GRACE in hydrology are spatial sensitivity,
accuracy, and the length of the available time series. The limited spatial resolution of a few hundred
km is critical, as many of the hydrological processes take place on much smaller spatial scales (see
bubble plots in Fig. 3.1-1). The typical size of a large number of river basins and of classical aquifers is
below the GRACE resolution. Furthermore, hydrological mass variations are characterized by
pronounced spatial heterogeneity (even within the same river basin), with neighboring signals being
not necessarily in phase, and by a multitude of water transfer processes taking place on various spatial
scales. The limits in spatial resolution go in hand with significant leakage effects (i.e., contamination of
the signal of interest by mass variations in adjacent areas), which makes the distinction between
individual processes very challenging and distorts the magnitudes of water balance estimates (Klees
et al. 2006). Furthermore, varying GRACE accuracy due to occasionally appearing short repeat orbit
periods leads to an even further reduced spatial resolution in the affected monthly GRACE solutions.
A second important limitation is the length of the GRACE time series. Hydrological trend signals
(caused, for example, by human influences) are often small and difficult to distinguish from (natural)
inter-annual variability. Longer time series are therefore mandatory to allow more robust conclusions
about long-term anthropogenically induced or climate-driven changes in the terrestrial water cycle.
Episodic extreme events such as floods or droughts are also of major societal importance. However,
monitoring the event dynamics of hydrological extremes is limited due to the low GRACE temporal
resolution of monthly averaged values. Furthermore, the latency of about 2-6 months before the
release of a new monthly GRACE gravity field would have to be significantly reduced in order to use
GRACE as a source of information on the catchment wetness state for hydrological forecasts.
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3.1.5 Identification of potential new satellite gravimetry application fields

The potential for new hydrological applications of satellite gravimetry data results primarily from
overcoming the aforementioned limitations of spatial and temporal resolution and from ensuring
continuity of the mass variation time series. The following new investigation areas can be identified:

a) Water storage changes in medium to small river basins & closing the terrestrial water balance

The limited spatial resolution of GRACE has so far prevented the analysis of water storage changes in
medium to small river basins (< 200.000 km?2), and pronounced leakage effects have strongly disturbed
estimations of storage changes even on larger scales. The missing resolution and accuracy of the
storage term can be regarded as one of the reasons why we are far from closing the terrestrial water
balance, especially on smaller spatial scales.

b) Analyzing the atmospheric water balance

An enhanced quality of satellite gravimetry products would allow more sophisticated budget analyses.
This will lead to a much better constraint of the water fluxes, allowing, for example, a
validation/calibration of precipitation data sets. The problem of spatial resolution is very challenging
when trying to analyze the atmospheric water balance, which therefore has only rarely been addressed
as a research topic from GRACE data.

c) Land surface - atmosphere feedback

Interactions between the land surface and the atmosphere have a strong influence on the hydrological
cycle. Feedbacks between soil moisture and near-surface groundwater with the atmosphere lead, for
example, to changes in precipitation variability (Seneviratne et al. 2006). An improved accuracy and
spatial resolution of satellite gravity models can aid in better constraining model simulations and
therefore contribute to a better understanding of the complex feedback processes.

d) Quantifying the impact of land cover and land management change

Changes in land cover and land management are expected to have a significant impact on the
terrestrial water cycle. In particular, the effects of changing land management (while keeping the same
land cover type) are largely unknown so far, nor represented in land surface models. The land use
impact on water storage on large scales, however, may not be instantaneous but can be expected to
evolve over decadal time scales. Therefore, longer time series than provided by GRACE will be
necessary to study those effects. Longer time series will also be required to distinguish land use effects
from other anthropogenically induced climate change impacts and from natural climate variability.

e) Near-real time analysis of hydrological extremes and episodic events

The analysis of episodic events and extremes, as they occur, for example, in the case of floods or as a
result of water engineering measures (e.g. impoundment of reservoirs) requires a near real time
analysis of gravity data. This means that a reduced latency (of a few days to not more than a few weeks)
of providing new gravity field solutions and possibly also a higher temporal resolution of gravity field
models (daily to weekly) is necessary for monitoring and forecasting such events.

f) Quantifying snow melt and mountain glacier contribution

Quantifying the water cycle contribution of snow melt and mountain glaciers (see also Section 3.2)
based on GRACE is difficult, as these mass changes generally take place on spatial scales below the
GRACE resolution, and a separation from surrounding effects is challenging due to leakage. However,
the storage of water in its solid state plays an important role for global freshwater supply and power
generation in many regions worldwide located downstream of the mountainous water towers. At the
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same time, these resources are particularly threatened by a warming climate. Therefore, a better
understanding of their evolution is very important to assess future meltwater availability and
redistribution, and its contribution to sea-level rise.

g) Study surface water - groundwater interactions and inter-basin groundwater flow

Lateral water routing to the outlet of river basins and to the sea takes place by both river and
groundwater flow systems. Interactions between surface water bodies and groundwater are critical as
the groundwater system generates river baseflow and might exchange water among basins. First
studies (Han et al. 2009, Frappart et al. 2012, Vergnes et al. 2012) have shown the path to follow for
the example of the Amazon basin or on the global scale. Improved spatial resolution of GRACE data
products could help in validating emerging coupled land surface-subsurface models that seek to
predict these processes.

h) Impacts of permafrost thawing on water storage compartments

Changes in the Arctic terrestrial water cycle may be closely connected to thawing of permafrost due
to recent climate warming over the northern land areas. However, changes of the hydrological
processes in terms of deepening and destabilization of the active permafrost layer, talik formation or
groundwater recharge and drainage are a complex function of changing climatic conditions and the
spatial patterns of permafrost properties, e.g., the distribution of continuous and discontinuous
permafrost. Observations of water storage changes with higher spatial resolution than present GRACE
data will help quantifying hydrological budgets of the Arctic and contribute to unraveling the dominant
processes and impacts of permafrost changes.

i) Validation of seasonal and decadal climate predictions

Water storage changes simulated for different climate scenarios can be compared to satellite
gravimetry to investigate whether the predicted changes provided by the reference scenarios can be
identified in the measurements. This can be achieved by land surface models that are coupled to
atmospheric general circulation models, and thus respond to decadal changes in precipitation and
evapotranspiration. Such a validation of seasonal to decadal climate predictions would definitely
benefit from homogeneous multi-decade satellite gravity time-series, preferably at a substantially
higher spatial resolution to further reduce the leakage issues. This would support detection/attribution
of anthropogenic effects.

i) Signal separation/disaggregation of total water storage dynamics

The issue of signal separation has not been sufficiently solved for GRACE and will remain a major
challenge for upcoming decades. The problem can be seen as twofold: First of all it is necessary to
distinguish the changes in the terrestrial water masses from other mass change effects, such as
variations in the atmosphere, cryosphere, oceans, and solid Earth (see also the following Sections 3.2,
3.3, and 3.4). Secondly, depending on the research question, the total terrestrial water storage change
has to be assigned horizontally to the respective area of interest, e.g., within an individual river basin,
and has to be separated vertically into its individual storage compartments. A significant increase in
spatial resolution will be necessary to reduce leakage effects and thus to enable a more sophisticated
attribution of gravity field signals to their different sources. For a separation of long-term hydrological
changes from other secular changes as, e.g., GIA signals, an extension of the time series of gravity field
models will be mandatory as well. In addition to improving the resolution and the accuracy of the
gravity field time series, the ongoing development of geophysical modeling will contribute decisively
to better signal separation skills in the future. In particular, improved hydrological models together
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with the development of data assimilation techniques will assure a better horizontal, temporal and
vertical disaggregation of the gravity field signal into individual hydrological storage compartments.

k) Data combination

A strategy towards more comprehensively exploiting the information content of satellite gravimetry is
data combination with other independent satellite and ground-based measurements, being of
geodetic or classical remote sensing nature (e.g., terrestrial gravimetry, inland radar altimetry,
satellite-derived near-surface soil moisture, interferometric SAR, GNSS-based deformation and
reflectometry). The complementary observation types help to validate and interpret the satellite
gravimetry data and especially to separate the different contributions to the integral gravity signal. In
upcoming years, there will be a variety of new developments in observing the terrestrial water cycle
from space. For example the SMOS and SMAP missions improve our knowledge of soil moisture
changes. The SWOT mission (scheduled for launch in 2020) will enable the determination of storage
changes in surface water bodies with unprecedented accuracy and resolution. Further examples of
upcoming Earth observation satellites that can be used for water cycle studies include the Sentinel
missions, the Global Precipitation Mission (GPM) and new altimeter satellites such as ICESat2. The
integration of future satellite gravity data with such existing and new data sets will clearly benefit from
a higher spatial resolution than available at present.

I) Data assimilation and improving the predictive skills of models

The integration of GRACE data into hydrological and land surface models with the goal to better
represent water flow processes and the exchange among storage compartments as well as to
disaggregate the integral gravity observations can best be achieved by data assimilation techniques.
While first attempts have been made to assimilate GRACE data into hydrological models and land
surface models, this remains a challenging task, as the gap in spatial resolution between model
increments and observations is huge and the short length of the GRACE time series prevents a
reasonable constraint of long-term changes. To enable the analysis of complex land-atmosphere
feedback processes, it will be beneficial to assimilate future satellite gravity data with enhanced spatial
resolution and long time series into fully coupled groundwater / land surface / atmosphere models.

The possibility of developing and improving the predictive capabilities of hydrological models will be
of extreme importance for forecasting and monitoring water-related hazards and water scarcity. This
includes both short-term predictions of hydrological conditions such as droughts and floods by, e.g.,
real-time assimilation of future satellite gravity data into hydrological modeling, and seasonal to
decadal predictions of hydrological and climatic conditions. Besides an improved accuracy and
spatial/temporal resolution, the generation of drought and flood indicators from satellite gravity or
model/satellite gravity assimilated data sets also requires a reduced latency for providing new gravity
field models.

m) Satellite gravimetry as a sustained observation system

So far, GRACE has been classified as a science mission. A stronger commitment to turn satellite
gravimetry into a sustained observation system would enable the use of gravity observations as (non-
research) data set, which could be included into operational modeling and forecasting systems. The
establishment of satellite missions as reliable long-term sustained systems would therefore allow for
an even wider use of the data.
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3.1.6 Added value of individual mission scenarios

In the following, the improvements that can be achieved by the pre-defined satellite gravity mission
scenarios (see Table 1-1) will be discussed. The “bubble plots” in Fig. 3.1-1 illustrate the spatial scales
and magnitudes of the hydrological phenomena (that were defined in Table 3.1-1) and show the
accuracy levels assumed for the different mission scenarios. An individual bubble plot is provided for
different time scales (long-term trends, seasonal to interannual variations, and short-term mass
changes).
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Figure 3.1-1: Added value of mission scenarios. Bubble plots for three different temporal scales.

In the following, exemplary benefits of the improved mission scenarios (Scenarios 1 to 4 according to
Table 1-1) as well as a “wishful-thinking” scenario will be described.

Scenario 1: An increase in resolution and accuracy as provided by this scenario, would have significant
added value for studying water storage changes in smaller river basins and aquifers than has been
possible with GRACE. The accuracy for 400 km spatial resolution would improve from 25 mm to 0.5 mm
according to Table 1-1. Figure 3.1-2 shows the world-wide distribution of (sub-)basin sizes exceeding a
size of 25000 km? . It can be observed that a large number of basins is smaller than 400-500 km (when
the square root of the basin area is chosen as a measure for the spatial extent). If an accuracy of 1.5
cm EWH is taken as reference, this can be reached for ~550 km resolution with GRACE (see Table 1-1),
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corresponding to only about 10% of the basins. In contrast to this, the same accuracy can be achieved
with Scenario 1 for a resolution of approximately 330 km, which covers almost 40% of the (sub-)basins.

For many applications related to long-term storage variations and trends, timeseries length is
considerably more important than the increase in resolution and accuracy. Scenario 1 will, therefore,
have a significant positive impact on the determination of (anthropogenic) groundwater withdrawal
and will possibly enable the separation of other human-driven effects, such as the impact of land cover
and land management change from climate change and natural inter-annual climate variability such
as ENSO-like phenomena.
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Figure 3.1-2: Histogram of river basin sizes, based on a global watershed delineation (HydroBASINS,
Lehner & Grill, 2013, data is available at www.hydrosheds.org). For the histogram, all river basins and
sub-basins worldwide exceeding a size of 25000 km? according to the Pfaffstetter classification (Level
4) were selected. The black, blue and red lines show the number of river basins that can be investigated
by each mission scenario when an accuracy of 1.5cm EWH is required.

Scenario 2: The specification of this scenario imply that for a spatial extent of 200 km (corresponding
to a basin of approximately 40.000 km?) an accuracy of 1 cm EWH can be reached for monthly gravity
field models (Table 1-1). By such an increase in accuracy, a large step towards the closure of the
terrestrial water balance will be achieved. When using again the 1.5 cm accuracy as a reference, this
can be obtained for a resolution of approximately 180 km. Thus according to Fig. 3.1-2, it allows the
investigation of about 85% of all world-wide river (sub-)basins.

A huge improvement can also be expected in terms of signal separation due to a strong reduction of
leakage, both when trying to separate hydrological signals from surrounding mass change effects, such
as variations in coastal ocean areas, ice sheets and the solid Earth, but also when distinguishing
hydrological signals in neighboring (sub-)basins that might not be of similar amplitude and phase. Also
for the assimilation of gravity data into hydrological models and coupled
atmosphere/surface/subsurface models, this enhanced resolution and accuracy will be of great
benefit. A gravity field resolution of 100-200 km is much closer to the size of (global) hydrological
modeling grid cells, which can be in the order of 50 km. Figure 3.1-3 reveals that global hydrological
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models contain quite a significant amount of signal energy also on short spatial scales. Its amplitude,
though, strongly depends on the modeled processes. Important water redistribution processes (lateral
flow in river and groundwater systems) or water extraction tend to occur at small spatial scales.

Therefore, 90% of signal energy is captured at 250 km spatial resolution for the most recent models
(e.g., WGHM).
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Figure 3.1-3: Cumulative degree variance spectrum of a set of land surface models (GLDAS CLM, VIC,
NOAH, MOSAIC - GLDAS-2 NOAH, ISBATRIP, MATSIRO, CLM4 and 4.5) and global hydrological models
(WGHM2.1 and 2.2, W3RA). The mean and the spread (1 sigma) are shown as solid line and filled area.
The amplitudes are scaled by a factor of 3 to reconcentrate the signal on the continents. The signal
content of the seasonal signal (periods < 2 years) is plotted in blue, the long term signal (period >
2 years) is shown in red. The cyan line (NOAH) shows the typical behavior of land surface models (1D
model, 90% energy at degree 30), the dotted blue line represents the signal characteristics of global
hydrological models (WGHM 2.2,1D + lateral redistribution, 90% energy at degree 80).

When dealing with long-term trends, the enhanced accuracy of Scenario 2 compared to Scenario 1 will
allow a more reliable and more regional separation of anthropogenically from naturally induced
changes of the water cycle. Figure 3.1-4 (from Doll et al. 2014a) shows a global map of human
groundwater abstractions. While some of the larger aquifers have already been studied by analyzing
GRACE data, the size of many groundwater depletion hot spots is still below the available resolution.
The Mississippi River Valley aquifer (a) with an area of about 80.000 km? and an east-west extent of up
to 200 km and the region around the La Mancha aquifer in Spain (b, estimated depletion area of
~50.000 km?) are only two examples of highly irrigated areas with significant groundwater abstraction
that could be isolated when a next generation gravity field mission with a trend resolution provided by
Scenario 2 is available.
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Figure 3.1-4: Global map of net groundwater abstractions (D6l et al. 2014b). Example regions are the
River Valley aquifer (a) and the region around the La Mancha aquifer (b).

Scenario 3/4: These scenarios aim at an increase in temporal resolution down to daily gravity field
models. The availability of daily models would enable the study of short-term hydrological variations
that have not been possible at all so far with GRACE. The limited spatial resolution of the daily models
can be overcome by assimilating them into hydrological models with higher spatial resolution. A
significant benefit by this can be expected for short-term monitoring and forecast of flood events, in
particular. A further new and important application of daily gravity field models might be the
improvement of operational atmospheric models and datasets (e.g. precipitation data), especially
when accuracies provided by scenario 4 (or even better) can be obtained. Furthermore, it might be
possible to monitor the impoundment of (large) reservoirs in near real-time. Finally, as several mass
transfer processes might occur at sub-monthly time scales (atmosphere in particular), daily gravity field
would help to improve dealiasing models, which in turn would contribute to the reduction of GRACE
uncertainties.

Relevance of time series length: From the hydrological point of view, the extension of the existing
gravity field time series is of considerable importance for the following research topics:
e Continuous observation of groundwater storage, including groundwater depletion due to
consumptive use.
e Quantification and separation of long-term processes, related to the impact of natural
interannual cycles (ENSO, North Atlantic Oscillation, etc.) and to anthropogenic impacts
(e.g., climate change, land use and land management change, river/dam engineering, ... ).
e Validation of decadal climate predictions
e Contribution of the land hydrosphere to sea level rise

Limitation of the previous scenarios: A spatial resolution of 50-100 km with an accuracy of 1-2 cm
would mean a quantum leap for the application of satellite gravity data in hydrology and water
resources management. Such a high spatial resolution would allow the analysis (and possible closure)
of the terrestrial water balance in almost all existing river basins. The contribution of individual
mountain glacier systems and snow melt regions could be analyzed and groundwater withdrawals
could be monitored on the scale of the irrigation areas rather than just averaged over entire river
basins. For a local to regional prediction of flood events, an even higher spatial resolution of a few tens
of km, possibly combined with an increased temporal resolution of daily to weekly, would be desirable.
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Similar requirements in terms of spatial/temporal resolution (and a possibly even further enhanced
accuracy) would be a wishful thinking scenario for the evaluation of atmospheric models with respect
to high-resolution local features in the order of days (or below) and for the assimilation of GRACE-
derived water storage estimates into fully coupled atmosphere/surface/sub-surface models.

Quantification of added value of mission scenarios

To further quantify the added value of the pre-defined mission scenarios, a brief assessment of the
relevant temporal and spatial scales has been performed using the continental component of the
updated ESA Earth System Model (ESM; Dobslaw et al. 2015). The hydrological variations within the
ESM are provided by the hydrological model LSDM (Dill 2008). Although global hydrological models
are still affected by large uncertainties, for this assessment they give a realistic estimate of the
amplitudes, spatial and temporal scales of continental water storage changes. The LSDM high-
resolution synthetic model of the time-variable gravity field is available over a period of 12 years and
contains spatially highly variable terrestrially stored water mass anomalies with standard deviations of
up to 30 cm EWH (Fig. 3.1-5, left). Even after the removal of linear trend and the seasonal cycle (Fig. 3.1-
5, right), substantial variability of several cm EWH remains in particular within - but not limited to -
areas dominated by surface water bodies.
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Figure 3.1-5: Standard deviation of 12 years of daily terrestrially stored water mass anomalies
simulated by LSDM (Dill 2008) for the updated ESA Earth System Model (Dobslaw et al. 2015): full signal
content (left) and after the removal of linear trend and annual cycle (right).

To analyze the relevance of high temporal resolution signals, it was investigated how much of the ESM
signal variance can be explained by linearly interpolating monthly values of the same data set. For
many places in the world a monthly resolution appears to be sufficient, supported by the ESM data
showing relative explained variances close to 1 (Fig. 3.1-6). For several regions influenced by occasional
but heavy precipitation or rapid snow melt events, however, relative explained variances drop down
to 0.6, indicating that the ESM indeed contains signal variability that is missed when only a monthly
sampling of gravity fields is aspired. Since meteorological extremes as major flooding events are
typically connected with such events, and since moreover latencies of much less than a month are
important to provide information on such events to water management authorities, there is still great
value in enhancing the temporal sampling capabilities of a future gravity mission. This strongly
supports the need of daily to weekly gravity field models, preferably provided with an accuracy as
envisaged by Scenario 4 or even better.
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rel. exvar monthly HI detr., deseas.

0.6 0.64 0.68 0.72 0.76 0.8 0.84 0.88 0.92 0.96 1

Figure 3.1-6: Relative explained variance of the daily de-trended and de-seasoned terrestrially stored
water mass variability from the updated ESA Earth System Model by a linearly interpolated series of
monthly-mean averages of the same data set.

In order to demonstrate the potential of an increased spatial resolution, the spherical harmonic
expansion of ESM-based TWS variability (de-trended and de-seasoned) was truncated at different cut-
off degrees to mimic variations in spatial resolution. The explained variances were calculated for each
grid-point and each cutoff-degree. Subsequently, grid-points were allocated to four different classes
based on the standard deviation of the TWS variability. For each of those four classes, quantile plots
depending on the spherical harmonic cutoff-degree are presented in Fig. 3.1-7.
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Figure 3.1-7: Quantiles (25%, 50%, 75%) of the relative explained variances for 1° continental grid boxes
of the updated ESA Earth System Model for different cutoff degrees of the spherical harmonic
expansion. 1° Grid boxes were grouped into for classes of different de-trended and de-seasonalized
daily storage variability, i.e. of 0.5 -3 cm (a), 3-7cm (b), 7 - 20 cm (c), and > 20 cm (d).
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Based on these plots, it becomes obvious that for medium and high TWS variability most of the signals
are already well captured for relatively modest spatial resolutions. For the 'low' and 'extreme' TWS
variability classes, however, an increase of the spatial resolution up to d/o= 150 (corresponding to
133 km) or even higher still substantially increases the portion of the signal that can be explained. Since
those areas are in particular affected by the meteorological extremes - be it drought or flooding - it is
important to attempt to increase the spatial resolution substantially beyond the current GRACE level
towards the specifications provided by Scenario 2 (or even further) to support the assessment of such
phenomena and further processes not modeled in the ESM (e.g. water extraction) from space.

3.1.7 Definition of theme-specific science requirement

Depending on the particular societal and scientific question and challenge to be solved, different
requirements for a future satellite gravity mission need to be defined. Fig. 3.1-8 illustrates the required
improvements relative to GRACE with regard to the major fields of application in hydrology: longer
time series to capture global change impacts on the hydrological cycle, enhanced spatial resolution as
a benefit for water management at the river basin and aquifer scale in particular, and enhanced
temporal resolution to manage and forecast hydrological extreme events.
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Figure 3.1-8: Temporal and spatial scales of hydrological dynamics in different storage compartments
(modified from Bléschl and Sivapalan 1995). The current GRACE sensitivity is represented by the red
box, improvements required for a future satellite gravity mission to face various societal and
management needs are indicated by black arrows.

Among these different options, for large parts of the hydrological user community the most important
requirement for a future satellite gravity mission is an increase in spatial resolution. While the
resolution and accuracy of Scenario 1 is seen as an additional benefit and can therefore be regarded
as a threshold requirement, the specifications provided by Scenario 2 will certainly mean a
breakthrough for hydrological applications. A spatial resolution of 200 km with an accuracy of 1 cm
EWH (as provided by Scenario 2) would be greatly beneficial for water budget analysis in small to
medium size basins and aquifers, for signal separation and for data assimilation. Including gravity data
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of such a high quality will significantly enhance the predictive capability of hydrological models, both
on seasonal time scales and for inter-annual variations.

For the study of long-term effects and the separation of climatic from anthropogenic drivers a time
series length of at least 30 years is required. These long timeseries provided with a trend accuracy of
1 mm/yr on scales of 200 km (as envisaged by Scenario 2) will be sufficient to provide reliable estimates
of groundwater depletion and the effects of permafrost thawing and glacier melt on the regional scale
and, as a novel application, to distinguish the effect of land use change on water storage from other
anthropogenically induced climate change impacts and from natural climate variability.

Even though temporal resolution is considered less important (compared to spatial resolution) by large
parts of the user community, there is nevertheless considerable interest in near real-time applicability
of gravity data with a temporal resolution of a few days and/or a reduced latency of a few days.

Therefore, it can be summarized, that in order to meet the societal challenges identified in
Section 3.1.1, the following threshold and target requirements can be identified for hydrological
applications:

Water management: Improved spatial resolution is a clear necessity to work at the scale of river basin
and aquifer management.

e Threshold: Scenario 1

e Target: Scenario 2

e  Wishful thinking: 1 cm@50 km

Early warning for risk management of extreme events: While spatial resolution is important, low
latency data would allow for contributing to near-real time operational forecasting systems. Daily to
weekly data is also vital for short-term predictions.

e Threshold: Scenario 1 / Scenario 3, latency of a few days

e Target: Scenario 2 / Scenario 4, latency of a few days

Understanding global change impacts on the water cycle: To analyze long-term effects of climate
change and to separate natural from anthropogenically driven changes, the most important aspect is
a continuous time series in combination with an increased spatial resolution.

e Threshold: extended time series

e Target: Scenario 1

e  Wishful thinking: satellite gravity as sustained observation infrastructure
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3.2 Cryosphere

3.2.1 Societal challenges related to the cryosphere

The cryosphere comprises all occurrences on Earth of water in its solid form. The existence of ice on
land and in the ocean, its formation and extinction are key elements of global and regional climate
processes and exhibit complex interactions with climate change. For example, the high radiation
reflectance of snow- and ice-covered areas regulates the Earth’s radiation budget. Melting, freezing
and sublimation impacts the atmospheric heat budget. Sea ice formation is a driver of the oceanic
thermohaline circulation. The paramount societal challenge of understanding and predicting the
climate system and its anthropogenic changes is therefore intrinsically tied to a better understanding
of the large variety of cryospheric processes.

Continental ice mass changes directly induce global and regional sea level change. Its understanding
and prediction is of utmost societal importance, since large parts of mankind live near the shores. Ice
sheets bear the potential of rising sea level by several meters in the coming centuries. The amplitudes
of sea level change, as well as the related societal and economic vulnerability, vary geographically and
need to be understood based on an understanding of the triggering ice mass change processes.

High societal relevance also arises where glaciers directly control regional hydrological systems
through water retention as ice and subsequent melt. Monitoring, understanding, and predicting of
their impacts on human water supply are a challenge. They are also needed for emergency
management in cases of hazards such as glacially induced flooding.

3.2.2 Scientific questions and challenges and their relation to gravity field signals

While continental snow cover and permafrost are a subject of continental hydrology (Section 3.1), sea
ice processes have no direct link to mass distribution and thereby the gravity field. This section
therefore focuses on continental ice cover. Following the IPCC terminology, we distinguish between
ice sheets and glaciers. Glaciers include mountain glaciers and ice caps as well as the glaciers in the
periphery of ice sheets.

The past, present, and future changes of ice sheets (Greenland and Antarctica) is principally
determined by the budget between surface mass balance (SMB, i.e. surface accumulation minus
ablation) and mass loss due to ice flow. A recent (last 20 years) accelerated decline in mass balance for
both ice sheets has been noted (Vaughan et al. 2013 and references reviewed therein, Church et al.
2013, Hanna et al. 2013). These ice losses are linked to polar amplification of global warming,
superimposed with possible shifts in large-scale atmospheric circulation pattern, and enhanced by
regional positive feedbacks between the ice, atmosphere and ocean. While this mass loss is likely to
increase further, not all forcings and feedbacks are sufficiently understood.

In Greenland, current mass loss is approximately equally through SMB (surface meltwater runoff) and
enhanced ice flow across the grounding line (van den Broeke et al. 2009). Both atmosphere and ocean
have been identified in driving the mass losses. For example, the 2012 record surface melt event in
Greenland was mainly forced by the atmosphere (Hanna et al. 2014b), whereas the flow velocities of
many tidewater glacier changes are strongly influenced by oceanic forcing (Murray et al. 2010). An
emerging field of research and great scientific challenge lies in the connection between surface-
melting and ice-dynamics. For the Antarctic Ice Sheets the effect of increased ice flow is dominant. It
is triggered by increased basal melt of ice shelves due to warming oceanic boundary conditions forced
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by changing wind pattern, but also connected to large-scale oceanic transport variations (Pritchard et
al. 2012). There is strong interannual variability (Horwath et al. 2012), primarily in the mass gain by
snowfall, which has been linked to global atmospheric circulation patterns, such as ENSO (Sasgen et al.
2010, Boening et al. 2012). Increased SMB (snowfall) has at least temporarily increased regional mass
balance in East Antarctica (Shepherd et al. 2012, Lenaerts et al. 2013).

The current understanding of mass balance processes is insufficient to predict the near-future
evolution of the ice sheets, and consequently sea-level rise. In particular, there is lack of knowledge on
the dynamic response of ice flow to changing oceanic and atmospheric boundary conditions, including
interactions with intra- and subglacial hydrology. Where the ice sheet is grounded below sea level and
deepening inland (like in most parts of the West Antarctic Ice Sheets) positive feedback mechanisms
might even lead to ice sheet collapse (e.g. Joughin and Alley 2011). The current lack of understanding
the physical processes has prevented the Intergovernmental Panel on Climate Change (IPCC) to include
related sea level contributions in their Fifth Assessment Report, thus leaving ice sheet dynamics as a
major source of uncertainty to sea level projections.

The past, present, and future changes of glaciers (that is, mountain glaciers and ice caps) poses
another set of scientific questions and challenges. In their entirety, glaciers have dominated the
eustatic contribution to sea level rise in the last decades, yet the uncertainty of this contribution is
even larger than for the two ice sheets, due to the difficulties of extrapolating the sparse sample of
observations to the approximately 170,000 glaciers on Earth (Vaughan et al. 2013, Gardner et al. 2013).

Much of the mass losses from mountain glaciers and ice caps are from subpolar climates and maritime
coastal environments. These glaciated regions are particularly sensitive to climate variations and are
more likely to experience rapid mass losses. For example, the Gulf of Alaska maritime glaciers
experienced a significant summer balance season mass loss of approximately 530 Gt in a few months
during the 2004 season due to record high summer temperatures in the region (Luthcke et al. 2008)
(Figure 3.2-3). The low elevation maritime Yakutat, Glacier Bay and Juneau Icefield regions had the
largest negative summer net balance. The Gulf of Alaska glacier mass balance anomalies give a clear
illustration of the susceptibility of the subpolar glaciers and ice caps to climate variations and sudden
events. In order to fully characterize these events and to model and understand their regional and
global impact on life we need a much more comprehensive observational basis.

Ultimately, modeling is the approach to a full understanding and robust prediction capability of ice
sheet and glacier changes. Observations are crucial in this context to validate model developments,
provide boundary conditions and allow model initialization. Currently, the ability of models to describe
recent changes is limited - not to speak about predictions. Therefore, observations are the primary
source for describing present-day ice mass changes. Understanding the processes revealed by
observations must drive the further development of models with the aim of reaching predicting
capability. Various types of observations have illuminated current processes of ice sheet change,
including observations of ice surface geometry and its temporal changes by satellite and airborne
altimetry, observations of ice flow velocity and its temporal changes by satellite remote sensing,
glaciological observations of ice thickness and surface mass balance.

Since continental ice mass changes (and the accompanying changes in the global water mass
distribution) inevitably affect the gravity field, observations of temporal gravity field variations
provide complementary, integrative information. Indeed, gravity is unique in its direct link to mass
changes. Gravity avoids issues of incomplete sampling (present in geometric techniques like altimetry),
the restriction to measurements of the top layer of snow and ice, and the ambiguity in converting ice
volume change to ice mass change. Gravity also circumvents problems associated with mass budget
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techniques (amplification of relative errors when subtracting mass output from mass input to infer
their relatively small imbalance).

Continental ice mass changes, including past changes since the last glacial maximum 20,000 years ago,
induce a large range of geodynamic processes which act globally. Glacial isostatic adjustment of the
solid Earth (GIA) and distinct spatial “fingerprints” of global oceanic mass redistributions are prominent
examples. Effects of these processes are overlaid in geodetic observations. Disentangling these
superimposed processes from a combination of geodetic observations and modeling approaches is
one of the great challenges today. In particular, both ice mass changes and GIA induce changes of ice
surface geometry and of the gravity field over the large ice sheets. The problem of separating the two
effects involves the improvement of information on glacial history and solid Earth rheology, as well as
consistency in the observing systems, and therefore embraces a large range of geoscience disciplines.
Gravity has a key role due to its integrative nature and its direct relationship to conditions of mass
conservation between changes in the cryosphere, the oceans and continental hydrology.

3.2.3 Relevant temporal and spatial scales
Table 3.2-1 summarizes the rough assessment of temporal and spatial scales of individual phenomena
outlined in the following. Figure 3.2-1 visualizes these different temporal and spatial scales. The

maximum orders of magnitude are indicated, implying that the amplitudes are smaller in many cases.
We distinguish between three temporal scales: long-term, monthly to interannual, and daily to weekly.

Table 3.2-1: Spatial and temporal scales associated to gravity changes relevant to cryosphere
investigations.

Signal Time scale Order of Spatial scale
maximal signal
amplitude
Changing ice flow dynamics of ice long-term 10 m EWH/yr 10 km
sheets 10 cm EWH /yr | 500 km
monthly to interannual 10 m EWH 10 km
10 cm EWH 500 km
daily to weekly 10 m EWH 10 km
Changing SMB of ice sheets long-term 2 mEWH /yr 50 km
20 cm EWH /yr 1000 km
seasonal and interannual 2 m EWH 50 km
20 cm EWH 1000 km
daily to weekly 1mEWH 10 km
20 cm EWH 1000 km
Supraglacial, englacial and subglacial seasonal and interannual 5m EWH 10 km
hydrology of ice sheets 50 cm EWH 200 km
daily to weekly 10 m EWH 10 km
Glacier mass changes long-term 10 m EWH /yr 10 km
1 mEWH /yr 200 km
monthly to interannual 10 m EWH 10 km
1 mEWH 200 km
daily to weekly 1mEWH 10 km
10 cm EWH 50 km
GIA (as disturbing signal for ice mass long-term 10 cm EWH /yr 100 km
balance estimates) 1cm EWH /Jyr 1000 km
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Changing ice flow dynamics of ice sheets

Changes in ice flow velocity may be induced by changes of either the driving forces or the forces that
resist the flow. Driving forces may change on a long term, e.g. due to changing ice thickness or surface
slope. Examples for changes in the resisting forces are changes in buttressing stresses by ice shelves
induced by ice shelf thinning; changes in basal stresses by changes in subglacial water content, by
ungrounding of ice (grounding line migration), or change in the thermal regime and rheology of the
ice.

These changes may occur on very different temporal scales. Long-term changes of ice flow may be
overlaid by episodic or rapid changes (in days), for example in the sequence of iceberg calving or even
ice shelf disintegration, glacier surge events, or events subglacial water intrusion and channeling. The
variety in temporal scales poses critical limitations on extrapolating observations beyond the
observation interval and to resolve, from a decadal observation series, accurate long-term trends. The
ongoing discussion on the nature of the observed possible acceleration of mass loss rates in Greenland
and Antarctica (Velicogna 2009; Wouters et al. 2013) arises from these critical limitations.

Concerning the spatial patterns, ice mass changes induced by changes in flow dynamics inherit the
complex spatial structure of ice flow (cf. Figure 3.2-2). That is, they are mainly concentrated on narrow
outlet glaciers and ice streams.

Changing SMB of ice sheets

Positive SMB anomalies are driven by synoptic precipitation events, affecting areas with a size of
hundreds of kilometers on timescales of just days. The typical surface patterns have smaller scales,
down to kilometers, and are associated with orographic (lifting and precipitation shadow) and drifting
snow effects. Because of the dominance of forced convection in the Polar Regions, even low (on the
order of 100 m) and small (on the order of 10 km) topographic disturbances, such as ice rises on ice
shelves, may introduce strong snowfall gradients (Lenaerts et al. 2014). Snowfall-induced temporal
mass variability is largest in the regions with high precipitation rates, i.e. in the coastal regions,
especially upwind of topographical disturbances. Negative SMB anomalies are associated with
enhanced meltwater runoff and sublimation. Being both driven in first order by temperature, these
patterns are spatially relatively smooth, yet with strong gradients due to the surface topography,
concentrating melt production in the narrow ablations zone along the ice sheet margin. Additionally,
once melt has started, strong spatial and temporal variability may be introduced here also, for instance
by the feedback with albedo, which is a major control on ice melt. Due to this positive feedback, sudden
increases in ice melt are possible, as was demonstrated in the exceptionally warm summer over west
Greenland in 2012, where infrastructure dating from the 1950's was destroyed by a meltwater-driven
flooding event that lasted only 2-3 days.

The large range of temporal scales involved poses critical limitations on the use of observational time
series shorter than a multi-decadal climate scale. For example, the question whether recent positive
Antarctic accumulation anomalies are already a signal of climate change (Lenaerts et al. 2013) prompts
for longer observational time series. They are the only way to resolve long-term trends in the presence
of climate variability as well as to study the climate variability by itself, for valuable insights into climate
processes.

Glacial hydrology of ice sheets

Processes related to liquid water at the surface, in the interior, and at the bottom of an ice sheet are
both extraordinarily complex and essential for the ice sheet regime as a whole. Surface melt water,
once it has formed, may locally refreeze in the cold snow/firn, run off over the ice sheet surface, after
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some time penetrate to the bottom of the ice sheet through vertical channels (moulins) or crevasses,
become trapped temporarily in supra-, sub- or proglacial lakes. Once it leaves the glacial system, the
meltwater may flow into fjords where it interacts with the fjord circulation and enhance frontal melt,
or influence the boundary currents in the ocean. Sub-glacial lakes cover up to 5 % of the surface of the
grounded part of the Antarctic ice sheet and are an important component of the sub-glacial melting
system, influencing basal properties and channeling of ice flow. Our current knowledge about the size
and distribution of the active lakes is at best patchy; their interconnections through the sub-glacial
drainage system and their episodic discharge events is understood even more poorly. Recently,
altimetry observations recorded subsidence of the ice sheet surface of several meters, attributed to a
lake drainage event (Mc Millan et al. 2013) with an associated water redistribution of several cubic
kilometers over the course of a few months.

Glacier mass changes

Mountain glaciers and ice caps extend at spatial scales from sub-kilometer to hundreds of kilometers,
and mass changes occur at all these scales, with a range of amplitudes similar to the one for ice sheet
outlet glaciers. Changes in surface mass balance are the major driver of these changes, as many of
these ice bodies are land-terminating. As a result, the same challenges as described above for ice
sheets apply to these glaciers, albeit at an even smaller scale.

Glacier changes include events of rapid changes. An example is given by the 2009 extreme imbalance
of Alaskan glaciers (approximately -140 Gt, that is 50% of the Greenland Ice Sheet mean annual mass
balance) (Figure 3.2-3; Luthcke et al. 2013). It was triggered by the eruption of Mt. Redoubt (Arendt et
al. 2013) resulting in widespread dark ash covering large portions of the glaciated region and leading
to an abnormally low albedo and increased solar energy absorption.

GIA

The viscous reaction of the Earth mantle to ice load changes usually lasts thousands of years. Over the
period of satellite observations, GIA is therefore usually considered as linear in time. It is noteworthy,
however, that recent attention has been drawn to lateral variations of Earth rheology parameters
including low viscosity zones where isostatic compensation of ice load changes may happen on the
order of decades (Nield et al. 2014). Long observational time series are favourable to isolate the long-
term GIA signal from other, superimposed geophysical signals and from observation noise. Due to the
rigidity of the crust between the ice load and the mantle, GIA deformation patterns are spatially more
extended and smoother than the original patterns of ice load changes. Solid Earth mass displacements
by GIA affect the gravity field, just as ice mass changes do. We express this gravity field effect in terms
of equivalent changes of a surface water layer [m EWH], in order to be compatible with the expression
of ice mass effects.

The “bubble plots” in Fig. 3.2-1 illustrate the spatial scales and magnitudes of cryospheric signals for
different time scales (long-term, monthly to interannual, daily to weekly), and show the accuracy levels
assumed for the different mission scenarios.
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Figure 3.2-1: Bubble plots for cryosphere-related signals at three different temporal scales. Mission
performance scenarios are overlayed as polygons.

3.2.4 Achievements and limitations of current gravity missions

Several years after its launch, GRACE has for the first time unequivocally shown that the large ice
sheets of Antarctica and Greenland are losing mass and are contributing significantly to ongoing sea
level rise (e.g., Shepherd et al. 2012, Velicogna et al. 2014). In addition, important spatial information
on ice sheet mass loss was obtained (Figure 3.2-2). GRACE has also significantly contributed to the
assessment of mass changes of glaciers, such as in Alaska, in Patagonia and in the Asian High
Mountains (e.g., Luthcke et al. 2013, Jacob et al. 2012), cf. Figure 3.2-3.
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Figure 3.2-2: Spatial patterns of ice sheet changes for Greenland and Antarctica. (a,b): Surface
elevation trend derived from ICESat laser altimeter measurements over 10/2003-10/2009 (after Groh
et al. 2014a, b). Changes are concentrated at individual outlet glaciers and at the ice sheet margin of
Greenland. Mass change inferences from these data are difficult due to the limited, pointwise sampling
of the underlying observations and problems of the conversion from volume to to mass changes in the
presence of changes in the firn structure. (c,d): Mass trends over the same time period, derived from
GRACE monthly solutions by the University of Texas Center for Space Research (CSR) (Release-5,
maximum degree 96). Filtering was applied to attain a compromise between GRACE error reduction
and signal preservation. While the large scale patterns are compatible with (a,b), GRACE does not
resolve even the largest individual outlet glacier drainage basins.
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Figure 3.2-3: Mass changes of the Gulf of Alaska glaciers derived from a global mascon solution
(Luthcke et al. 2013). (a) Time series of mass changes. (b) annual mass balances. (c) annual changes of
individual. Spatial correlations constraints were applied since the individual 1° x 1° mascons could not
be resolved otherwise by GRACE. A true 1°-2° mascon resolution would be needed to properly
understand the impact of significant climatic changes and their forcings. The figure also shows the
strong spatial and temporal variability observed in the lower latitude maritime glacier regions.

More recently, comparisons of ice sheet mass balance results from GRACE with results from the
geometric (altimetry) approach and the input-output approach have shown agreement between the
complementary methods, within their error bounds. By its direct link to mass changes, GRACE satellite
gravimetry has acted as the ultimate independent evaluation tool for the complementary methods
(Figure 3.2-4).

Importantly, the continuous GRACE observations with about a monthly temporal resolution have
enabled to resolve, and clarify, the temporal variations in the rates of mass change. Such variations
were linked to both accelerating ice flow and SMB variations or SMB trends (Rignot et al. 2011,
Shepherd et al. 2012, Sasgen et al. 2012, Velicogna et al. 2014, Horwath et al. 2012). Indeed, GRACE
has become the primary validation source for modeled temporal variations of SMB (Figure 3.2-4). The
new temporal resolution capabilities have lead to a paradigm change from the mere consideration of
secular trends to a consideration of signals at a large range of temporal scales. For example, Luthcke
etal. (2013) proposed an Ensemble Empirical Mode Decomposition (EEMD) applied to a high resolution
mascon solution for quantifying dominant modes in order to identify underlying processes (Gulf of
Alaska glaciers annual mass balance shown in Figure 3.2-3).
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Figure 3.2-4: Individual mass balance components of the Greenland ice sheet based on the RACMO2
regional atmospheric climate model and remote sensing of ice discharge, their summed effect (gray)
and GRACE results (black). GRACE validates the integral mass balance from the input-output method
for Greenland. Figure from Masson-Delmotte et al. (2012). GRACE results courtesy of I. Velicogna and
J. Wahr.

There are three major limitations to the mentioned achievements. One limitation is the shortness of
the available time series. It significantly impairs the signal-to-noise ratio when attempting to detect
and attribute medium-to-long term mass trends in the presence of natural mass variability as well as
observation noise (e.g. Wouters et al. 2013). The lengths of present time series are not satisfactory for
resolving long-term trends in the presence of climate variability, or for deriving a meaningful reference
climatology for models.

As a second limitation, satellite gravity is currently limited to 200-500 km scale (depending on signal
strength, time scale and geographic location). Therefore, GRACE only gives coarse, spatially averaged
mass signals and is not able to resolve signals down to the spatial scales at which most of the relevant
processes occur (Figures 3.2-2, 3.2-5). On the very large scale, uncertainties in long-term trends of the
low-degree harmonic components of surface mass change, notably the degree-one and degree-two
harmonics, propagate to considerable uncertainties for signals of very large spatial dimension but small
amplitude, like in interior East Antarctica.

A third limitation is the inability to separate different superimposed processes of mass redistribution.
For vertically superimposed processes (such as GIA and ice mass changes), the absence of separation
capability is owing to the physical principles of gravity. For processes adjoining horizontally, the
separation limitations are due to the mentioned resolution limits.

Ultimately, all three limitations manifest themselves in different ways as separation problems.
Important examples are the following:
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- Attribution of mass signals to individual glaciers and drainage systems. Since even neighboring
glaciers may have very different climatological/glaciological settings and flow behavior,
attributing mass changes to one glacier or another can dramatically change the picture. For
example, separating Pine Island Glacier (PIG) mass change from Thwaites Glacier (THW) mass
change would be essential since the ice flow regimes are different. PIG has the potential of
instability due to its bed geometry.

- Making a clear distinction between mass changes in mountain glacier ice and the surrounding
(and probably related) hydrology and possibly related solid Earth processes, such as vertical
isostatic motions. Narrowing the glacier mass changes down to individual glaciers or subsets of
glaciers situated in climatologically well-defined regions would be ideal, but is a difficult challenge.

- GIA uncertainty. The separation between present-day ice mass changes and GlA-related
displacement of solid Earth material is one of the great challenges, owing to the spatial
superposition of the two phenomena and large density of the displaced crustal and mantle
material, as compared to ice. In fact, GIA is the dominant source of uncertainty for GRACE-based
mass balance estimates of the Antarctic Ice Sheet. For example, recent updates of GIA models
have significantly affected GRACE-based mass change estimates (King et al. 2012, Ivins et al. 2013).
While the incorporation of additional information, from GIA modeling and/or from
complementary geodetic observations, is inevitable to overcome this situation, an improved
spatial resolution and accuracy of satellite gravity trends would equally benefit these efforts by
supporting the distinction of the different spatial characteristics of ice mass changes and GIA.

- Separating ice sheet changes from coastal ocean changes. This task includes the account for the
gravitationally consistent ocean changes induced by the ice mass changes themselves, as well as
changes due to ocean dynamics (which again, may be linked to continental ice mass changes).
Processing steps are likely capable of taking advantage of the spectral character that might be
assigned to either the mass changes offshore and the hydrological/cryospheric changes onshore.
More work is needed to understand the region-specific spectral character.

The combination with complementary observations is a means of disentangling various mass
transport processes. Separating ice mass change and GIA in Antarctica is a prominent example. Various
combination approaches have been pursued (Riva et al. 2009; Gunter et al. 2014, Wu et al. 2010, Groh
et al. 2012, Gardner et al. 2013), ranging from local to global scale. Involved observables reach from
geometry of continental ice to crustal deformation and sea level patterns (absolute or relative) and
modelled ice sheet evolution and local vertical motion from precision GPS. The development of such
integrative analyses of satellite gravity with complementary observations is just at its beginning.
Gravimetry is instrumental in such combinations for the fact that it gives a direct handle on mass
conservation and global consistency of mass transport processes. However, currently, the large
horizontal resolution gap between satellite gravimetry and the other techniques poses serious
limitations on such inversion approaches.
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3.2.5 Identification of potential new satellite gravimetry application fields

The continuation of satellite gravity time series and a higher accuracy of satellite gravimetry will allow
monitoring cryospheric ice mass changes on climatic time scales and better separating underlying mass
change signals, thereby overcoming present problems in the interpretation of satellite gravimetry.

Unexpected and partly dramatic processes of ice mass change have been going on in the last decades,
and this is likely to continue. The availability of satellite gravimetry will be critical for our ability to
observe such processes with the aim of understanding and ultimately predicting these processes.

New applications fields are the following:

a) Cryosphere mass balance time series at monthly to multi-decadal time scales to understand
climate forcing on ice sheets, glaciers and ice caps

Linking continental ice mass changes to climate changes (including climate forcing on mass balance as
well as feedbacks to climate changes) is crucial to understand not only the mass balance mechanisms
but the Earth system and climate change as a whole. The links in question cannot be conclusively
established before cryospheric mass changes will be comprehensively observed over lengths at
climatic time scales (at least three decades). A new satellite gravity mission, continuing and improving
upon previous missions, would achieve this major requirement.

Concerning secular trends of the Greenland and Antarctic ice sheets, even the continuation of satellite
gravimetry with today’s accuracy would improve the interpretation of changes in terms of climate
variability versus climate trend. For instance, the robust identification of a sustained acceleration of
ice sheet mass losses needs 2-3 decades of observations (Wouters et al. 2013). Sub-annual sampling
(e.g., monthly) is required for the understanding of mass fluctuations and their link to climate.

b) Cryosphere contribution to global and regional sea level

Understanding sea level changes, including the precise closure of the sea level budget and the
comprehension of regional patterns of sea level change, needs precise observations of the eustatic
contribution from continental ice shrinkage and its geographic origin. A new mission with the target
requirement sufficient to include regional glacier mass balance and regionalized ice sheet mass balance
will ensure such observational data.

c) Observe and separate GIA as a prerequisite to understand feedbacks between ice mass change
and regional sea level

GIA is presently the crucial error source for Antarctic ice mass balance estimates from satellite
gravimetry and an essential error source for other glaciated regions. As a prerequisite for applications
a) and b), GIA needs to be quantified much more accurately than today. Moreover, understanding GIA
is a prerequisite to understand feedbacks between ice mass changes and regional sea level. A major
step forward can be achieved by the continuation of satellite gravimetry in a new mission with
enhanced accuracy. Both the greater length of the time series and the better performance of the new
mission will allow to infer linear trends more accurately and at higher spatial resolution than today.
This will facilitate the separation of ice mass, ocean mass, and GIA signals based on their specific
fingerprints in the gravity field trends and on enhanced possibilities of combinations with
complementary approaches.
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d) Aid ice sheet modeling and prediction by the determination of mass changes of individual ice
sheet drainage basins

Individual glaciers can react very differently to changes in their boundary conditions, for instance due
to their different bed geometries. Understanding the reaction of an ice sheet to climate forcing must
therefore build on understanding the dynamics on a drainage system level. In order to be a useful data
source for constraining and validating respective models, satellite gravimetry must deliver mass
change estimates for individual basins, independently of a-priori information. This requires an
enhanced spatial resolution as compared to GRACE (cf. Figures 3.2-2, 3.2-5). An enhanced spatial
resolution would also enable to separate (through their spatial signatures) dynamically induced
changes from SMB-induced changes. Consequently, satellite gravimetry would become an
independent, unequivocal data source for dynamically induced changes, not restricted to the episodic
temporal sampling inherent to ice flow velocity observations from remote sensing.

e) Aid ice dynamic modeling by observing processes leading to changes in ice flow, including
grounding line migration and glacial hydrology

Processes that trigger changes in ice flow dynamics are often even more spatially confined than the
ice dynamic changes themselves. The triggering processes include grounding line migration and the
whole spectrum of subglacial and supraglacial hydrology. Fundamentally new applications would arise
from a mission that brings at least some of the triggering processes into the realm of observability.

A strong enhancement of resolution would also enable the distinction between SMB variation patterns
and ice dynamic mass change patterns. Given a sufficient temporal and spatial resolution, satellite
gravimetry could indicate the origin of mass changes to be either SMB or ice dynamics or could reveal
the links between SMB and ice dynamics, e.g. through glacial hydrology. By imposing leads and lags to
optimize correlation of GRACE signals with SMB modelling results, inferences can probably be made
about the volume of englacial/supraglacial meltwater storage (see e.g., van Angelen et al. 2013). A
better resolution would indeed bring the detection of individual drainage events within reach.

f) Aid atmospheric modeling by observing processes related to SMB changes

Quantifying the contribution to glacier mass balance made by surface processes requires resolving
mass changes at daily to decadal time scales. At those time scales the impact of the strong daily cycle
of meltwater runoff as well as the role of decadal climate oscillations on glacier surface mass balance
become apparent. Although atmospheric models have proven to be capable to model with some
accuracy the surface mass balance processes over the large ice sheets of Greenland and Antarctica,
they still relatively poorly represent several important mass redistribution processes, such as drifting
snow (sublimation and transport), horizontal and vertical water flow in firn, as well as physical and
biological surface processes that govern the all-important melt-albedo feedback.

Direct gravity measurements with improved temporal and spatial resolution will thus be invaluable as
independent, ultimate evaluation of coupled atmospheric/surface mass balance/firn models. The
enhanced resolution will mitigate the present ambiguity of isolating SMB effects from the overall ice
mass changes.

g) Determination of mass changes of glaciers

While satellite gravity has proven useful for the determination of mass changes of mountain glaciers
and ice caps, results from GRACE cannot distinguish between glaciers within regions of several hundred
kilometers dimension. Moreover, the ambiguity between ice masses and hydrological water storage
on the surrounding land areas is a considerable concern.
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An improved spatial resolution and accuracy will largely reduce these limitations. As a new application,
satellite gravity will serve as a truly comprehensive and unequivocal source of the mass balance of
glaciers with at least monthly resolution and global coverage — something absolutely unaffordable by
classical glaciological observations. Even if satellite gravimetry will not resolve individual glaciers, the
reliable mass balance for clusters of glaciers at 100-150 km dimensions will place glaciological
monitoring and modeling on an unprecedented data basis (cf. Figure 3.2-3).

h) Observation of glacier processes for hydrological and emergency applications (flooding, water
storage, hydro power)

As an ambitious operational application, glacier mass change observations on high spatial resolution
(ca. 25 km) and small temporal latency (days) could serve applications in water management and
emergency management. Examples are the management of water supply for settlements, industry and
hydropower plants, and the emergency management for cases of episodic or catastrophic events, such
as meltwater flooding or processes induced by ash cover following volcanic eruptions.

i) Technique combination

Beyond the isolated use of satellite gravimetry, an enhanced resolution of gravimetry will boost the
success of technique combinations for the separation of processes. Once gravity information is
available in an enlarged spectral range, the corresponding spectral range in complementary datasets,
e.g. satellite altimetry, can be exploited in combination approaches. This will provide discriminatory
information, e.g., for the discrimination of dynamically induced ice mass changes (spatially correlated
to places with large ice flow), GIA (much smoother, and therefore more extended in space), and
descent or ascent of interannual precipitation.

3.2.6 Added value of individual mission scenarios

The most basic need, and therefore the first priority, of the cryospheric user community consists in the
continuation of satellite gravity missions to reach the climatic time scales that are a demand for
applications like the derivation of cryosphere mass balance time series at monthly to multi-decadal
time scales to understand climate forcing on ice sheets, glaciers and ice caps (a) and the cryosphere
contribution to global and regional sea level (b), and a strong benefit for all other applications. As the
second priority, a new mission should have improved spatial resolution, or equivalently, less noise at
small spatial scales. The third priority is an increased temporal resolution.

The increase in spatial resolution offered by Scenario 1 would allow to realize a number of new
applications listed in Section 3.2.5. Therefore, this Scenario would mean an essential step forward for
cryospheric sciences. The leap in accuracy offered by Scenario 2, as compared to Scenario 1, would be
a breakthrough for applications like the separation of GIA effects (c), the determination of mass
changes of glaciers (g), and technique combinations for the separation of the processes (i). In many
cases, the degree to which applications can be realized depends gradually on the mission performance.
Therefore, naturally, Scenario 2 would be an essential additional benefit to those applications that may
be already addressed by Scenario 1. It is worth mentioning that a satellite gravity mission involving
near-polar orbiting satellites provides a better accuracy in polar regions than on a global average (e.g.,
better by a factor of two for GRACE). Finally, wishful thinking performances well beyond the specified
scenarios are required for tasks like the observation of glacier and ice cap processes for hydrology and
emergency applications (h) as well as for smaller-scale realisations from the other application fields. In
the following, a few examples are elaborated for the above statements.
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Concerning the separation of ice sheet drainage basins (application d), the glaciers in the Amundsen
Sea Sector (Pine Island Glacier; Thwaites Glacier; and Haynes, Smith and Kohler Glacier system; see
Figure 3.2-5a) are an important case. The distance between the glacier trunks is about 150 km. Given
the large amplitude of mass changes (on the order of 0.5 m EWH over one year on the 150 km scale),
these basins may be separated by Scenario 1, while they cannot be separated by GRACE without the
use of external information. Similarly, Scenario 1 will allow to separate the two large glacier complexes
in Northeast Greenland, namely the 79° Glacier/Zachariae Glacier complex and the Storstrgmmen,
which are about 150 km apart. On the other hand, Jacobshavn Isbrae, the Greenland glacier with the
most dramatic changes over the past decade, is in a distance of about 80 km from its northern
neighbors (e.g., Eqip Sermia) large glaciers, which exhibit remarkable, but different, dynamics. An
accuracy better than Scenario 2 is required to allow a separation of the different drainage basin signals
at least on a 50 cm EWH/yr accuracy level. In terms of wishful thinking we may think of separating the
mass signals at the Eastern and Western side of the Antarctic Peninsula, with very different regimes of
SMB and different boundary conditions on ice flow. The distance is 50 km or less. This requirement
would need a mission substantially more accurate than Scenario 2.

As an example for the separation of glaciers (application g), distinct glaciated mountain ranges within
the Golf of Alaska region are about 150 km apart. GRACE analyses suffer significant signal leakage
between those subregions (Arendt et al. 2013). Given annual mass variations on the order of 1 m EWH,
Scenario 2 would fully satisfy the need of separation between these mountain ranges and would also
significantly aid the distinction between glacier mass changes and hydrological variations on the
surrounding ice-free areas. This scenario would therefore mean an enormous benefit. Scenario 1 could
still be a compromise but would degrade the monthly accuracy level at 150 km to 50 cm EWH, that is,
similar to the expected signal amplitudes.

Glaciers contribute about as much to eustatic sea level rise as the two ice sheets. Therefore,
applications a) and b) depend on the requirements for glacier mass balance. Scenario 2 would be
appropriate, while Scenario 1 would be a compromise.

Concerning a better separation of GIA from ice mass signals (application c) we may note that Antarctic
GIA patterns extend about 200 km into the ocean, with magnitudes of about 10 mm EWH/yr. To
separate these patterns unequivocally from ice mass signals leaking out into the ocean, we would need
the secular trend with, say, 2mm EWH/yr accuracy at 150 km resolution. Scenario 2 is near to fulfilling
these requirements, in view of the expected enhanced accuracy in polar regions.

Applications e) and f) address a multitude of tasks and related requirements. One of the phenomena
related to both application fields is glacial hydrology. An event of water discharge of 5 Gt from a
subglacial lake (as reported from altimetry by McMillan et al. 2013) over a hypothetic distance of
200 km (cf. Wingham et al. 2006) would constitute a signal of 0.12 m EWH at 200 km scale (5 km?
divided by 200x200 km?). This would be resolvable by Scenario 1. Events with smaller discharge volume
or smaller distance of discharge could be resolved by averaging over a number of months before the
event and after the event, or by Scenario 2. Therefore, satellite gravimetry could offer an additional
means (in addition to satellite altimetry) of monitoring large water mass exchanges in a subglacial
hydrological network. In fact, inside the polar gap of altimeter missions (beyond 81.5° or 88°,
depending on altimeter mission), satellite gravimetry would be the only way of detecting such events.

To be able to distinguish changes due to SMB from changes due to ice flow dynamics just from their
spatial signatures in satellite gravimetry, we would like to have a 0.1 m EWH accuracy at a spatial
resolution of 80 km and temporal resolution of 1 yr, leading to a 0.35 m EWH monthly accuracy
requirement at 80 km. Even Scenario 2 has an error level ten times larger than that. Therefore, this
kind of separation is referred to a wishful thinking.
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Finally, application h) would require at least a 25 km resolution, be it with a 1 m EWH accuracy. This
is, again, a wishful thinking scenario.
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Figure 3.2-5: |llustration of ice sheet mass change signal content and signal omission for different
spatial resolutions. For this simulation, elevation trends shown in Figure 3.2-2 (a,b) are used as a proxy
for the spatial patterns and spectral properties of the actual mass change signal. (a) Signal retained by
different spatial resolutions for the example of the Amundsen Sea Sector of West Antarctica. PIG, THW
and HSK mark the Pine Island Glacier, the Thwaites Glacier and the Haynes/Smith/Kohler glaciers,
respectively. (b) Signal omitted due to the respective resolution limits. The sum of (a) and (b) in each
column gives the full signal. (c) Evaluation of the omission error, expressed as the ratio between its
variance and the variance of the total signal. This calculation is based on the entirety of the Antarctic
and Greenland ice sheet change patterns. Annotated circles illustrate how omission errors for a given
level of GRACE measurement error reduce with Scenario 2 as compared to GRACE.



50 3 Derivation of requirements for main thematic fields

Figure 3.2-5 illustrates the ice sheet signal content retainable with different spatial resolution. Overall,
continental ice mass changes show strong spatial concentration, lending great importance to small
spatial scales. While even a 100 km resolution leaves 50% of the variance of the spatial patterns
unobserved, an increase in resolution according to the target Scenario 2 would dramatically reduce
the signal omission and lend dramatically higher fidelity to the patterns of change derived from
satellite gravimetry.

3.2.7 Definition of theme-specific science requirement

In result of the discussion in Sections 3.2.5 and 3.2.6 we may qualify the application-specific
requirements as follows.

a) Cryosphere mass balance time series at monthly to multi-decadal time scales to understand
climate forcing on ice sheets, glaciers and ice caps

e Threshold: Scenario 1
e Target: Scenario 2

b) Cryosphere contribution to global and regional sea level

e Threshold: Scenario 1
e Target: Scenario 2

c) Observe and separate GIA as a prerequisite to understand feedbacks between ice mass change
and regional sea level

e Threshold: Scenario 1
e Target: Scenario 2

d) Aid ice sheet modeling and prediction by the determination of mass changes of individual ice
sheet drainage basins

e Threshold: Scenario 1
e Target: Scenario 2
e  Wishful thinking: 1 m EWH at 25 km with monthly resolution

e) Aid ice dynamic modeling by observing processes leading to changes in ice flow, including
grounding line migration and glacial hydrology

e  Wishful thinking: 1 m EWH at 25 km with weekly resolution

f) Aid atmospheric modeling by observing processes related to SMB changes

e Threshold: Scenario 1
e Target: Scenario 2
e  Wishful thinking: 1 m EWH at 25 km with weekly resolution

g) Determination of mass changes of glaciers

e Threshold: Scenario 1
e Target: Scenario 2
e  Wishful thinking: 1 m EWH at 25 km with weekly resolution
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h) Observation of glacier and ice caps processes for hydrological and emergency applications
(flooding, water storage, hydro power)

o  Wishful thinking: 1 m EWH at 25 km with weekly resolution

i) Technique combination
e Threshold: Scenario 1
e Target: Scenario 2
e  Wishful thinking: 1 m EWH at 25 km with monthly resolution

In conclusion, Scenario 2 would really open the major application fields a), b), c), d), f), g) and i). We
qualify Scenario 2 as the target requirement. Scenario 1 would allow to realize part of the identified
applications and would be still an important step forward with respect to previous satellite gravity
missions. We qualify Scenario 1 as the threshold requirement.

Wishful thinking scenarios that push the spatial resolution to about 25 km and the temporal resolution
to a few days would be needed for the application fields e) and h). Such scenarios would also, again,
revolutionize the benefit from those application fields already addressed with the threshold and target
scenarios.
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3.3 Oceanography

3.3.1 Societal challenges in oceanography

The global ocean plays an important role in many of the problems facing society today. If society is to
adapt to and mitigate against these threats, it is crucial that we have the observations that will allow
us to monitor, understand and predict oceanographic processes. Among these, observations from
satellite gravimetry can provide unique insights into the behaviour of the ocean. Satellite gravimetry
is therefore a tool with great potential in helping us address the societal challenges in which the ocean
plays a role.

With a large fraction of the world’s population living, and major cities built, on land with an elevation
less than 1 meter above sea level, rising sea level is one of the most serious consequences of climate
change. Sea level is rising globally (presently at a rate of about 3 mm/yr) due to ocean warming, and
the consequent steric expansion, and from mass input from melting ice sheets and glaciers
(Fig. 3.3-1). Since each of these has its own response to climate change, if we are to make better
predictions it is essential that we can distinguish between them. As only satellite gravity offers the
possibility to observe mass changes in the oceans, it clearly plays a crucial role in helping us meet the
grave societal challenge of rising seas.

A related challenge, also of great societal importance, is the ability to understand and predict decadal
fluctuations and secular changes in Earth’s global mean surface temperature. Decadal fluctuations
obscure, and therefore make it more difficult to predict, the secular, anthropogenic change in climate.
Therefore accounting for decadal fluctuations in global temperate is critical in understanding and
accurately predicting the human impact on climate, which is necessary if we are to take appropriate
action to limit global warming and address its consequences, either through adaption and/or
mitigation. Decadal fluctuations are important in their own right too: they are too short to adapt to,
but too long to ignore. There is growing evidence that due to its large heat capacity the ocean has a
strong influence on decadal fluctuations in global mean temperature, including the recent global
warming hiatus. By giving us the ability to discriminate between regional sea level fluctuations due to
mass redistribution and those due to oceanic heat up-take, satellite gravity can be used to identify
where the ocean is taking up heat and how this is changing over time. This will lead to a better
understanding of the role of ocean dynamics in ocean heat uptake and how the ocean affects global
surface temperatures on decadal and secular timescales.

By carrying relatively warm water from the equator to much cooler northerly latitudes, the Atlantic
meridional overturning circulation (AMOC) plays a crucial role in regulating Earth’s climate and
maintaining the relatively mild climate of North-western Europe. Evidence from climate models and
palaeo records suggest that changes in the AMOC go hand-in-hand with relatively rapid, global-scale
changes in Earth’s climate. Elevated levels of freshwater input into the sub-polar North Atlantic — as is
currently occurring due to warming-induced melting of the Greenland ice sheet — may cause a
slowdown or, in the extreme, a collapse of the AMOC. The potential magnitude of the associated
changes in climate, combined with the rapid speed with which they could occur, would be very difficult
for society to respond to. It is therefore vital that as the Earth warms the AMOC is carefully monitored
over many decades to understand and predict how it is responding, and will respond to, a warming
climate and increased freshwater input from the Greenland ice sheet. As will be shown below, a
sufficiently accurate satellite gravity mission would potentially enable us to monitor this vital
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component of the Earth’s climate from space, thus addressing many of the limitations of in-situ
monitoring and providing essential information to policy makers on the state of the climate system.

Both the problems of ocean heat uptake and sea level rise are addressed directly by satellite gravimetry
observations, as is, potentially, the challenge of monitoring the AMOC. But satellite gravity also plays
another indirect role in understanding these processes, as well as the more general societal challenge
of improving our ability to make more reliable short-term ocean and weather forecasts and more
skillful, and therefore useful, predictions of the state of the climate system. Satellite altimetry is
routinely assimilated into operational ocean forecast models and into ocean state estimates, which
can then be used to study ocean/climate dynamics or to initialise climate models, as it acts as a
powerful constraint on how a model’s state evolves over time. However, certain assumptions must be
made regarding how the sea surface height correction provided by altimetry is distributed through the
water column. Global ocean bottom pressure observations, as could potentially be delivered from an
improved satellite gravity mission, would provide an additional and complementary constraint for
ocean modelling, removing the need for certain ad-hoc assumptions. As such it could greatly improve
our ability to make both short and long term predictions regarding the state of the ocean and of the
climate system more widely. This would be enormously beneficial to society in many respects.
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Figure 3.3-1: Total global mean sea level from altimetry, the steric component of the upper ocean from
ARGO temperature and salinity measurements and the ocean mass component from GRACE. The large
drop in sea level in 2011 is due to combination of a strong negative phase of the Indian Ocean Dipole,
a positive phase of the Southern Annual Mode, and the strong La Nifia of that year (Boening et al. 2012,
Fasullo et al. 2013) (credit: D. Chambers, University of South Florida).
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3.3.2 Scientific questions and challenges and their relation to gravity field signals

As the climate warms over the coming decades, there are many gaps in our understanding of the
physical ocean that must be addressed if we are to take the appropriate steps to mitigate or ameliorate
the impacts of climate change. Broadly speaking these can be grouped into four categories: Sea level
change; The internal dynamics of the ocean; The ocean’s role as a component of the Earth system; The
ability to accurately forecast the future state of the climate system. Below we provide an overview of
the questions and challenges in each of these areas and the role that satellite gravity can play in
answering them.

Sea level rise

Rising seas are one of the greatest threats facing humankind over the coming centuries. Satellite
altimetry provides an accurate measurement of changes in global mean sea level. Since the early
1990s global mean sea level has been rising at a rate of approximately 3 mm/yr. Sea level rise occurs
due to steric expansion (directly related to the density of the sea water, mainly due to changes in the
heat content of the ocean, but also to changes in the salinity of the sea water), and, due to the addition
of mass to the ocean (e.g., caused by melting of land ice). The ability to discriminate between these
two contributions (see Fig. 3.3-1) is crucial in understanding how to Earth system is responding to
climate change and to improve our ability to predict how sea level is likely to change in the future. Argo
profiling floats can provide estimates of global and regional steric height changes from which, in
principle, in combination with satellite altimetry, mass changes can be inferred. Yet, this yields an
incomplete picture, since the Argo floats sample only the upper 2000 m of the ocean, introducing a
substantial uncertainty related to the steric contribution of the deep ocean. Furthermore they suffer
from many limitations common to in-situ observing systems. Their sampling of the ocean is and will
remain sparse in both time and space. This entails the use of interpolation methods to provide a global
picture. In-situ floats do not provide a measurement platform with stable, consistent and
homogeneous error characteristics, such as can be provided by a satellite observing system. It is likely
that even with float technology improvements the deep ocean will remain very sparely sampled. Thus,
with sufficient space and time resolution, satellite gravimetry is a more suitable tool, in combination
with altimetry for estimating global mean and large scale patterns of steric sea level variations. As the
only measurement system capable of directly measuring changes in the ocean’s total mass as well as
regional mass variations, satellite gravimetry will be an essential tool in understanding the threat
posed by rising seas.

Although global mean sea level is a useful integrated measure of how the ocean is responding to
climate change, it is regional and in particular coastal sea level change that matters to society. There
are many factors driving regional and coastal sea level change, including ocean dynamics. Untangling
these factors will improve our understanding of the role of ocean dynamics in regional and coastal sea
level change and will enable more robust predictions of future coastal sea level change. The ability to
separate the mass and steric components of regional sea level as could be provided by satellite
altimetry and satellite gravimetry is a powerful diagnostic for understanding the processes that drive
regional sea level variations. A gravity mission can also help by better constraining glacial-isostatic
adjustment (see Sections 3.2.5, 3.4.2, 3.5), which affects relative sea level at coastal zones through
land subsidence.

If attainable at a sufficiently high resolution, the ability to discern between regional mass and steric
sea level change can be crucial in understanding how the climate system is working, in terms of
changes in atmospheric circulation patterns, hydrological cycle, etc., much more than simply looking
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at the global mean. The ocean has the capacity to take up, store and release vast quantities of heat.
As well as affecting global mean and regional sea level variations, heat fluxes between the atmosphere
and the ocean have the potential to modify land and ocean surface temperatures and alter the ocean’s
circulation. These impacts and how long the heat may be stored for depend on where the changes in
heat content occur. Tracking where this heat is being taken up by the ocean, determining how much
is being stored in the deep ocean, and understanding the processes that control this are all important
to understand sea level rise and improve the predictive skill of climate models. Additionally, this will
provide a step forward in closing the thermal energy balance of the climate system by relating
variations in the rate of Earth’s mean temperature to ocean heat content storage. By allowing us to
remove the mass component from altimetric sea level we could study heat content changes, and infer
changes in the salinity level of the sea water (freshening). Further by combining this with Argo sampling
of the upper ocean we could examine steric changes in the deep ocean.

Currently, the time series of ocean mass changes from gravimetry spans about 10 years. In the Earth's
climate system, naturally forced variations affecting sea level have time-scales of several decennia. To
assess how the climate system in general and the sea level in particular will respond to rising levels of
CO; and the potential of natural variations to ameliorate or exacerbate man-made changes we must
build up an observational record of sufficient length to discriminate between anthropogenic and
naturally forced variations in global and regional sea level. The ability to separate the mass and steric
components where the climate sensitivities and range of natural variations is likely to be different will
aid the attribution and detection of anthropogenic sea level changes.

Internal ocean dynamics

Our understanding of the dynamics of the ocean remains inadequate. Skillful climate forecasts will
require improved representation of these processes in ocean/climate models. As already noted, by
decoupling the steric and mass components of sea level signals, satellite gravimetry can improve our
understanding of ocean dynamics. However, the bottom pressure variations and the time mean
dynamic topography that can potentially be provided by a satellite gravity mission are also powerful
tools for investigating the ocean’s internal dynamics.

Ocean dynamics are essential for estimating basin scale transport of heat and freshwater variations.
As an example of this, consider that if we know the bottom pressure variations on the continental
slopes of the Atlantic, then we could easier measure the Atlantic meridional overturning circulation
(AMOC), which plays a crucial role in the Earth's heat transport. Because such variations are confined
to relatively narrow slopes, this would place a tight constrained on the required spatial resolution. So
far, gravimetry has not been shown to be capable of detecting variations in the AMOC, but this may
change when observations with a higher resolution and reduced noise level become available
(Bingham and Hughes 2008, 2009).

Furthermore, the capabilities of gravimetry for mapping regional bottom pressure variability allow for
better insight on barotropic circulation changes, including depth mean currents, that are very difficult
to obtain by other means. The assimilation of bottom pressure data, together with altimetry and other
data, into ocean models could improve the determination of the oceanic baroclinic and barotropic
circulations.

When averaging its observations over a sufficiently long time, satellite gravimetry provides the best
option for determining the geoid. If the ocean were at rest, its surface would coincide with the geoid.
However, wind and buoyancy (heat and freshwater) force the ocean water to circulate. The geoid may
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be combined with observations of the mean sea surface height from altimetry to derive the mean
dynamic topography (MDT) of the ocean. The mean ocean surface currents are related to the MDT
through geostrophy, and provide important information about the currents — such as the Gulf Stream
— that redistribute heat and thus regulate the Earth's climate. Furthermore, gravimetry observations
with a high spatial resolution (in the order of a few 10 kilometers), along with altimetry, can be used
to map the circulation and help understand the role of eddies in the ocean. Eddies play an important
role in (vertical and horizontal) mixing and transporting of heat and biochemical materials in the
oceans, but due to the lack of observations, their exact role is not well understood.

Understanding the ocean as an Earth system component

Our knowledge of many of the large and small-scale processes within the ocean and at its boundaries
— crucial for understanding energy balances and the ocean’s large-scale characteristics — remains
inadequate. Many large-scale phenomena affecting climate on interannual time-scales — such as the
AMOC, ENSO, NAO, AMO, etc. — involve interaction between the atmosphere and the ocean. Yet, the
balance of power within these processes is still poorly understood. Understanding this balance of
power and how it may shift in a warming climate is an important question for oceanography and
climate research. For example, how is the AMOC responding to changing ocean/atmospheric
conditions and what will the long term impact of any MOC changes — a slowdown for example — be on
the European/global climate system. A better understanding of these processes will be crucial for
untangling natural from anthropogenic variability and in making skillful decadal climate forecasts.

As mentioned above, combining time-variable gravity observations with altimetry allows the
decoupling of mass and steric components. If the spatial resolution of the gravity data can be
improved, this may allow tracking of movement of warm water cells towards the polar regions, where
the interaction with ice sheets/ice shelves has the potential to induce accelerated ice melt. The
response of the cryosphere to warming oceans is paramount in projections of future sea level rise, as
it may represent a major contributor. As discussed in Chapter 3.2, GRACE is able to observe the mass
changes of the major ice sheets and glaciers, allowing us to directly estimate their contribution to sea
level rise. In turn, these gravimetry observations can be used to constrain the freshwater input from
the ice sheets in global ocean circulation models.

The ability to accurately forecast the future state of the climate system

One of the grand challenges of climate science is to move from climate projections to skillful climate
forecasts that will be useful to policy makers for social and economical decision making. This will
involve coupled state estimation and optimal use of modelling and observational resources. Although
clearly a topic broader than oceanography, the requirement for useful climate forecasts will be an
important driver of oceanographic research in the coming decades, and many of the challenges
discussed above can be viewed as being in service of this overarching objective. The quality of near-
future climate predictions is strongly dependent on how models are initialized: their state at the start
of the prediction should resemble reality as close as possible. Satellite gravimetry, together with
altimetry and Argo sampled upper ocean, provides the best option for monitoring heat changes in the
deep ocean, including deep contributions currently hard to observe with available measurements, and
similarly for freshwater storage. Further, satellite gravimetry can contribute by providing estimates of
present-day trends in global and regional ocean mass, and its acceleration (provided the time series
are adequately long). These observations can serve as input for (semi-)empirical forecasts of future
sea level rise.
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3.3.3 Relevant temporal and spatial scales

Discrimination between mass and steric components of sea level is the primary benefit of a gravity
mission. Essentially this means detecting bottom pressure signals. These cover a wide range of spatial
scales and amplitudes, which are discussed below and illustrated in Fig. 3.3-5:

Table 3.3-1: Spatial scales and amplitudes of the ocean processes of interest

Signals Time scales Expected signals: Spatial scale
temporal variation in
equivalent water height

Mass input (global) secular 1 mm/yr global
interannual 1 mm (with peak-to peak
variations of ~5mm)
seasonal 10 mm
Basin scale mass secular 1 mm/yr > 10000 km
redistributions interannual few mm
seasonal 5 mm
Regional mass variations | secular ~ 3 mm/yr 0(100-1000) km
interannual 5 mm, locally up to 15 mm
seasonal 10 — 50 mm with local

peaks up to 20 cm

Boundary processes (incl. | decadal 1-20 mm 20— 200 km
MOC)
Ocean tides hours to years | 0-5000 mm 0(100-1000) km

GRACE has been used to estimate the long-term trend in ocean mass, which is in the order of ~1 mm/yr
(Table 3.3-1). Given the ~10 year time series, the trend estimates are still affected by interannual and
decadal variability. In fact, GRACE showed that many interannual variations in global mean sea level
(GMSL) corresponds to changes in the mass component and not the thermosteric sea level. In
particular, the 5 mm drop in GMSL in 2011 has been linked to excessive precipitation in Australia, which
could be attributed to a very unique combination of a strong negative phase of the Indian Ocean
Dipole, a positive phase of the Southern Annual Mode, and the strong La Nifia of that year (Fasullo et
al. 2013). Longer time series are required to come to more robust trend (and acceleration) estimates
and to disentangle the effect of climate modes on global and regional sea level. Since the power of
these modes generally lies at the decadal time scales, time series with a length of several decades may
be required. Also, the results for the global ocean mass trends depend strongly on the models used to
correct for glacial isostatic adjustment (GIA). It is expected that longer GRACE time series will lead to
improved GIA models, thereby reducing the uncertainty in the ocean mass trend estimates.

At the basin-scale scales, the volume of water exchanged between the Atlantic, Pacific and Indian
Ocean is in the order of 1000 km3, while interannual variability has been show to amount to 200-
400 km? (Chambers and Willis 2009). Due to the large area of the ocean basins, the associated change
in equivalent water height is small (a few mm), yet this signal can still be retrieved by current satellite
gravimetry due to its large length-scale.
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Regionally, seasonal redistribution of ocean water has an associated signal of typically 1 cm or less,
with slightly higher values (~5 cm) in regions where wind forcing is significant combined with weakened
H/f gradients (H = ocean depth; f = Coriolis parameter), such as the northwestern Pacific and the
Southern ocean (Vinogradov et al. 2008). Extreme values of seasonal ocean bottom pressure variations
with amplitudes up to 20 cm with length-scales of a few 100 kms have been detected by GRACE in
coastal semi-enclosed shelf zones, such as the Gulf of Thailand and the Gulf of Carpentaria (Australia)
(Tregoning et al. 2008, Wouters and Chambers 2010). Interannual variability is an order of magnitude
smaller (~ 5 mm), with higher values (up to 1.5 cm) found in shallow or semi-enclosed areas such as
the Indonesian and Nordic Seas and the aforementioned areas of strong wind stress curl and weakened
H/f gradients such as the Australian-Antarctic Basin and the Bellingshausen Basin (Piecuch et al. 2013,
Ponte and Piecuch 2014).

As discussed in section 3.3.4, little work has been done to evaluate low-frequency variations in the
transport of the major ocean currents, however, except for some evaluation of correlations between
GRACE derived transport for the Antarctic Circumpolar Current (ACC) averaged over the Pacific sector
and the Southern Annual Mode (SAM). Although correlations between GRACE-derived transport and
SAM have been shown to be high (Bergmann and Dobslaw 2012), the results are likely biased by the
high-frequency and seasonal variability. No analysis was done for the longer than annual period.
However, assuming monthly errors of 3 Sv (1 Sverdrup = 10 m3/s) with a random autocorrelation, a
change in transport of less than 0.3 Sv/year should be detectable by GRACE with 90% confidence using
the current 10-year record. Continued time series will further increase the confidence of the estimates.

Even more challenging than assessing the ACC transport, the largest ocean current, is the
measurement of surface and deep ocean boundary currents, which have length-scales in the order of
20-200 km, and which often flow along the contours of steep continental slopes (Hughes and Legrand
2005). Examples of particular interest are the Gulf Stream and its deep counterpart the Deep Western
Boundary Current. These currents form part of the AMOC, which, by transporting vast quantities of
freshwater and heat, plays a central role in regulating Earth’s climate. Bingham and Hughes (2008,
2009) find a bottom pressure signal on the continental shelf of the US east coast of around +2 cm (eq.
water height) for each Sverdrup drop in AMOC transport strength, with an opposite change in bottom
pressure of -1 cm on the lower continental slope. The relative weakness and O(100 km) length scale of
the bottom pressure/geoid changes associated with AMOC variability poses a significant challenge to
the ability of satellite gravity missions to detect such signals. In fact, the weaker lower-slope signal [at
~1300-3000 m depth] may be more readily detected given that it is further from the coast and so less
affected by leakage from continental hydrology. Clearly, a leap in resolution and accuracy will be
required to monitor variations at annual and even inter-annual time scales. However, the variations in
the major deep-ocean currents affecting continental climate have periods of a decade or longer, so
that a viable solution may be to difference gravimetric observations averaged over 10 year periods
(thereby reducing the noise) and infer such low-frequency changes (Hughes and Legrand 2005).

3.3.4 Achievements and limitations of current gravity missions

In the following, the main achievements of gravimetry in oceanography will be discussed.?
Oceanography benefits from both the time-mean and time-variable components of satellite gravity.
The mean component (the geoid) can be combined with sea surface height (SSH) from satellite

1 This section is based on the oceanography section in Wouters et al. (2014), written by Don Chambers (University
of South Florida).
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altimetry to determine the mean dynamic ocean topography (MDT). The horizontal derivatives of the
MDT are directly proportional to surface geostrophic currents (Wunsch and Gaposchkin 1980). Early
gravity models were too inaccurate to be useful except at the very longest wavelengths, much larger
than the width of major current systems (Stammer and Wunsch 1994, Tapley et al. 1994), making them
useless for determining the surface geostrophic currents (Tapley et al. 2003). Since the launch of
GRACE, along with improved terrestrial and airborne gravity data and higher-resolution gravimetry
from the GOCE mission after 2009, the global surface geostrophic currents can now be resolved over
widths of less than 100 km (Bingham et al. 2011, Knudsen et al. 2011, Pavlis et al. 2012). An example
of global geostrophic ocean currents as derived using GOCE is shown in Fig. 3.3-2 (Rio et al. 2014).

cm/s

Figure 3.3-2: Geostrophic ocean current velocities as derived using GOCE (Rio et al. 2014).

Global mean sea level (GMSL) is the sum of the mass component and the thermosteric component.
Several studies have used GRACE to monitor the global ocean mass content. Chambers et al. (2004)
demonstrated that by averaging over the entire ocean basin, GRACE was capable of measuring
seasonal global ocean mass variability to an accuracy of a few mm of equivalent sea level. In later work,
GRACE has been used to study the seasonal cycle in sea level in various regions. For example, Piecuch
and Ponte (2014a) used GRACE data to perform a detailed study of the monsoon-driven ocean bottom
pressure changes in the tropical Indian Ocean.

Many efforts have focused on closing the ’sea level budget’ of trends and estimating the relative size
of different contributions at interannual time scales. Initial results using altimetry (total GMSL), GRACE
(mass component), and temperature profiles from the Argo floats (thermosteric component) suffered
from bias errors and sampling issues with the Argo and altimetry data (Lombard et al. 2007, Willis et
al. 2008, Leuliette and Miller 2008, Cazenave et al. 2009, Nerem et al. 2010). However, after correcting
altimetry for known biases, removing Argo floats with pressure biases and using only floats after 2005
when data are relatively well distributed globally, all studies now find closure of the sea level budget
within the assumed uncertainty (Chambers et al. 2010, Willis et al. 2010, Leuliette and Willis 2011,
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Boening et al. 2012). Between 2002 and 2012, the trend in the mass component of GMSL explains 60—
80% of the observed rise of GMSL over the same period. The residual 20%—40% is caused by
thermosteric sea level rise. GRACE has shown that roughly 70% of the mass increase is coming from
the Greenland and Antarctica ice sheets. To determine the long-term trend in global ocean mass, one
needs to remove the GIA signal from the GRACE observations. There has been considerable
controversy in the literature regarding the appropriate correction (Peltier 2009, Chambers et al. 2009,
but recent estimates of the GIA correction agree within the estimated uncertainty of 20-30%
(Chambers et al. 2012, Peltier et al. 2012). Yet, the GIA correction is still limited by our current
knowledge of mantle viscosity and ice histories, see Chapters 3.2.5 and 3.4.2 for a further discussion.

In addition to the longer-term trend in ocean mass, GRACE has shown that many interannual variations
in GMSL correspond to changes in the mass component and not the thermosteric sea level (Willis et
al. 2008, Chambers and Schréter 2011). This is most apparent between 2010-2012, when the large
oscillation from low anomalies to high anomalies in global mean sea level is found mainly in ocean
mass (Boening et al. 2012). Fasullo et al. (2013) demonstrated that such behavior could be attributed
to a unique combination of a strong negative phase of the Indian Ocean Dipole, a positive phase of the
Southern Annual Mode, and the strong La Nifa, all of which led to an anomalously high amount of
precipitation over the interior of Australia. Since there is no direct drainage from this region to the
ocean, this led to a built up of water, observed by GRACE, and a drop in GMSL of approximately 5 mm.

The time-variable mass measured by GRACE has also been used to quantify certain aspects of regional
ocean dynamics. Low-frequency variations in ocean bottom pressure caused by changes in the
circulation and transport are particularly difficult to measure or model. Bottom pressure recorders
(BPRs) are expensive and difficult to deploy. Moreover, they have significant drifts in the recorded
pressure over time, making measurements of variations with periods longer than about 1-year
challenging. Models can simulate low-frequency ocean bottom pressure, but results are often suspect
due to the time-scale needed to update the state in the deep ocean — of order 100 years or longer.

Morison et al. (2007) used GRACE to measure a shift in the gyre circulation in the Arctic Ocean.
Although BPRs saw a dramatic drop in pressure in the center of the Arctic Ocean from 2005 to 2006, it
was unclear if this was a real signal or drift in the instrument. GRACE measurements confirmed this
was not a drift in the BPRs and that the trend had in fact started earlier and showed that the drop was
associated with increasing OBP in the coastal regions, consistent with a change in the gyre circulation.

By combining GRACE with altimetry and in situ measurements Morison et al. (2012) inferred the
regional distribution of freshwater content in the Arctic ocean, which they link to Arctic Oscillation.

Another oceanic region where GRACE has been used to better understand low-frequency mass
variations is the North Pacific. Bingham and Hughes (2006) showed that the satellites can detect large-
scale OBP seasonal variations in the region. Song and Zlotnicki (2008) found a significant interannual
fluctuation in the OBP from 2003 to 2005. Chambers and Willis (2008) and Chambers (2011) examined
a longer time-span of data in the area and found a significantly longer-lasting increase in OBP lasting
until at least 2009. GRACE was used to separate interannual barotropic and baroclinic signals in the
western tropical North Pacific, and comparison to model output has lead to a better understanding of
the governing ocean processes in the region (Piecuch 2013). In the North Atlantic, Piecuch and Ponte
(2014b) observed spatially coherent non-seasonal fluctuations in bottom pressure centered on the
North Atlantic Current.
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GRACE measurements have also been used to track exchanges of mass between ocean basins.
Although previous studies based on models demonstrated that there are large-scale redistributions of
mass within the ocean at periods of a year or shorter (Stammer et al. 1996, Ponte 1999, Stepanov and
Hughes 2006), interannual variations were considered suspect due to potential drift in the models.
Due to the large month-to-month variability of transport in the Antarctic Circumpolar Current (ACC),
the capability to measure the variability of the net transport into and out of a basin using in situ
instrumentation is limited to a precision of about +10 Sv. Chambers and Willis (2009), however,
demonstrated large, coherent mass exchanges between the Indo-Atlantic and Pacific oceans, on time-
scales longer than 1-year. The change in volume transport required to support the observed £1500 Gt
mass exchange is of the order of 0.001 Sv. The current GRACE resolution is too low to measure
topographic-scale variability of deep mass transport, which has length scales in the order of 20 —200km
(Hughes and Legrand 2005). However, GRACE has been shown to be capable of detecting transport
variations in ACC, which has measurable currents to the sea floor. In-situ measuring of such variations
is challenging, since it can only be done directly by measuring temperature and salinity along a north-
south transect of the ACC, such as along the Drake Passage, then estimating geostrophic current shear.
However, this is only precise (better than 25 Sv) if the measurements are made to the bottom, and a
current reading is also made at some depth as a reference, neither of which has been done more than
a handful of times due to the expense (Cunningham et al. 2003). Other estimates have been made
using bottom pressure gauges based on some assumptions that simplify the problem (e.g., Hughes et
al. 2003). While there have been attempts to measure the transport of the ACC with GRACE, all have
focused on seasonal and shorter period fluctuations, and for averages over large areas, generally the
size of the Pacific sector of the ACC (Zlotnicki et al. 2007, Boening et al. 2010, Bergmann and Dobslaw
2012). Results show generally good agreement with the seasonal and higher frequency variability
predicted by models, with differences of about 3 Sv RMS.

A major limitation of the current GRACE data, is the 'leakage’ problem caused by land hydrology. Near
the coast, the comparably weak OBP variations are obscured by signal leakage from nearby land
hydrology, due to the limited spatial resolution of GRACE. An exception are shallow semi-enclosed
shelf zones, which generally have a predominantly barotropic variability. GRACE has been used to
identify large OBP variations in the Gulf of Carpentaria (Australia) (Tregoning et al. 2008) and the Gulf
of Thailand (Wouters and Chambers 2010), with a seasonal amplitude of 20 cm and more. Interestingly,
the hydrological signals over land captured by GRACE can also be used to infer OBP variations in the
oceans. Changes in mass loading on land will alter the gravitational pull on the ocean, so that water
moving from land to ocean will not be distributed as a uniform layer in the ocean, thereby affecting
coastal sea level. Continental mass anomalies from GRACE have been used as input to characterize
trends and seasonality in relative sea level (Riva et al. 2010, Vinogradova et al. 2011, Wouters et al.
2011). Direct observation of these sea level 'fingerprints' have not yet been achieved, since the
associated signal is an order of magnitude smaller than mass movement caused by ocean dynamics.

Another important limitation of the GRACE data are the deficiencies near the coast in the de-aliasing
models. Various studies have used the GRACE intersatellite range-rate observations to invert local tidal
mass variations and revealed tidal variations not predicted by tidal models, in particular in the Arctic
(Killett et al. 2011) and Antarctic (e.g., Kohl et al. 2012, Rietbroek et al. 2006) regions.
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3.3.5 Identification of potential new satellite gravimetry application fields

As is evident from the discussion above, satellite gravimetry with an improved accuracy and higher
spatial and temporal resolution would allow a number of new applications, and reduce the uncertainty
in current applications. The following fields will particularly benefit from an improved future gravity
mission:

a) Detection and attribution of sea-level rise and its acceleration

As discussed in sections 3.3.3 and 3.3.4, the current GRACE mission is well capable of monitoring the
global ocean mass. It has become evident that inter-annual variability in ocean mass is substantial, and
has a significant impact on the total global mean sea level. Sufficiently long time series are required to
reduce the impact of interannual variability associated with slow processes in the climate system, such
as ENSO, PDO and the NAO, so that secular (anthropogenically induced) sea level trends can be
separated from natural variability. The same applies for the detection of an acceleration of sea-level
rise, which tends to be even more obscured by natural processes. Time series spanning several
decennia will be required to smoothen out the effect natural variability (Nerem et al. 1999; Wouters
et al. 2013).

b) Coastal ocean bottom pressure

An important and so far unresolved question in oceanography is the sampling of continental
shelves/coastal zones, where sea level signals may be quite different from the open ocean.

The limited spatial resolution of the current data does not allow to infer ocean bottom pressure
variations near the coast, which affects examination of coastal processes in relation to sea level
variability, near-field self-attraction and loading effects, vorticity budget analysis in the Southern
Ocean, etc. This is due to the relatively short length-scales of these coastal processes, but also because,
in these areas, the relatively small ocean signal is generally obscured by the stronger hydrological signal
on land. Current hydrology models are not accurate enough to correct for this. It should be noted that
improving the quality of the coastal ocean bottom pressure observations does not only depend on
technological improvements of a future gravity mission, but also require better background models
used in the de-aliasing of the satellite observations. These models are not sufficiently accurate,
especially in coastal regions.

c) AMOC variability

The AMOC plays a key role in climate regulation through the redistribution of heat and mass in the
ocean, but the associated gravity signal is small and takes place in narrow regions with length-scales in
the order of 20-200 km (Hughes and Legrand 2005). As is shown by the simulation in section 3.3.6, a
considerable improvement in the spatial scale and accuracy of the gravity observations is required to
study the variability of this system, and it may not be possible for the next generation gravity mission
to capture the signals associated with AMOC variability on a monthly basis, a problem compounded
by leakage of much larger continental hydrology signals into the ocean. However, as discussed in
section 3.3.3, detection of decadal changes may be feasible if the spatial resolution and accuracy can
be improved significantly. Since many of the most important of the ocean’s surface and deep currents
follow steep continental slopes, and since the continental slopes are where the bottom pressure
changes associated with large-scale changes in ocean circulation and transports are often most clearly
expressed, detection of AMOC serves as threshold target, the attainment of which would transform
our ability to study and monitor the ocean using satellite gravity missions.
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d) Improved tidal models

The gravity observations from the current GRACE mission are routinely corrected for high-frequency
variability induced by ocean tides. The models used for this correction require accurate knowledge of
bathymetry, and are heavily dependent on satellite altimetry data, which has its own limitations.
Therefore, tidal models are imperfect and especially coastal tides are very problematic, since
bathymetry on the continental shelves is not well sampled and the coverage of altimetry is poor near
the coast. It has been shown that, after correction, the residual signal in the GRACE observations can
be used to improve existing models (e.g., Killett et al. 2011). This means that not only improved tidal
models are required to obtain the desired improved accuracy of coastal ocean bottom pressure, but
also that gravimetry with better accuracy and spatial resolution will in turn help to improve existing
tidal models.

Similarly to atmospheric dealiasing, in current processing strategies also ocean tides with dominant
semi-diurnal and diurnal periods are usually coped with by a-priori reduction from the gravity
measurement time-series by applying external ocean tide models. Errors in ocean tide models are
mapped as temporal aliasing signatures to gravity field solutions. Recent investigations show the
potential to co-estimate ocean tide signals and thus to improve ocean tide models. For this, increased
measurement accuracy, long time series and double- and multi-pair satellite formations are highly
beneficial.

e) Improved heat and mass redistribution observations

Data from the GRACE mission has been combined with altimetry in order to separate mass and steric
contributions in sea level variability. To exploit the full potential of the altimetry data, monthly
gravimetry at a resolution of 1/3 degree would be desirable, but even a resolution of ~200 km would
allow an important step forward in our understanding of air-ocean heat fluxes, the heat budget of the
ocean and the climate system in general. By combing the steric variability from the altimetry-
gravimetry combination with Argo sampling of the upper ocean, heat content changes in the deep
ocean can be examined (albeit at a lower resolution due to the poorer coverage of the Argo floats).

f) Improved ocean circulation models

Assimilation of data into ocean general circulation models can provide insight into data errors
(Stammer et al. 2007), but this technique is also hindered by the fact that models have substantial
biases. A first attempt to assimilate GRACE ocean bottom pressure (OBP) data into an ocean model
was presented by Kohl et al. (2012), and not surprisingly, the most prominent remaining residuals
pointed to known GRACE data problems such as land hydrology leakage or noise in the form of
meridional stripes. The comparison of ocean syntheses results with and without the assimilation of
OBP data indicated that GRACE OBP provides information complementary to the standard set of data
sources which include in situ and altimeter data. Although GRACE data have been demonstrated to be
skillful in representing the signal observed by OBP records (Rietbroek et al. 2006), models may even
be more skillful in simulating OBP (Siegismund et al. 2011). Future gravimetry data at a higher spatial
resolution and a lower noise level will lead to stronger constraints and improved circulation estimates
when assimilated in ocean models.

g) Improved near-future climate forecasts

Long-term (O(100yr)) climate projections are largely defined by the scenario used for the radiative
forcing used during the climate model run. Near-future (intra-seasonal to decadal) climate forecasts,
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on the other hand, are defined by both the radiative forcing and the initial state of the Earth system
components (mainly ocean and atmosphere) in the climate model run. The large vertical and horizontal
dimensions of the Earth's ocean and the poor sampling of its state make that the oceans are currently
the main limitation in obtaining skillful forecasts. By assimilating high-resolution, accurate ocean
bottom pressure data and improving the initial state of the models, the skill of climate forecasts will
improve, providing crucial information to society and policy makers about climate in the coming
decades.

Limitations of the previous scenarios:

The following applications are not feasible with the technology envisioned to be used in either scenario
1 and 2, but are still an oceanographer's wish list:

e tides and other dynamic response to surface loading (daily and longer, scales of a few km, a
few years of monitoring)

e surface and deep boundary currents (weekly and longer, scales of a few km, a few years of
monitoring)

o flow-topography interactions (daily and longer, scales of a few km, months)

e sea level in relation to land ice and hydrology (monthly and longer, scales of a few km, long
term monitoring)

e estimating large submarine earthquake-induced seafloor deformation, requires a spatial
resolution of few km and accuracy of 1 cm and would be useful for the understanding of
tsunami generation and modeling

3.3.6 Added value of individual mission scenarios

The main challenge in using GRACE gravimetry for oceanographic purposes is the small amplitude of
the signal. Near the coast, where boundary currents are located, the oceanographic signal gets
obscured by leakage from hydrological signals, which have an amplitude typically an order of
magnitude larger than the signals of interest for oceanographers. In the open ocean, bottom pressure
variations generally are smaller than in coastal areas (except for regions with substantial wind forcing
combined with weakened H/f gradients) and additional post-processing of the gravimetry data is
required to bring down the noise to an acceptable level. Even then, only processes with wavelengths
larger than approximately 500-700 kilometers can be resolved.

In the oceanographic user community, top priority is a gravimetric mission with higher accuracy and
spatial resolution. A higher temporal resolution is not the primary requirement for a future gravity
mission (although this may be required for improving the de-aliasing models, which indirectly would
lead to a higher accuracy). If needed, in situ bottom pressure sensors could cover the gap for shorter
(<1 month) term variations in some particular regions of higher interest (the Mediterranean, where
pressure changes dominate sea level variability at all time scales, is an example).

Regardless of the specific configuration of a future gravity missions, oceanography will benefit from
the extension of the gravimetric time series. As discussed in the previous sections, longer time series
allow a better understanding of the interannual and interdecadal variations occurring in the ocean,
and the role of internal climate modes in re-distributing mass within the Earth system. In turn, this will
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lead to a better separation of anthropogenic and natural signals in, for example, global and regional
sea level rise.

Scenario 1 would allow an overall improvement of the current oceanographic applications. Since noise
in the gravimetric observations tends to cancel out when averaged over very large areas, global sea
level change estimates would mainly benefit from the increased spatial resolutions, allowing a better
separation of signals occurring over land and ocean (e.g., near Greenland, where the large mass loss
signals 'leaks' into the ocean up to several hundred kilometers away from the coast). Regional sea level
change would also benefit from the reduced noise levels.

The increased spatial resolution will narrow (but not close) the gap with altimetry observations
(currently available at a ~1/3 degree resolution), hence allowing a better separation of mass and steric
contributions to sea level variability. By combining satellite gravity (mass), altimetry (total sea level)
and Argo (upper ocean temperature and salinity), deep ocean heat content changes may then be
inferred. Since the coarse distribution of the Argo floats is the limiting factor with respect to the spatial
resolution of these deep ocean heat estimates, the main benefit will come from the higher accuracy,
which is especially important here since three different observations are differenced. Ocean circulation
models, and likewise coupled climate models, will benefit from the increased spatial resolution and
lower noise in the gravity data used in the assimilation process. Similarly, near-future climate
projections are expected to gain skill from the improved quality of the data used in the initialization of
the models.

The more ambitious scenario 2 has the potential to recover variations in the AMOC, which would
transform our ability to study and monitor the ocean using satellite gravity missions. Therefore, here
we use a model simulation to examine more closely what specifications physical oceanographers
would require from a satellite gravity mission to monitor the AMOC and produce a step-change in their
ability to investigate the ocean using satellite gravity measurements.

This simulation was performed using bottom pressure determined from the Ocean Circulation and
Climate Advanced Modelling (OCCAM) project model run at the National Oceanography Centre,
Southampton. OCCAM is a global, z-level, free surface model with a rotated grid over the North
Atlantic, and was forced with NCEP reanalysis products. The model included a coupled sea-ice
component. The run considered had an eddy permitting resolution of 0.25x0.25 degrees, with 66
vertical levels, and spanned the 19-year period 1985-2003, following an initial 4 years of spin-up. The
model output was supplied as five day means from which bottom pressure and the AMOC were
calculated.

Figure 3.3-3 shows the actual transport (red) in the upper layer (100-1300 m; top panel) and the lower
layer (1300-3000 m; bottom panel) found by zonally integrating the model velocity fields across the
Atlantic at 42°N. The time evolution of these curves represent an overturning circulation growing in
strength from the late 1980s to the mid 1990s, before gradually declining in vigour through the
remainder of the run, Over this period an approximate 4 Sv decline in AMOC strength is found. We
can take this as indicative of the magnitude of likely interannual to decadal AMOC fluctuations north
of the Gulf Stream.

The basin scale fluctuations in zonally integrated transport are in geostrophic balance, except within
about 100 m of the surface where wind driven Ekman transport dominates. Thus transport fluctuations
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are proportional to the difference in pressure between eastern p. and western p, boundaries, with the
zonally integrated transport T as a function of depth z given by

T(2) = (pe(2)-puwl2))/pofo= -pul2))/pafo

where popis the average seawater density and fp is the Coriolis parameter at the latitude of interest. In
fact, Bingham and Hughes (2008, 2009) have shown that in the model interannual to decadal pressure
changes on the eastern boundary are negligible and can thus be neglected. As a result it is possible to
determine the transport fluctuations quite accurately at sub-polar latitudes north of the Gulf Stream
using only pressure from the western boundary. This is illustrated by the blue curves in Figure 3.3-3
which show the transport fluctuations in each layer estimated from the western boundary pressure
according to the equation above.

Assuming this relationship between transport fluctuations and western boundary pressure changes
observed in the model to be an accurate reflection of reality, it provides a clear target for what a gravity
mission must achieve if it is to deliver bottom pressure changes with sufficient accuracy and spatial
resolution to allow the zonally integrated transport to be monitored and studied. Here we focus on
the western boundary pressure signal on the lower (1300-3000 m) part of the continental slope. This
is associated with deep return flow of the AMOC and may correspond to fluctuations in the deep
western boundary current. Although somewhat weaker than the upper slope transport, it would in
practice be less affected by leakage from continental hydrology changes. In this case a 1 Sv increase in
the southward flow corresponds to approximately 1 cm (eq. water height) drop in bottom pressure on
the lower part of the slope.

Figure 3.3-4 a (red) shows the western boundary pressure signal averaged over the lower 1300-3000 m
part of the continental slope which has a lateral extent of approximately 80 km. This represents the
signal we wish to recover. To test the ability of a gravity mission to recover this AMOC bottom pressure
signal, the global ocean bottom pressure fields were expressed as a set of spherical harmonic
coefficients. The bottom pressure was then reconstructed on the global grid, and the maximum degree
and order at which the spherical harmonic expansion was truncated ranging from d/o=0 to d/0=200,
corresponding to spatial scales of 100 km or greater. Figure 3.3-4 a (blue) shows the bottom pressure
time series recovered for d/0o=200. The true signal is well reproduced, accounting for 95% of the total
variance. The rate of reproduction (percent of variance accounted for) is reduced when truncating the
series at lower d/o. The rate of reproduction is a still reasonable 80% for a truncation at d/o=150
(Figure 3.3-4 a, dark grey), but only 30% at d/0=100 (light grey). In the latter case, this estimate of the
bottom pressure signal would be of little value for monitoring the AMOC.

Since the observations will contain a certain amount of noise (Table 1-1), some form of filtering will be
necessary, reducing the potential to fully recover the AMOC signal (Figs. 3.3-4 b and c). Figure 3.3-4 b
(green) shows the influence of Gaussian filtering with a half-wave radius of 70 km as a function of d/o.
This is the maximum filter radius for which a skill score of greater than 50% is obtained, in this case at
d/0=170. Figure 3.3-4 c shows how the skill of reproduction rapidly decreases as the filter radius is
increased for the three truncations presented in Figure 3.3-4 a. For a mission delivering coefficients to
d/0=200 (blue) the maximum filter radius that can be sustained before the recovered signal becomes
useless is approximately 65 km, while for d/o=150 it is just 60 km. Clearly the ability to recover a useful
signal places a very tight constraint on the level of filtering that could be tolerated. This is not surprising
given the spatial scale of the signal we are trying to recover.
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Figure 3.3-3: (a) Inter-annual fluctuations in the total upper layer (100-1300 m) zonally integrated
meridional transport at 42N in the Atlantic in OCCAM (red) and as estimated from the bottom pressure
variations on the western continental slope (blue). (b) As in (a) but for the lower layer (1300-3000 m).

Based on this study, we try to derive the potential of scenario 2 to recover the AMOC. We have shown
that noise-free gravimetric observations up to degree/order 200 would allow recovery of changes in

the AMOC strength with a skill of reproduction of about 0.95, which gradually decreases as the
maximum degree/order decreases and drops below 0.50 at degree/order 120 (Fig. 3.3-4 b). Taking into
account additional filtering for noise reduction, monthly observations of the AMOC variability are

therefore unlikely to be achieved under this scenario, but the noise may be reduced by averaging the

observations over longer time periods, which would allow retrieval of interannual AMOC variations.



68 3 Derivation of requirements for main thematic fields

15 T T T T T T T T T T T T T T T T T

b
w
T

|
il
w
T

bottom pressue (eq cm)
o
o
T

I
-
o

T

-1.5—79gs 1988 ~ 1990 ~ 1992 ~ 1994 ~ 1996 ~ 1998 2000 ~ 2002 2004
year
1.0— ) E—
0.9 1 ogf
0.8k 0.8f
0.7+ 0.7}
0.65 0.6}
S 050 3 05
0.4 0.4]
0.3F 0.3
0.2b 0.2]
0.1k 1 o1}
[ oL |

0.0 700 120 140 160 180 200 O0p 20 40 60 80 100
max dfo Filter HWR (km)

Figure 3.3-4: (a) Interannual bottom pressure variations averaged over the lower (1300-3000 m) part
of the western continental slope (in eq cm of water height; red). Reconstructions of the bottom pressure
signal based on spherical harmonic expansions with maximum degree and order truncations of 200
(blue), 150 (dark grey) and 100 (light grey). (b) The skill of truncations as a function of maximum d/o
without filtering (blue) and with a Gaussian filter with half-weight radius of 70 km (green). (c) The skill
of the reconstructions shown in (a) but as a function of the half-weight radius of an applied Gaussian
filter.

The high resolution and accuracy of the observations under scenario 2 would allow achieving several
secondary, high-impact objectives. Coastal sea level variability and boundary processes would be
observed at an unprecedented resolution, giving a better insight in the dynamics governing these
processes. The same applies for the Antarctic Circumpolar Current, which currently can only be
observed at a very coarse (basin-scale) resolution by GRACE. A scenario 2-like mission has the potential
to monitor regional variations in the ACC strength, and identify and/or track individual fronts within
the ACC. Globally, depending on the accuracy of the observations and the region of interest, the
barotropic component of ocean circulation may be estimated from the scenario 2 observations, which
would provide a unique set of assimilation data and constraints for ocean modelling.
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Figure 3.3-5 summarizes the main oceanographic target processes for seasonal to interannual and
long-term signals, as well as the performance curves of the mission scenarios.
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Figure 3.3-5: Bubble plots of the scale and magnitude of the relevant oceanographic processes. Left:
long-term signal, right: seasonal to inter-annual time scales.

3.3.7 Definition of theme-specific science requirement

The GRACE mission has provided novel insights in oceanography, but, due to the low amplitude of the
signals and the wide range of spatial scales involved, much progress remains to be made. There is a
strong demand from the oceanographic community for a gravimetric mission with a higher resolution
and accuracy than the current GRACE satellites. Significant progress can be obtained from a Scenario 1
type of mission, but more ambitious, novel applications require a Scenario 2 mission. In order to meet
the scientific and societal challenges addressed in this chapter, the following threshold and target
requirements are identified:

a) Detection and attribution of sea level rise and its acceleration. Most important are sufficiently long
time series to separate secular, anthropogenically induced sea level trends from natural variability.
Increased spatial resolution and accuracy will reduce leakage effects and will thus support separability
of signals.

e Threshold: extension of time series
e Target: Scenario 2

b) Coastal ocean bottom pressure requires mainly an improvement of spatial resolution.

e Threshold: Scenario 1
e Target: Scenario 2
e  Wishful thinking: 1 cm EWH at 20-200 km resolution

c) AMOC variability: As discussed in section 3.3.6, the detection of AMOC variability could transform
our ability to study and monitor the ocean using satellite gravity missions. Demanding requirements
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on spatial resolution and accuracy are necessary to achieve this goal. A little less stringent
requirements enable at least detecting interannual variability of AMOC.

e Threshold: Scenario 2

e Target: Scenario 2 (to map interannual variability), better than Scenario 2 (to achieve monthly
resolution)

e  Wishful thinking: 1 cm EWH at 20-200 km resolution

d) Improved tidal models by co-estimation of ocean tide parameters requires long time series as well
as increased accuracy compared to the current state.

e Threshold: Scenario 1
e Target: Scenario 2
e Wishful thinking: sub-daily observations, 10 cm EWH at 100 km resolution

e) Improved heat and mass redistribution observations require mainly improved spatial resolution, in
association with improved accuracy, in order to separate mass and steric effects, and to understand
air-ocean heat fluxes and the heat budget of the ocean.

e Threshold: Scenario 1

e Target: Scenario 2

e  Wishful thinking: matching altimetry, monthly observations at 1/3 degree resolution and
~5 cm EWH accuracy

f) Improved ocean circulation models. Improving the spatial resolution and lowering the noise level
will lead to stronger constraints and improved ocean circulation estimates when assimilating gravity
data into ocean circulation models.

e Threshold: Scenario 1
e Target: Scenario 2
o  Wishful thinking: matching model resolution, O(100 km) globally to O(10km) regionally.

g) Improved near-future climate forecasts: This will lead to a better understanding and prediction of
decadal fluctuations in surface temperatures and precipitation, thus providing essential information
to policy makers for social and economical planning and decision making. Both improved resolution
and accuracy are required to achieve this goal.

e Threshold: Scenario 1
e Target: Scenario 2
e  Wishful thinking: matching model resolution, O(100 km)

h) Understanding and prediction of decadal fluctuations and secular changes in global mean surface
temperature

e Threshold: Scenario 1
e Target: Scenario 2
e  Wishful thinking: matching model resolution, O(100 km)
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3.4 Solid Earth

3.4.1 Societal challenges related to solid Earth

In the investigation of the solid Earth with a future satellite mission, four scientific focus themes have
been identified, each of which contributes to solving key societal challenges. Here these challenges
and the proposed methodology to address the issues are briefly described.

A) Natural hazards associated to earthquakes, tsunamis, volcanoes

Gravity observations from a future satellite mission can provide new inputs to monitor the seismic
cycle and thus improve knowledge of the risk to human life and property associated to natural hazards.
This involves the estimation of the mass movement during and after magnitude 7 earthquakes, as well
as the knowledge of interseismic deformation. Satellite gravity brings unique information, as
traditional observations (seismographs and geodetic measurements) are often insufficient to
characterize undersea and deep earthquake sources, yet crucial for knowing the seismic and tsunami
risks.

B) Understanding climate changes

A new gravity mission could contribute to an enhanced quantification of the present day ice sheet loss
by improving its separation from the ongoing solid Earth deformation in response to the last
deglaciation, i.e., the post glacial rebound (GIA) signal. A better separation of present day water (ice
or ocean) mass variations from the GIA effect will also contribute to improve our understanding of sea
level variations. Ice loss and sea level variations are essential indicators of present climate changes.

C) Sustainable exploitation of natural resources

GOCE has contributed to describing the Earth’s crust in terms of density variations and geometry. This
information improves our knowledge on the geology and therefore allows us to identify natural
resources deposits. A new challenge is the monitoring of mass movements related to the extraction
and immission of fluids when exploiting natural resources. An improved satellite mission would
provide innovative means to monitor the underground fluid movements related to the exploitation
process.

D) The physical properties in the deep interior, and their relationship to deep and shallow
geodynamic processes

Tectonic processes leading to earthquakes, volcanoes, mountain building, mineral production, and
hydrocarbons formation are linked to deep mantle and crustal processes. Thus, the understanding of
the risks associated with natural hazards, as well as a sustained use of our planet’s resources in the
long term, rely on the knowledge of the interior structure and dynamics of the Earth. A future satellite
gravity mission would contribute to create a 4D Earth model that addresses the target of
understanding and predicting near-surface motion and deformation by linking them to the underlying
geodynamic processes.

In the following the scientific topics that allow to contribute to the above defined societal challenges
are discussed in detail.
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3.4.2 Scientific questions and challenges and their relation to gravity field signals

From surface to depth, the solid Earth is a mostly hidden, but the largest component within the Earth
system. It may be divided into a surface crustal layer overlying a predominantly viscoelastic mantle, a
fluid outer core and a solid inner core. The elastic and viscous behavior implies time scales of
deformations ranging from < 1 second to thousands of years and up to many tens of millions of years.
The solid Earth interacts with our near-surface environment in many different ways. Heat and mass
(including water) are continuously exchanged between the surface and the deep, slowly cooling Earth’s
interior. Volcanism releases water and gases into the atmosphere, while surface landscapes are
ultimately shaped by Earth’s internal dynamics — very slowly, in the case of mountains building, on
moderate time-scales for glacial isostatic adjustment, and episodically, or instantaneously, in the case
of earthquakes. The deep driving forces of the mantle interact with crust and surface processes, such
as active faulting, erosion, or surface mass fluxes due to (de)glaciation. These interactions reflect
couplings between processes at different spatial and temporal scales, from the deeper mantle to the
shallower layers of the crust, and the Earth’s gravity field reflects all these processes and their temporal
evolution.

Several critical issues for society are highly relevant with solid Earth dynamics. They range from the
mitigation of, or adaptation to risks from natural hazards, to the evolution or depletion of its energy,
mineral and water resources. Knowing how underground fluids are distributed and move requires
knowledge of the permeability of Earth’s crust, among other properties. Topics relevant for climate
and environmental change are also concerned, as the climatic system inevitably interacts with the solid
Earth: at the Last Glacial Maximum, ancient ice sheets in the northern hemisphere and in Antarctica
depressed the Earth’s surface by several hundreds of meters. Climate and climate-driven erosion
contribute to continuous shaping of mountain ranges and to other redistribution of surface loads (e.g.
ice sheet melting and the corresponding sea level changes) to which the solid Earth instantaneously
responds as a result of loading causing topography changes.

To address global societal concerns and urgencies about natural hazards, about sustainable supply of
energy and mineral resources, and about environmental changes, with a goal to improve prediction
capabilities and to apprehend the evolution of the geosphere and its habitability at the human time
scale, we need to have a better understanding of the underlying dynamic processes in the crust and
mantle, and how they interact with each other over a wide range of spatial and temporal scales. This
requires a multi-scale, three-dimensional and time-varying imaging, as well as dynamic modeling of
the Earth’s interior, to describe how the variations of Earth’s structure and physical properties affect
our near-surface environment and to provide clues to the relevant statistics that characterize their
time-dependence. Here we summarize scientific challenges and the associated benefits to society,
which cannot be fully addressed at present.

a) A first challenge deals with monitoring Earth’s tectonic activity, aiming to understand the
geophysical processes that can trigger catastrophic events: seismic activity, volcanism and landslides.
The general consensus is that the lack of quantitative observations covering sufficient temporal and
spatial scales of the relevant geophysical processes is limiting our capability towards understanding,
modelling and possibly predicting the occurrence of such kinds of natural hazards. The tectonic plate
movements are complex, as revealed by geodetic surface observations including GNSS and synthetic
aperture radar (SAR) interferometry (InSAR). At subduction zones, where plates descend into the
mantle, these data have shown that subduction is not a continuous process and that the subduction
interface is generally a mosaic of freely slipping (i.e. creeping) patches and locked zones. The locked
zones are continually loaded by slippage on creeping patches, which may be distributed over a wide
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depth range (from the ocean-bottom trench to the transition zone typically >~30 km deep) and may
proceed at irregular intervals (steady creep versus episodic tremor and slip). When the accumulated
stress on locked or partially locked patches becomes larger than a threshold, it is released by an
earthquake or by an aseismic movement with highly variable speeds over a range of time scales,
possibly as long as several years (Schwartz 2007). Because they modify the state of stress, aseismic
motions might be responsible for earthquake triggering, and the interactions between these two
modes of deformations remain poorly understood. Moreover, earthquakes themselves are complex
phenomena: slow earthquakes release stress with a rupture propagation including low velocity
components, while ‘silent” earthquakes release stress without emitting seismic waves (Dziewonski and
Gilbert 1974). Thus, seismic earthquakes express only a part of the total energy released, and a full
understanding of the seismic cycle cannot be obtained only from seismic data. Complementary and
critical observations for earthquake studies have currently been provided by GNSS geodetic networks
and InSAR measurements, by geological and geophysical studies.

However, their spatial coverage is often insufficient for monitoring the complete breadth of
deformations that encompass the entire interplate boundary. In addition, it is often difficult to obtain
any observations of seafloor deformation, which would provide key constraints on the size and extent
of tectonic stress accumulation, the undersea earthquake source process and possible resulting
tsunami generation.

Because of its homogeneous spatial coverage and its unique sensitivity to the solid Earth interior mass
displacement, both seismic and aseismic, as well as over land and at seafloor, satellite gravity can
provide important information for monitoring the entire seismic cycle and understanding how stress
accumulates and is released. Gravity data are especially efficient for undersea earthquakes and mass
redistribution at the Earth’s surface and within its interior. This results in potentially improved early
warning response time of seismic events and advances in protection of property and human life.
Moreover, to describe the state of locking of the faults, and to better assess seismic and tsunami
hazards, it is necessary to understand the post-seismic processes and the role of visco-elastic
relaxation, post-seismic creep and other processes. Indeed, surface deformations associated with
earthquake activity can arise from localized slip at depth, and/or from viscous flows over broad
volumes triggered by coseismic stress changes. The relative importance of these processes is currently
in debate, as it has been for more than three decades. Potential observations of post-seismic mass
displacements by satellite gravity could provide key information to assess the role of aseismic-slip and
broadscale-flow processes following great subduction zone earthquakes and provide one-of-a-kind
first order observations at shallow, intermediate and deep levels along the subducting slab.

The non-elastic constitutive nature of the solid Earth is difficult to quantify as it involves a broad set of
time scales, ranging from the periods of damped seismic waves to the scales of thermo-chemical
mantle convection. In its simplest approximation at longer time scale, we can think of the Earth
behaving as a Newtonian fluid with a large viscosity. With this simple approximation we struggle with
constraining the viscosity and its spatial variability. Yet, the mantle viscosity is key to modeling the
deformation of the mantle and crust, as it controls the velocity of convective flow and associated heat
transport, the viscous deformations of the Earth in response to various internal and external forces,
and the stress distribution in the lithosphere at plate boundaries as well as plate interiors. Laboratory
experiments of rock deformation are one avenue for inferring the Earth’s viscosity, as realistic mantle
temperatures and pressures are approachable. Besides, rheology depends on strain rate and water
content. The role of these factors is not well constrained especially at high temperature and for very
slow long-time strain. These limitations make geophysical observations of gravity changes after
earthquake stress drop or due to glacial load change extremely important to infer the rheological
properties of both the crust and mantle.
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b) The Glacial Isostatic Adjustment (GIA) process is gravity driven and also alters the Earth’s gravity
field as a consequence of viscoelastic mass redistribution after a long temporal history of
(de)glaciation, and as the Earth’s mantle redistributes mass, the sea-level or the geoid also changes as
a result of the GIA process. The ice (un)loading component may originate from the Late Pleistocene
global glacial period, the Little Ice Age, or deglaciation during the Anthropocene. Despite observations
such as geological and glaciological indicators of paleo sea-level, GNSS/GPS and tide-gauge
measurements, determinations of GIA and inferences of Earth’s rheology remain ambiguous.
Moreover, measuring GIA is difficult because many regions where we would expect to observe the
viscoelastic response to the melting of the Pleistocene- and Neogene-age ice sheets and ice fields are
located at or near present-day large ice sheets or glaciers. These regions are also affected by elastic
surface displacements due to present day ice mass variations, e.g. in Alaska, West Antarctica,
Greenland and Patagonia (lvins and James 1999, Larsen et al. 2005, Kahn et al. 2008, Ivins et al. 2013,
Nield et al. 2014, Lange et al. 2014, Mémin et al. 2014). For Antarctica, limited accessibility to rock
outcrop and spatially limited paleo constraints for delivering reliable GIA models (Whitehouse et al.
2012, lvins et al. 2013) mean that we must now use a host of interdisciplinary observations to fill this
gap (e.g., Sasgen et al. 2013, Gunter et al. 2014). Current uncertainties in the GIA corrections overprint
ice mass variations in Antarctica: the GIA signal could account for nearly the entire Antarctic ice-loss
signal interpreted from GRACE (e.g., Velicogna and Wahr 2006, King et al. 2012). They also affect how
we reconcile sea level rise observations, as the gravitational effect of GIA produces a signal of about
1 mm/yr EWH (EWH: Equivalent Water Height) on the sea level when integrated over the ocean, and
presently has uncertainties of about half that size (Tamisiea 2011, Guo et al. 2012, Ivins et al. 2013).

A second challenge of a new gravity mission with improved accuracy and resolution is to contribute to
the regional separation of present-day ice-mass changes from GIA, and provide valuable data to be
included in GIA modelling. Areas where the GIA signal has a smaller magnitude and spatial extent might
also be considered, provided overprinting signals can be well modelled — for instance where ice
thickness changes in the last 500 years could result in significant present-day uplift rates or where a
low-viscosity layer is present at shallow depths. Examples of regions with lower viscosity include the
global seafloor, subduction wedges, continental sites of oceanic ridge subduction and mantle hot-
spots. Thickness of the mechanical lithosphere and flexural rigidity is another information retrievable
from gravity in combination with seismic tomography which influences the amplitude of the GIA
response. It is also possible that combined space geodetic techniques, that include advanced time-
varying and static gravity observations, might provide the criteria for potentially separating ongoing
ice mass balance signals from GIA (Sasgen et al. 2013; Gunter et al. 2014).

c) A third challenge is to decipher geodynamic processes involved in the creation, evolution and
destruction of Earth’s crust and how they are coupled to the climatic system — through processes of
erosion and sediment transport for instance, that remove crust and induce isostatic uplift, or through
the influence of water on rock rheology. It is indeed the very existence and stability of a continental
crust that makes Earth habitable by terrestrial life, and this shallow layer holds essential resources for
mankind. Over the continents, this includes all processes of mountain range building, from those
having extensional origins to those involving compression. Another important challenge is to monitor
and understand the rise of mantle plumes that can lead to super-volcanoes. Over the oceans, the
monitoring of uplift at spreading ridges can provide new information about the processes involved in
magma ascent and sea-floor generation. The gravity signature of this uplift and associated magma
mass transfers, and hence their impact on the mean sea-level, is otherwise inaccessible using satellite
altimetry measurements due to a lack of accuracy and the limitation to resolve long wavelength gravity
signals.
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d) The fourth challenge is dedicated to the exploration and evolution of Earth’s natural resources,
including geothermal energy, minerals, hydrocarbons and water. First, we need to locate the
resources. For the latter, their finding is closely related to the geologic history, the type and age of the
crust, its evolution in time and present geometry; the geologic evolution is closely linked to the
geodynamic evolution of the building blocks of the continent, the oldest components of which are the
cratons, leading to the assembly and break-up of the proto-continents. Cratons are nearly
indeformable parts of the lithosphere around which deformation occurs through rifting, sedimentation
and mountain range building since the Proterozoic. Their margins thus have been the location of
crustal shortening, subduction and rifting, producing the metamorphic and magmatic rocks that are
essential for mineral production and the sedimentary basins formations that can develop to
hydrocarbon reservoirs. These processes induce density changes in the rocks, as sediments have low
density while rifting and orogenesis may lead to rock densification through magmatism and
metamorphism. The related density changes lead to spatial gravity field variations. Therefore gravity
contributes to high resolution crustal imaging in terms of rock density. A cross-plate mapping of all the
geologic features linked to density variations would be extremely useful to identify signals matching
known natural resources and to define the geometry and depth of the density units, bringing clues on
the geodynamic evolution. Currently there still exists a gap between very high resolution terrestrial
and marine gravity maps and those recovered from dedicated satellite gravity missions at larger scales,
such as GOCE. Higher spatial resolution of satellite gravity will help to bridge this gap especially in
poorly surveyed areas or regions with low-quality land gravity data. The findings will guide the location
selection for the detailed land investigations which are very time consuming and costly. A general idea
of the regional scale structures will allow us to improve the success rate of these detailed land
investigations. Moreover, for hydrocarbon exploration, a mapping of the transition between
continental and ocean crust is crucial, yet it cannot be reliably recovered from satellite altimetry when
close to the coast. Thus, a homogeneous gravity field with no loss of continuity from continents to
ocean is needed.

A sustained exploitation of natural resources requires monitoring the evolution of underground fluids
and their interaction with the solid Earth. For instance, excessive water pumping from deep aquifers
can lead to the collapse and cementation of the voids that provide the Earth’s crust with a finite
permeability and porous nature. Such collapse prevents the aquifer from further replenishment and
constitutes an enormous danger for the long-term availability of freshwater. Pumping or extraction
leading to changes in the volume of underground fluids furthermore has been connected to induced
seismicity and subsidence effects. Combined with the modeling of the crustal deformation, in
particular the poroelastic effects, and of the stress field induced by the underground fluids extraction,
observation of mass changes in areas where such fluids are present (be they water or oil) could
contribute both to assessing their distribution, the hazard of induced seismicity and deformation
associated to their exploitation, and to modeling their evolution.

e) The fifth challenge is to relate near-surface motions and changes to deeper Earth mantle properties
and dynamics. Naturally, these are coupled to large thermal and chemical exchange with the core.
Understanding the physics of shallow and near-surface transport of solid Earth materials thus requires
a global geodynamic modelling of the Earth. These models may include the manifestation of
superplumes emanating from the core-mantle boundary (e.g., Campbell and Griffiths 1990, Larson
1991, van Keken 1997, Wignall 2001). The observational information that a gravity mission might
provide is useful in two substantial and unique ways. The first is by highlighting the mass transport
globally, over continents and oceans, as proxies for the above discussed processes. The second is that
an improved time-variable gravity field also improves the determination of the long-term component
of gravity and its spatial gradients. In a multi-disciplinary perspective, this can advance knowledge on
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the mantle mass structure and its links to lateral variations of temperature and composition, helping
to decipher the nature and the scales of the mantle convection and their interplay with the near-
surface evolution. For instance, this would allow researchers to link the seismicity at plate boundaries
to the structure of the mantle and to understand the evolution of the asperities at the moving plates
interface, a key point in seismic hazard assessment. For this purpose, the unique geometric sensitivity
of gravity gradients makes them very complementary to seismic tomography. A regionalized imaging
of the mantle physical properties would also allow us to more accurately model its elastic and viscous
deformations in response to various excitations, a pre-requisite to take the best of high accuracy
measurements of mass displacements within the Earth’s system.

The coupling of the mantle to the core and the core dynamics are the most challenging topics.
Observing gravity perturbations associated to the oscillation modes of the core would shed light on
parameters of the Earth’s deepest interior such as the density contrast and the flattening at the inner
core boundary, the magnetic friction at the fluid core boundary as well as the effective viscosity of the
inner core. They include the Slichter modes, resulting from oscillations in translation of the solid inner
core around its equilibrium position (after a very large earthquake for instance), or the rotational
eigenmodes of the inner core. Observing the oscillation modes in the fluid core, the excitation
mechanisms of which are not well identified, would allow to constrain the viscosity of the outer core,
to test the excitation models, and to bring information on the dynamic (in)stability of the fluid core.
However, it is highly unlikely if not impossible that spaceborne gravimeters detect the Slichter modes.
At sub-decadal time scales, the origin of geomagnetic jerks is still poorly understood; information on
core flows through time variations of gravity would help constrain the physical mechanism behind
these sudden changes in Earth’s magnetic field.

3.4.3 Relevant temporal and spatial scales

The spatial and temporal scales associated to the abovementioned processes are summarized in
Table 3.4-1, and discussed hereafter.

e Concerning the seismic cycle, a study of geoid variations at GRACE resolution associated with
earthquakes of varying magnitude can be found in de Viron et al. (2008). A higher spatial
resolution and accuracy is needed to detect the gravitational changes associated with
earthquakes of Mw 7 to 8.

e Concerning GIA signals, the largest geoid change is found in the Hudson Bay area with around
1.3 mm/yr (Rangelova & Sideris, 2008). However, elsewhere GIA signals in smaller areas and with
smaller amplitude exist which require a significantly higher accuracy and higher spatial resolution
(lvins et al., 2011; Zhang & Jin, 2013; Root et al., 2014).

e Concerning the oscillation modes of the core: the Slichter modes have a 2-6 hours period, and the
amplitude of the gravity perturbation induced by an earthquake at these periods has been
estimated to about the nanogal (Crossley 1992, Rosat 2007). The amplitude of the gravity
perturbations induced by the rotational eigenmodes of the inner core (Mathews et al. 2002) is
weak (about 1 nGal) due to the small size of the inner core, and there is atmospheric noise around
this period. At sub-decadal time-scales, core fluid flows can contribute to time variations of the
gravity field by advection of a density heterogeneity (Dumberry 2010), or due to the dynamic
pressure at the core-mantle boundary caused by the flows, which deforms the overlying mantle
(Greff-Lefftz et al. 2004). Large-scale gravity anomalies of magnitude ~100 nGals can be obtained.
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Table 3.4-1: Spatial and temporal scales associated to gravity changes relevant to solid Earth
investigations. FCN: Free Core Nutation, FICN: Free Inner Core Nutation. CMB: Core-Mantle Boundary.

Coseismic

Signals Time scales Expected signals: Spatial scale
temporal variation in
geoid, or gravity

Earthquakes (Mw 7-9) instantaneous 0.1to 1 mm geoid or 5 uGal | Mw 9: > 300 km

Geoid amplitude decrease
by > 10 times when Mw
reduced by 1

Mw 8: 200-300 km
Mw 7: 60-130 km

Earthquakes (Mw 7-9)
Post-seismic

up to decades

0.01 to 0.1 mm geoid
change/yr or 1 uGal/yr

same as above

Slow & silent earthquakes

up to years
Possibly periodic

can be equivalent to a Mw
6-7 earthquake (Hirose et
al., 1999)

~100 - 200 km

Glacial Isostatic Adjustment

decades up to
secular

1 mm/yr geoid

from global to tens of km

mountain building, crustal
thickening at a rate 0.1 — 2

Mantle convection & global | secular sinking slabs: < 0.005 | 1,000 km

scale plate tectonics mm/yr

Mid-ocean ridges secular 0.5 mGal/yr few 10 km

Regional plate tectonics, | decades to secular | 2 puGal/yr 10 km to few 100 km

cm/yr

Subsidence or emergence of | decades to secular, | 0.1 to 1 pGal/yr local: few km to few
volcanic islands; fast | also higher rates 10 km

movements in  volcanic | possible

regions

Core motions, magnetic | years 100 nGal (large uncertainty | large-scale

pressure at the CMB exists)

Slichter mode, FCN, FICN hours 1 nGal large-scale

Seismic normal modes <1 hour 1 nGal large-scale

e The order of magnitude for gravity signals due to crustal thickening can be derived considering
the example of the Tibetan plateau, where horizontal convergence is 3-4 times the uplift rate. The
absolute gravity rate at Lhasa set at the South-Eastern part of the plateau is 1.97 £+ 0.66 uGal/yr,
and when corrected for the uplift and assumed erosional denudation remains negative at a rate

of -1.56 = 0.67 uGal/yr. The residual negative gravity rate has been interpreted as the observation

of crustal thickening, in terms of Moho deepening, at a rate of 2.3 + 1.33 cm/yr (Sun et al. 2011).

3.4.4 Achievements and limitations of current gravity missions

The achievements of satellite gravimetry have been spectacular for the two missions GRACE and GOCE,
which are complementary. The time varying gravity field from GRACE has contributed significantly to
the modeling of the GIA signal and to the observation of mass redistribution at the site of great
subduction zone earthquakes. Correlations between time variations of the gravity and magnetic fields
have also been observed. GOCE was designed for modeling the static gravity field at improved
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resolution. This static field has given new results in the knowledge of crust, lithosphere and mantle,
useful for geodynamics, exploration and seismic hazard evaluation. A further application of the
improved gravity field is the unification of national height systems, one of the goals of GOCE. In the
following some results are summarized, going from the faster to the slower processes.
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Figure 3.4-1: Co-seismic gravity variations Figure 3.4-2: Post-seismic geoid variations
(microGals) due to the Sumatra-Andaman (mm) after the Sumatra-Andaman earthquake,
earthquake (Han et al., 2006) until 2009 (Einarsson et al., 2010)

e At time scales of years and less, achievements from GRACE can be cited for the monitoring and
understanding of the seismic cycle. Co-seismic and post-seismic gravity variations associated to
large earthquakes (Sumatra 2004, 2005, Bengkulu 2007, Maule 2010, Tohoku-Oki 2011, Indian
Ocean 2012) have been detected and allowed to test candidate co-seismic rupture models and
evidence the importance of co-seismic crustal dilatation of the upper plate (2004 Mw 9.1 Sumatra:
Han et al. 2006, Panet et al. 2007, de Linage et al. 2009, Broerse et al. 2011, Cambiotti et al. 2011,
Wang et al. 2012c, 2010 Maule: Han et al. 2010, Heki and Matsuo 2010, Wang et al. 2012a, 2011
Mw 9.0 Tohoku-Oki: Han et al. 2011, Matsuo and Heki 2011, Wang et al. 2012b, Cambiotti and
Sabadini 2012, Zhou et al. 2012, Dai et al. 2014). Figures 3.4-1 and 3.4-2 show the co-seismic and
post-seismic gravity signal induced by the Sumatra-Andaman earthquake. Not only thrust
earthquakes, which are accompanied by important vertical deformations, could be detected, but
also the 2012 Indian Ocean strike-slip event, involving mostly horizontal crustal displacements,
was sensed by GRACE. The GRACE data analysis revealed substantial gravity change associated
with compression and dilatation in four different quadrants (Han et al. 2013). The added value of
satellite gravity is as follows. First, it brings information on the rupture geometry when it is
ambiguously constrained from the surface networks. Such uncertainty in the rupture model is
often the case for undersea earthquakes due to the limited spatial coverage of ground geodetic
data, e.g., the comparison of five rupture models proposed for the 2004 Boxing Day earthquake
in Sumatra based on different types of data (excluding satellite gravity) in Poisson et al. (2011).
Wang et al. (2012) showed the sensitivity of GRACE to the size of the fault and the average slip in
the case of the Maule earthquake. Dai et al. (2014) demonstrated the unique sensitivity of gravity
signals using GRACE for the 2011 undersea Tohoku-Oki earthquake, and used GRACE data for
inversion of the slip rake angle, centroid location and seismic moment to further constrain the
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focal mechanism. Note that in the case of offshore earthquakes, the geographical localization of
the gravity anomaly with respect to the trench can help distinguishing between deeper or
shallower models of slip along the plate interface. The source depths and rigidity and bulk
modulus were also understood independently from seismic and geodetic data (Cambiotti et al.
2011, Han et al. 2013). A second added value is to compute the seismic moment of the sources
also including its slower components. GRACE resolved the sources on temporal and spatial scales
exceeding the seismic and geodetic spectrum and confirmed the slow components for the 2004
Sumatra-Andaman earthquakes, but not for the 2011 Tohoku-Oki earthquake (Han et al. 2013).
Finally, when combined with GPS data, which exhibit a different sensitivity to mass displacements
as a function of depth, satellite gravity helps to assess the respective role of afterslip and visco-
elastic relaxation after the earthquakes as shown by Han et al. (2008) and Panet et al. (2010) for
the Sumatra earthquake and to reveal prevailing viscoelastic relaxation by Han et al. (2014a) after
the 2011 Tohoku-Oki earthquake and by Han et al. (2014b) after the 2012 Indian Ocean
earthquake. Deciphering the roles of these processes is important in order to infer the distribution
of stress at the subduction boundary and to understand the interseismic stress loading cycle, and
thus to assess seismic hazard. Constraints on the viscosity of the upper mantle could be obtained
in Hochner et al. (2011), showing large rates of deformation that suggest the transient viscosity
as low as 5-10% Pa s and the steady state viscosity of 10 Pa s — and even possibly non-linear
rheologies in the upper mantle (Panet et al. 2010).

The interest and possibility of using time-varying gravity gradients for studying earthquakes was
put forward through the detection of the Tohoku-Oki seismic signal in GOCE data (Fuchs et al.
2013); the acoustic waves propagated by the earthquake have been sensed by the mission
accelerometers (Garcia et al. 2013). However, up to now only earthquakes with magnitude Mw
greater than 8.4 could be detected from the present satellite gravity, so only a very limited
amount of events could be studied. The use of gravitational gradient change observations inferred
from GRACE is demonstrated to be useful for detecting higher frequency band seismic
deformation by Wang et al. (2012b) on the Sumatra-Andaman earthquake, and the Tohoku-Oki
earthquake (Dai et al. 2014).

e At inter-annual scales, a common mode of variability between the time variations of the gravity
field from GRACE and the magnetic field secular acceleration has been evidenced in an area over
Africa (Mandea et al. 2012). It suggests the interest of joint gravity/magnetic field investigation
for core dynamics studies, to gain better understanding of the origin of the internal geomagnetic
field.

e Atdecadal tosecular time scales, GRACE has delivered a new kind of dataset for the measurement
and modelling of the Glacial Isostatic Adjustment. Due to its spatial coverage, satellite gravimetry
indeed proved to bring unique new constraints on the spatial pattern of GIA and, subsequently,
on the mantle viscosity and lithospheric thickness (Paulson et al. 20073, Steffen et al. 2012), and
on the ancient ice (Tamisiea et al. 2007). In North America and Fennoscandia, where the GIA
induced gravity rate is large and smooth, GRACE derived estimates of GIA are accurate (van der
Wal et al. 2011; cf. Fig. 3.4-3) and uncertainties in the modeling are reduced (Paulson et al. 2007b).
However, it was demonstrated by analysis of higher resolution data from the GOCE satellite that
there is time-variable gravity signal at wavelengths below the GRACE resolution (Bouman et al.
2013a).

At present, we cannot separate with sufficient accuracy mass movement caused by GIA from
contemporary ice sheet mass changes through GIA modelling alone (Barletta et al. 2008) and we
need to consider multiple data sets (lvins et al. 2011, 2013; Sasgen et al. 2013). Current inversions
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for GIA and present-day mass changes combine GRACE data with high-resolution altimetry data
(Wu et al. 2010; Gunter et al. 2014). Such combination introduces other errors and the spatial
resolution is currently limited by the relatively low spatial resolution of GRACE. Gravity trend data
might be able to separate present-day ice losses, which have a more localized signature, from the
longer wavelength signature of viscoelastic rebound.
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Figure 3.4-3: Uplift rates in Fennoscandia derived from GRACE (left) and interpolated from GPS data
(right), associated to post-glacial rebound (van der Wal 2011).

e Atscales of decades, relative plate movements at mountain ranges are well constrained from GPS
observations. As crustal material is not destroyed, it implies that it contributes to crustal
thickening, which, according to the isostatic degree of compensation, is divided into topographic
uplift and crustal root growth. Sun et al. (2009) thus interpret negative gravity rates over Tibet as
the observation of crustal thickening. Alternatively, Matsuo and Heki (2010) attribute the yearly
and long-term gravity change to hydrologic effects concentrated at the outer border of the Tibet
plateau. These authors mention the uncertainty in the contribution of isostatic or tectonic uplift,
but do not consider the effect of crustal thickening. The satellite observation of mass transfer in
these areas at a GOCE-type spatial resolution would deliver a useful constraint on modeling the
mountain building process and reduce the uncertainties in the interpretation of the gravity signal,
including the separation of the tectonic and the hydrological effects.

e Referring to the static field, gravity gradients from GOCE advanced knowledge on the interior
structure and processes leading to earthquakes. The data allowed to identify asperities at the
interface between moving plates, thus showing the relation between lithospheric structure and
faulting. Magmatic bodies at the subducting interface alter the stress regime, leading to formation
of relatively strong asperities which control the timing and spatial extent of fault rupture. The
position and extent of the strong asperities determines the topography of the approaching and
overriding plate. The subducted bathymetric features and the batholiths are detectable in the
gravity field due to the density differences in relation to the subducting and the overriding plates
(Song and Simons 2003; Tassara 2010). Using GOCE data Alvarez et al. (2014) have confirmed that
the subducted bathymetric elevations control the megaquakes along the Chilean margin.
Information on asperities on the fault that control rupture is necessary in the modeling of stress-
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strain and estimation of future ruptures. Immediately after an earthquake one important question
is whether the main stress on the fault has been released, and what the expected maximum
magnitude for the aftershocks may be. The presence of asperities on the ruptured fault is an
important input in the hazard calculations. The resolution of GOCE has been estimated to resolve
a batholith with 240 kg m~ density contrast of 45 km diameter (Kéther et al. 2012). Much higher
resolution power is needed in the future to be able to use satellite gravimetry in subduction zone

(asperity) mapping.

e Numerous improvements on the knowledge of the density variations in the crust and mantle-
lithosphere have been obtained from GRACE and GOCE. The topics have been the depth
variations at the crust-mantle interface (e.g., Bagherbandi and Eshagh 2012, Braitenberg and
Ebbing 2009, Reguzzoni and Sampietro 2012, van der Meijde et al. 2013), evaluation of existence
of magmatic crustal underplating (Kaban et al. 2010; Mariani et al. 2013), modeling lithosphere
interactions at subduction zones (Kother et al. 2012), 3D lithospheric structure below the
Himalayas and Tibet from a joint gravimetry-seismology inversion (Basuyau et al. 2013) and
evaluation of the isostatic equilibrium (Shin et al. 2007, 2009).

All above topics are crucial in constraining the composition and evolution of the Earth’s crust-mantle
system. The combined terrestrial and satellite fields as the EIGEN-models (Forste et al. 2008 and
successive editions) and EGM2008 (Pavlis et al. 2012) have triggered geophysical studies covering the
entire globe, although they suffer from inhomogeneities in the terrestrial data coverage (Bomfim et
al. 2013).

Correlation analysis between synthetic gravity data from existing models such as CRUST2.0 and GOCE
observations have demonstrated that these models must be improved. The GOCE gravity field and the
gravity field of topography and isostatic models correlate at a level of 0.8 for degrees between 125 and
210, decrease remarkably for degrees both up to n=250 and less than 25, and have a systematically
lower value (between 0.6 and 0.7) for degrees between 25 and 150 (Hirt et al. 2012). The correlation
coefficient with the CRUST2.0 model is less than 0.4 at all degrees, demonstrating that it is presently
inadequate and needs critical improvement. The 80-km resolution of GOCE is adequate at Moho level,
but higher resolution is strongly required to model crustal density architecture, including superficial
layers such as sedimentary basins. Satellite gravity use in this direction has so far only been attempted
in combination with land geophysical data (e.g., Basuyau et al. 2013).

e  Gravity is also an important observable when it comes to constrain structure and dynamics of the
sublithospheric mantle. The GOCE-satellite gradients are well suited to study the upper mantle
density structure, making them complementary to gravity and seismic tomography (Bouman et
al. 2013b, Fullea et al. 2014, Martinec and Fullea 2014). When combined with orbit data, the
Earth’s gravity gradients from GOCE are also sensitive to the large-scale structure of the upper
part of the lower mantle and were interpreted to reveal sinking tectonic plates and convective
instabilities between 1000 and 2500 km depth (Panet et al. 2014). In contrast to geoid data, the
gradients bring an enhanced geometric characterization of the mass distribution. This opens new
possibilities to study the deep mantle mass structure and dynamics in combination with seismic
tomography. Chaves and Ussami (2013) inverted geoid undulations in 3D using tesseroids below
the Yellowstone Province, with the aim of mapping the mantle plume. They find that the inversion
is stable and that the results are complementary to the seismic tomography models in retrieving
temperature and compositional changes. GRACE static gravity fields, which are of a great quality
for the larger spatial scales, were also analyzed to study the lower mantle structure and to
characterize thermochemical oscillating domes (Cadio et al. 2011), or to analyze the formation of
bathymetric swells due to the interaction of a rising plume with the lithosphere (Cadio et al. 2012).
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e With GOCE data, for the first time a satellite derived field has sufficient resolution and precision
to resolve geologic units useful in geophysical exploration. Although presently only large-scale
features can be identified, results in Africa (Braitenberg 2014, Braitenberg et al. 2011, Martinec
and Fullea 2014), Arabian peninsula (Ebbing et al. 2013), Mediterranean (Fullea et al. 2014) and
the Alps (Braitenberg et al. 2013) are encouraging. Presently only greater geologic units can be
identified. Although exploration applications usually require more details, the units that have
sufficient extension have been identified without any doubt and an excellent match with the
geological maps has been demonstrated. Units that are disguised by recent sedimentary cover
have been shown to be identified with the GOCE gravity models. The identification is crucial for
planning more detailed investigations with higher resolution than GOCE. For the Congo basin
Martinec and Fullea (2014) interpreted the gravity anomaly and vertical gravity gradient of the
GOCE/GRACE combined gravity model to renew the existing model of sedimentary rock cover and
density stratification. The Congo basin is nearly circular with a radius of 600 km, so one of the
largest basins worldwide. An increase in spatial resolution would increase the number of basins
that could be studied from satellite gravity.

In the underexplored Rub'al-Khali area of the Arabian Peninsula the GOCE vertical gradient was
used to invert for crustal thickness (Bouman et al. 2013b). The Moho model was used to update
the heat flow model and maps describing the possible existence of oil or gas in view of the thermal
state of the source rock (source rock maturity maps), which were generally consistent with known
source rock maturity trends in the surrounding regions. GOCE gradients were therefore shown to
be useful to map crustal thickness and deep regional structures. In combination with other data,
heat flow can be modeled which is essential for basin maturity evaluation.

3.4.5 Identification of potential new satellite gravimetry application fields

Beyond GRACE and GOCE, there is a wide range of scientific targets and applications for society that
would greatly benefit from gravity measurements continued in the future.

a) Monitoring magnitude 7 earthquakes and induced post-seismic deformations

Earthquakes of such magnitudes are often extremely destructive and occur relatively frequently.
Because of its homogeneous coverage all over the globe, satellite gravity shows a unique capability to
describe these events, especially undersea earthquakes which cannot be obtained from terrestrial
geodetic observations. Because of its sensitivity to both seismic and aseismic mass displacements,
satellite gravity can contribute to describe the entire earthquake process, including the components
beyond the seismic frequency band and aseismic creep. In addition, gravity data is inherently sensitive
to the interior structure and deformation in complement to surface measurements from GPS and
InSAR (Interferometric Synthetic Aperture Radar). The gravity signal produced at subduction zones by
a strike-slip or dip-slip fault (dip = 15°) is shown in Fig. 3.4-4. An improved mission performance as
Scenario 2 would allow to detect M 7.0-7.5 earthquakes at a resolution of 150 km. With such spatial
resolution, it may be possible to distinguish afterslip on the fault from post-seismic relaxation, which
has been quite difficult to discriminate based on ground GPS data. With their study on the 2011
Tohoku-Oki earthquake, Han et al. (2014a) demonstrate the importance of spatial resolution in
discerning the type of post-seismic movement. Earthquakes with M > 7.5 occur every ca. 3-4 months,
and for M >7.0 every month on average.
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Fig. 3.4-4: Coseismic gravity change decomposed at different wavelengths for earthquakes at
subduction zones compared to the performance of the different satellite gravity mission scenarios.

For such objectives, application of spaceborne gravity requires higher spatial resolution. This would
also increase the statistical likelihood of capturing a greater number of events over a space mission
lifetime. For instance, a satellite mission with GOCE-type spatial resolution providing time variable
gravity models could result in catching the earthquakes with magnitude Mw>7.5, which would result
in up to 3 observable events per year. The use of time-varying gravity gradients would strongly enhance
the geometric description of the earthquake-related mass transfer at depth, as shown by recent
studies (Dai et al., 2014), helping to identify the earthquake signal from the superimposed noise and
fluid components. This would be a unique capability of satellite gravity as compared to all other
observations systems.

Furthermore, beyond the earthquakes and subsequent deformations, the ability of satellite gravity to
monitor aseismic mass displacements over land and ocean is a unique asset in order to monitor the
entire seismic cycle, including the slow movements related to stress accumulation and stress release
that cannot be studied by seismology and are hardly detectable by ground geodetic networks. Extreme
resolution and precision would be needed to monitor the locked asperities of subduction zones.

At subduction zones involving island arcs the geodetic monitoring is hampered by the lack of dense
stations that allow monitoring the interseismic deformation process. Due to the density contrasts
between crust and mantle and crust and water the deformation generates a detectable gravity signal.
Although island arcs are narrow, their along strike extent is several hundreds of km, which makes
detection with satellite gravimetry feasible.

The recent example on the 2011 Tohoku-Oki earthquake demonstrates the importance of enhanced
spatial resolution of the satellite gravity data to discriminate between two competing postseismic
processes: afterslip versus postseismic relaxation. In addition to seafloor displacement measurements,
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gravity data would be able to efficiently identify differences between the two processes if the data
provide a higher resolution, such as 100 km or longer, as opposed to the present GRACE spatial
resolution of 333-500 km (e.g., Han et al., 2014a).

Another aspect regards the detection of the gravity field oscillation produced by seismic and tsunami
waves and free oscillations. Presently seismology relies strictly on ground displacement/oscillation
measurements detected by seismogram. However, earthquakes produce gravity field oscillation as
much as ground shakings. The innovative analysis of satellite gravity data (instantaneous gravity
perturbation measured, e.g., in range-rate change) will allow the analysis of earthquakes, seismic and
tsunami waves, and free oscillation from the orbiting satellites. In order to analyze the potential, range-
rate changes have been simulated along the GRACE orbits (500 km altitude) induced by the 2004
Sumatra-Andaman earthquakes in 26 December 2004. The normal modes down to 200 sec (from oS>
with 54 min periods) were integrated to simulate the gravity perturbation along the orbit based on the
centroid moment solution by Stein and Okal (2005). The computation results during the first and last
6 hours of the day are shown in Fig. 3.4-5 to highlight greater attenuation of higher frequency modes
over time. The ¢S; mode shows the least attenuation and will last even for a week, perturbing
continuously the satellite orbits to the level detectable by inter-satellite microwave and laser ranging.
A future satellite gravity mission should allow groundbreaking seismological research based on
gravitational seismogram from the orbits.
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Figure 3.4-5: Transient gravity change induced by seismic waves and free oscillations of 2004 Sumatra-
Andaman earthquake, manifested in inter-satellite range-rate. Simulation is based on a single centroid
(Mo = 1200-10%” dyne cm from Stein and Okal (2005)), depicted in blue. The normal modes of 200 sec
or longer were used. The red line represents only the ¢S; mode (~54 min period). The earthquake
occurred at around 1 hour of the day (UTC).

Societal Benefits: A future gravity satellite mission with capability to detect tectonic deformation
(resulting in mass movement) before, during and after earthquakes with magnitudes > 7 would bring
a completely new and complementary component to assessing seismic hazard in many plate boundary
regions. For example, the plate boundary region between Africa and Eurasia from the Azores to
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Anatolia, which encompasses the entire Alpine-Mediterranean region, is characterized by such major-
earthquake activity often close to densely populated regions (e.g. west-Anatolian fault; central and
South ltaly; Gulf of Cadiz & Betic-Rif-Alboran region). The largest known mega-thrust earthquake that
struck Europe was the “Lisbon earthquake” of 1755, which actually occurred in the Atlantic oceanic
lithosphere south of Portugal, with an estimated magnitude of 8.5-8.7, causing a huge tsunami and
widespread large destruction. The next generation gravity satellite observations would provide the
missing pillar needed for advancing integrative studies of the active deformation of the wider
Mediterranean plate boundary region, complementing efforts of seismology (crust-mantle structure
and earthquake mechanisms), geodesy (active surface deformation), and 4-D modeling of lithosphere-
mantle dynamics (linking mantle structure, active tectonic processes to crustal deformation). This
example can be generalized and extended to other plate boundaries and subduction zones worldwide;
the ultimate target is that future integrative and detailed 4-D deformation models must fit the detailed
gravity field observations as an independent constraint on both density and structure. A necessary and
key input for the seismic and tsunami hazard assessment — the latter concerning much broader areas
than the subduction zone location itself - is the knowledge of the amount of ongoing interseismic
deformation. In the case of subduction at remote island arcs and for deep seated faults (over 100 km
depth), traditional methods including geodetic monitoring and microseismic observations fail due to
remoteness and depth of source. After the earthquakes, the viscosity is the most important factor to
govern evolution of the long-wavelength (large scale) stress field. It may be better characterized by
observations with complete spatial coverage such as the space-based monitoring of postseismic
gravity changes, leading to a better understanding of increased seismic hazard following great
earthquakes.

b) Modelling of the Glacial Isostatic Adjustment

The estimates of both GIA and current ice melt, combining GRACE data with high resolution altimetry,
will improve when the GRACE error is reduced and the spatial resolution increased, as well as reliable
GRACE error estimation becomes available. In areas where the GIA signal has a smaller magnitude and
spatial extent, much can be gained from time-variable gravity measurements with higher accuracy and
increased spatial resolution. This includes areas where the GIA signal is close to the current
measurement error of GRACE such as Patagonia (lvins et al. 2011) and the Barents Sea (Root et al.
2014). Higher resolution is also necessary in areas where ice thickness changes in the last 500 years
result in significant present-day uplift rate, such as Alaska (Larsen et al. 2005), Iceland (Auriac et al.
2013), Patagonia (Lange et al. 2014) and Antarctica (Whitehouse et al. 2012). Because of the timing
and spatial extent of the ice thickness changes in combination with low viscosities at shallow depth,
the gravity rate pattern will have more short-wavelength variations than in areas with high viscosity.
Thus, higher spatial resolution in these areas is crucial either for observing GIA signals or for separating
them from signal due to present-day mass changes. Such low-viscosity regions include the global sea-
floor. Indeed, seafloor lithosphere has the thinnest crust on Earth, and some areas feature thinner
elastic lithosphere and lower viscosity upper mantle or asthenosphere, e.g., the coastal low-viscosity
zones have a depth of 20 km, a thickness of 12 km and a viscosity of 108 Pa s. A seafloor region with
low viscosity (upper) mantle would imply faster time of GIA uplift as compared to more ancient
cratonic lithosphere regions. There are very few ocean-bottom geodetic instruments presently
deployed, hence few observations to capture transient deformation; as altimetry cannot capture long-
wavelength signals and lacks accuracy, an advanced GRACE type measurement would shed light on
this geophysical process.
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In continental areas, analysis of longer time spans of satellite gravity data should also allow us to
separate more clearly inter-annual hydrological and cryospheric mass variations from the GIA signal.
Better mass variation records will also lead to improvements in numerical modeling of GIA and
cryospheric mass variations. This will enhance capabilities to simulate long-term cryospheric mass
fluxes and separate them from changes induced by GIA.

Societal benefits: Quantitative description of present climate changes and predictions of the future
changes are crucial for sustainable societal development. Ice loss is an essential indicator of present
changes. Moreover, it is important to know which ice sheets contribute to sea level rise because ice
sheets evolve differently in a warming environment. Some ice sheets may reach tipping points after
which the ice loss becomes irreversible. Knowledge of sea level rise is essential for planning building
and flood prevention measures in coastal regions. Both ice loss and sea level change measurements
rely on the observation of height changes of the sea level or ice sheet, respectively. Conversion of the
height changes to corresponding volume changes necessitates accurate knowledge of isostatic and
dynamic uplift and subsidence which are one of the aims of the future gravity mission.

c) Modeling and monitoring of tectonic motions related to the processes of crust formation,
evolution and destruction

This includes uplift and subsidence typical to areas of plate divergence, e.g. oceanic ridges, and
convergence, e.g. mountain belts and subduction zones. In mountain belts the ongoing uplift has been
measured by GPS, and rates of a few mm/yr are typical. The horizontal convergence rates at mountain
ranges and subduction fronts are much greater, in the order of several cm/yr. From surface
observations alone it is not possible to distinguish different processes acting at the lower crustal level
such as crustal thickening, crustal ablation or lower crustal melting and metamorphism. The different
lower crustal mechanisms imply mass or mass-distribution changes that are measurable. At present,
the GRACE resolution is too coarse to separate the contributions from superficial, and deeper mass
dynamics and crustal thickening is not detectable from present GRACE data. An increased resolution
would allow to provide a greater insight into the mountain building process, with a benefit for the
modeling of stress accumulation and volcanic and earthquake hazard assessment. Quantifying
sediment transport is important in coastal lowlands as it negatively affects navigational routes. At
volcanoes the uprising magma generates a deformation of the volcano, monitored by tiltmeters and
space geodetic methods, but the mass variation can only be indirectly induced from these
observations. The problem is that the characteristic wavelengths and amplitude of gravity signals are
relatively small, and remain at the limit of resolution of the future satellite missions discussed here. A
further benefit is the improved modeling of sediment production rate of orogens.

Societal benefits: The rate of ongoing tectonic motions is a crucial parameter that is necessary in
modeling the seismic cycle as well as vertical movements induced by GIA and present ice and sea level
changes. The societal benefit therefore is in the improvement of seismic hazard assessment and in the
guantitative monitoring of climate change. Neglect of knowledge of mass variations and vertical
movements induced by tectonic motions directly translates into errors in the estimate of seismic
hazard and the volume of continental ice loss. Both issues are crucial for the planning of future society
on a changing Earth.
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d) Monitoring of the natural resources and the interactions between underground fluids and the
solid Earth

Groundwater storage monitoring is crucial for monitoring the fluid-volumes and for the induced
changes, as deformation. 4D terrestrial gravity acquisitions aimed at CO, sequestration or aimed at
monitoring the fluid movements and the induced deformation and seismicity at hydrocarbon fields
must be corrected for the background noise due to the groundwater cycle. Gravimetry has been
proven efficient for hydrological studies, and has given excellent results when comparing point-wise
repeated absolute gravity observations with well data and moisture probes. The GHYRAF (Gravity and
Hydrology in Africa) experiment in Western Africa gave a seasonal signal up to 11 puGal, equivalent to
a water storage changes of 260-mm thick infinite layer of water. The present resolution of GRACE is
sufficient for monitoring storage changes only in very large basins which area approaches 2-10° km?.
The time resolution should be at least 1 month at a signal level of 2 pGal (entire peak to peak signal 11
UGal, divided in four periods to evaluate the estimated variation). The mission should be planned for
at least 6 years, to be able to distinguish a seasonal from a long-term signal.

Societal benefits: The net amount of underground fluids stored in the subsurface is disturbed by fluid
extraction or emission affecting the underground stress equilibrium. Gravity is a mean to monitor the
fluid movements and storage. Applications include natural resources monitoring and environmental
issues connected with the type of fluid that is injected into the subsurface. The satellite gravity field is
an integrative exploration tool able to investigate the full extent and depth of the fluids.

e) 4D dynamic Earth model

Finally, the overarching and grand research target of solid Earth Sciences for which particularly future
gravity missions are becoming very important is relating the tectonic activity of the surface and near-
surface crust to the internal structure and dynamics of our planet, by creating a 4D dynamic Earth
model for understanding and predicting (near)-surface motion and deformation. Such a
comprehensive research challenge aims to eventually integrate the large temporal and spatial scales
comprising, e.g., tectonic motions and deformation, GIA and spatially variable sea-level change, and
earthquake generation in an advanced model of planetary dynamics. This model integrates the 3-D
heterogeneous structure and the complex non-linear rheological behavior of the crust-mantle system
into a dynamically self-consistent model of the Earth. Key constraints on such a model are satellite
observations of Earth’s gravity field on the widest spectrum of wavelengths and with as much temporal
resolution as possible. Achieving this grand target requires a time-path of decades, but given current
observational and methodological capabilities in a wide range of Earth Sciences (geology, geophysics,
geodesy, surface and environmental sciences), this is achievable when future (including beyond the
next) satellite gravity (and other Earth-oriented geodetic) missions provide the detailed observations
necessary for integrating the local-to-global structures, processes, and dynamics in an concerted effort
with solid Earth Sciences.

A new and important topic to mention in this context is the interplay between mantle and core
dynamics, particularly for gaining much deeper understanding of (sudden?) intensity drops of the
magnetic field lowering the Earth’s magnetic shield against devastating high-energy particles from
space. Even though observing gravity signals related to core dynamics appears an extremely
challenging task, a new gravity satellite mission may bring core-dynamics and core-mantle coupling
into play. It requires the highest accuracy — not only in the gravity measurements, but also in the
separation from other physical signals of a 4D-dynamic Earth to be reached for large spatial scales
and/or very high temporal resolutions. Oscillation modes of the core appear to occur with very short
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periods and with extremely small amplitude and thus constitute a very ambitious target. Possible
signals correlating with geomagnetic field variations (magnetic jerks) should be slower, but with a
possibly larger (but still small) amplitude. The cause for strong magnetic field intensity variations
(eventually leading to the switch between Magnetic North and South poles) are not well understood
and may correlate with any inner-outer core dynamics and/or coupling between core and mantle
dynamics.

3.4.6 Added value of individual mission scenarios

As discussed in the previous sections, GRACE has demonstrated the detection of solid Earth signals
associated to GIA and to earthquake-related deformation and hydrologic signals, but a higher spatial
resolution is necessary in order to make a leap forward in solid Earth sciences. Mikhailov et al. (2004)
showed that a mission 10 times more accurate than GRACE would allow for the detection of the
accumulation of mass along active tectonic zones, discrimination of fault plane models, and the
monitoring of asperities on locked seismic zones. Concerning slow earthquakes, they were found to be
equivalent to Mw 6/7 earthquakes (Hirose et al., 1999). A future gravity mission with one to two orders
of magnitude improvement will lower the detection threshold of earthquakes to Mw 7.8 and 7.0,
respectively (Pollitz, 2006; Sun and Okubo, 2004) that occurs typically several times per year. Better
accuracy also enables the combination of GRACE data with altimetry to separate GIA from cryospheric
mass changes at smaller spatial scales.

A crucial point is to separate the solid Earth signals from the superimposed hydrological sources, which
cannot be modeled independently in sufficient detail and thus must be recovered from the mission. If
a monthly time resolution would be sufficient to correctly catch the seasonal variations, weekly
observations would be preferable to perform such sources separation close to earthquakes and better
model the responses of aquifers. A performance in EWH of 1 m or 0.1 m/yr would be too low to be
useful in estimating the hydrologic effects, e.g. the example of Western Africa gives seasonal variations
of only 25 cm. Moreover, if a higher spatial resolution is needed for many solid Earth science objectives,
a proper separation of the gravity signals from superimposed sources with various characteristics also
requires the larger spatial scales to be still accurately determined at the same time.

Figure 3.4-7 summarizes the different solid Earth target processes for static, long-term and short-term
signals discussed in the previous sections, comparing their amplitudes with the error curves of the
scenarios presented in the first chapter of this document. Although not quasi-static, co-seismic signals
have been added in the respective figure as well.

Among the proposed scenarios, the target one is to enhance the spatial resolution to 100 km (d/o 200)
as described in scenario 2. Such spatial resolution would allow the study of earthquakes greater than
Mw 7 and related deformations, which cannot be addressed by GRACE. With a still high accuracy at
larger spatial scales, this scenario would allow a powerful separation of GIA signals from ice and
hydrology ones based on different spatial characteristics finely resolved. If the time resolution could
be further increased to weekly, the monitoring of fast deformations would be considerably enhanced,
for instance along plate boundaries. It would allow to augment the datasets to define the source
mechanism, to understand the early phase of post-seismic deformations and to evaluate the possible
great aftershocks.

If the performances are lowered to those of scenario 1, identified as a threshold (a monthly time
resolution, a few cm EWH accuracy at a spatial resolution of 200 km (d/o 100)), the threshold of
earthquakes shifts to Mw 7.8, and progress would be expected in monitoring tectonic and plate
boundary deformations. Scenario 1 could be used in monitoring induced seismicity; it would also allow
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the separation of tectonic, GIA and hydrologic effects in areas like India-Himalaya-Tibet. In Antarctica,
a better resolution of the crustal deformation effects would be achieved, thus a better separation of
the ice volume signal.

50° 4=
45°

35°
30°

25°

120° i ° ° 160°120°
50° == : ——
45“ —BT ij: b
40° :
35°

120° 130° 140° 150° 160°120° 130" 140" 150° 160°120° 130° 140° 150° 160°

L ee—— ]
-06 -05 -04 -03 -02 -01 00 01 02 03 04 05 06

Figure 3.4-6: Co-seismic gravity gradients variations, reconstructed from GRACE, due to the Tohoku
earthquake : (a) Txx, (b) Txy, (c) Txz. Comparison with the gradients predicted from a rupture model:
(d) Txx, (e) Txy, (f) Txz. Dai et al. (2014).

Beyond these proposed scenarios, and in a more general way, let us underline the great interest in
high accuracy time-varying gravity gradients. Results from GOCE have shown the strength of the gravity
gradients in separating sources and characterizing their geometry in a much better way than classical
gravity data can do. Results from GRACE have shown the wealth of signals sensed by time-varying
gravity. Combining the GRACE and GOCE concepts towards measurements of the time variations of
the gravity vector could advance the detection of the above-discussed solid Earth signals by helping to
identify their geometric signature at high resolution from that of the dynamics of the fluid envelopes
(see Fig. 3.4-6 for an example on time varying gravity gradients reconstructed from GRACE). It would
also bring more information on how the underlying masses have moved. Extending the wishful thinking
scenario to smaller wavelengths would also improve the high-resolution imaging of Earth’s crust with
benefits in seismic hazard estimate, structural studies approaching long gravity scales, and climate
variation observation. The direct measurement of “static” gravity gradients, also accurate at large
spatial scales —which can be obtained not only from a static gravity field mission, but also from a time-
varying one — would certainly improve the quantitative estimate of Earth’s mantle mass distribution.
Indeed it can be expected that uncertainties on the estimated geophysical model parameters will be
reduced when using high accuracy data as compared to gravity gradients derived by filtering from an
isotropic quantity such as the geoid. This would advance our understanding of Earth’s global dynamics.

Finally, core dynamics may lead to a different kind of mission configuration requirement, focused
towards large-scale and/or higher temporal resolution sensitivity. A challenging task is the separation
from the superimposed fluid contributions, especially when addressing small signals with very fast time
variations. They need to be addressed at a compatible level of precision. For this reason, the detection
of core dynamics has a lower priority for the configuration of a future mission.
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Figure 3.4-7: Expected signals for different phenomena in comparison to the error curves of five mission
scenarios and the GRACE error curve. Distinction is made between gravity and gravity variation rates.

3.4.7 Definition of theme-specific science requirement

The main themes in solid Earth scientific research and societal applications that require a next
generation gravity mission are the following: 1) Monitoring Earth’s tectonic activity, 2) Evolution of
Earth crust due to GIA and plate movements, 3) Management of natural resources, and 4) Overarching
4D mantle and core evolution and influence on Earth evolution. Figure 3.4-8 summarizes these themes
and their temporal and spatial resolution. These main themes require different improvements from a
future generation satellite mission, in terms of enhanced spatial resolution, higher precision at long
wavelengths, longer time series and improved temporal resolution.
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Figure 3.4-8: Main themes in solid Earth and relation to wavelengths and time variations.
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Setting as priority for societal needs the first two themes, which aim to improve natural hazard
monitoring and climate change, the most important requirement for a next generation gravity mission
is an increase in spatial resolution. A spatial resolution of 200 km with an accuracy of 0.5 pGal (as
provided by scenario 2) would allow to detect tectonic activity equivalent to magnitude 7 events,
including seismic and aseismic, creeping movement. This would considerably increase the number of
events that could be monitored, as shown in Fig. 3.4-9. For the time interval 1900-2014 a threshold of
M> 8.5 sees 0.14 events/year, of M> 7.8 sees 1 event/year, and of M> 7 gives a leap to 12 events/yr.
For crustal evolution monitoring it would allow to distinguish tectonic movement from GIA signal,
allowing to approach scales of single orogens. Including gravity data of such a high quality will
significantly enhance the areas that can be investigated and distinguish a local from a global hazard.

Identification of long-term effects and the separation from annual to interannual climatic factors which
affect surface deformation of the crust, time series length of at least 30 years is required. These long
time series provided with a trend accuracy of 0.05 pGal/yr on scales of 200 km will be sufficient for the
first time to provide estimates of mass movements at topography, at ocean bottom and at regional
scale, and at the lower crust. As a novel application it is planned to distinguish the creeping crust at
subduction zones from a locked zone, which is crucial for hazard estimation of the interseismic interval
of large earthquakes.

Even though temporal resolution is considered less important (compared to spatial resolution), mass
earthquake monitoring profits from an improved time resolution (for instance weekly) to distinguish
the instant effects from the long-term movements. An example is the coseismic effect on mass
redistribution as distinguished from the following postseismic effect.
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Figure 3.4-9: Number of earthquakes with magnitude greater 6. Worldwide for the time interval 1900-
2014 (NEIC Database).
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In order to meet the societal challenges identified in Sections 3.4.1 and 3.4.5, the following threshold
and target requirements can be identified:

1) Monitoring Earth tectonic activity: Improved spatial resolution increases the number of faults that
can be monitored with an exponential proportionality factor. Scenario 2 would allow to monitor M > 7
earthquakes, amounting to 12 events/year. Scenario 1 would allow to monitor events with M > 7.8,
amounting to 1 event/year. (With GRACE only events with M> 8.5 can be monitored, amounting to
0.14 events/year). Monthly resolution is required, daily to weekly data is vital for short-term
monitoring. With daily resolution and longer wavelength recovery 400-800 km, the threshold
magnitude would be larger but still smaller than M = 8.0. With daily resolution, postseismic transient
gravity change may be observed, which may be useful to discriminate various processes, including
others than seismic signals. Conversely, for other studies such as oceanography, undersea earthquake
signals should be removed from the GRACE data.

e Threshold: Scenario 1
e Target: Scenario 2
e  Wishful thinking: 1 mGal@10km

2) Evolution of Earth crust due to GIA and plate movement: Spatial and temporal resolution are less
critical with respect to Earth’s tectonic activity. Monthly resolution is adequate. As long term effects
are involved, the most important aspect is a continuous time series in combination with an increased
spatial resolution. The minimum required time series is 6 years.

e Threshold: Scenario 1 in continuity with GRACE follow on.

e Target: Scenario 2 ; 1 cm EWH/yr@200 km;

e  Wishful thinking: 1 microGal/year@100 km; 0.02 EWH/yr@100 km wishful thinking for GIA

is a long time series of decades which allows perfect separation of climatic signals from GIA.

3) Management of natural resources: improved spatial resolution is important for the static part of
the problem. High temporal resolution is necessary for monitoring of underground anthropogenically
driven mass variations. Monthly resolution is adequate, weekly resolution is desirable.

e Threshold: Scenario 1

e Target: Scenario 2

e  Wishful thinking: 1 mGal@10 km

4) Overarching 4D Earth model: key constraints are satellite observations on the widest spectrum of
wavelengths imaginable and with as much temporal resolution as possible.
e Threshold: Scenario 1
e Target: Scenario 2
e  Wishful thinking: daily resolution and wide spectrum from lowest to crustal scale (10 km)
wavelengths.
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3.5 Cross-theme aspects and additional thematic fields

In this section we summarize aspects which are at the interface of different themes and thus can only
be resolved when considering the individual Earth’s components as one consistent system. It shall be
considered rather as an exemplary collection than an exhaustive list. Further, additional thematic fields
which can stongly benefit from future gravity field missions are addressed.

a) Global Isostatic Adjustment (GIA)

Long-term mass variations due to GIA overprint hydrological and cryospheric signals on different time
scales and spatial resolutions. Typical regions with significant GIA signal are, for example, Antarctica,
North America, and Fennoscandia. Continuous and higher accurate satellite gravimetry observations
will give better constrains on GIA modeling. After removing long-term GIA-induced mass variations
accurately, we gain an improved understanding of hydrological and cryospheric signals and their
potential response to climate changes. In addition, increased spatial resolution and accuracy of new
satellite gravimetry will reduce the uncertainties of GIA in places where the magnitude of GIA signal is
debated now and is under the accuracy of current GRACE observations (such as Tibet). Better
understanding GIA signal in these areas will allow us to retrieve more clearly hydrological and
cryospheric mass variations on inter-annual, decadal and long-term time scales. Vice versa, after
separation of surface mass effects from the GIA signal, an improved understanding of surface loading,
the visco-elastic response, and ultimately about Earth’s rheology can be gained.

b) Sea level

Changes in continental water storage, mass changes of ice sheets and glaciers, deformations of the
seafloor due to long-term GIA deformations and instantaneous elastic load deformations,
displacements of gravity equipotential surfaces following mass redistributions — all these effects are
integrated in eustatic sea level change. At the same time, climate variability and climate change cause
steric sea level changes and ocean circulation changes. Satellite gravity has allowed to separate
eustatic effects from steric effects in the total sea level changes observed by satellite altimetry.
Moreover, sea level changes of particular origin (e.g. from ice mass loss in a particular region) exhibit
distinct patterns — sea level fingerprints — controlled by the sea level equation. Geodetic observations
therefore have the potential to separate, by observing purely oceanic patterns, the origins of sea level
change. However, sea level fingerprints are particularly pronounced in coastal regions, where the
resolution limits of GRACE inhibit their separation from continental mass changes. There, a higher-
resolution mission can allow significant progress. Coastal regions are also those regions that determine
human vulnerability to sea level changes. Again, higher-resolution satellite gravity will help to assess
and to understand the nature of those changes.

c) Atmosphere

Atmosphere models are currently used in gravity field processing as external information, mainly for
reducing short-period mass variations with periods which cannot be temporally resolved by current
satellite gravity mission. Correspondingly, errors in these atmospheric models cause temporal aliasing
effects such as the typical GRACE striping errors in the gravity field. However, as gravity missions
measure the sum of all masses/mass variations, they sense also atmospheric signals. Provided a higher
temporal resolution and accuracy of a future gravity field mission, atmospheric parameters derived
from gravity field satellites could be fed into atmospheric models, thus help improving the model
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quality in an iterative feed-back loop. Additionally, in contrast to standard GRACE processing
approaches currently it is attempted to avoid de-aliasing by reducing atmospheric (and ocean) signals
as a pre-processing step, but rather to estimate the full time-variable signal with high temporal
resolution, which also contains atmospheric mass variations. By this, a future gravity field mission
constellation could set the grounds for a new and strongly improved processing logic. The potential
and added value for atmospheric modelling and the impact on medium-term weather forecast and
climate modelling still needs to be assessed.

d) Geodesy — height systems

Globally, more than 100 national and regional height systems exist, which refer to a local datum
realized by a single tide gauge measuring the local mean sea level. As an example, large differences
between the two official vertical datums of Canada (CGVD28) and the USA (NAVD88) exist, and
constitute a significant problem for many engineering projects in areas along the Canadian and USA
border.

An equipotential surface defined by the gravity field, the geoid, defines a physical reference surface
and correspondingly an ideal zero-height surface. The availability of global gravity information from
gravity field satellites, complemented by terrestrial and air-borne gravity to add the high-frequency
signal content which cannot be resolved by satellite techniques, allows measuring heights by a
combination of quite inexpensive GNSS measurements and the precise knowledge of the gravity field
over the continents, a method which is usually called “GNSS-levelling” (Featherstone and Filmer 2012).
The technique of GNSS-levelling can be applied for the connection and unification of national height
systems in continental areas and in combination with satellite altimetry, which provides ellipsoidal
heights over the oceans, even height systems across the oceans can be connected. Fig. 3.5-1 shows a
schematic view of the principle of global height system unification with GOCE. National height systems
(vertical reference systems — VRS) are usually connected to local tide gauges, which are not on the
same equipotential surface and thus define “national” zero levels. Heights are transferred to the inland
via spirit levelling. By determining the deviation of the individual VRS’s (AA, AB) from the globally
consistent high-resolution geoid acting as an ideal “zero surface”, the national height systems can be
connected.

A

Tide gauge A Tide gauge B

Ellipsoid

Figure 3.5-1: Schematic view on the principle of global height system unification.
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GNSS-levelling has also a high economic potential, because it can replace the expensive and time
consuming spirit levelling. GNSS-levelling specifically is of great interest for countries with a less
advanced geodetic infrastructure like primary reference stations, positioning and levelling networks,
and terrestrial gravity data. There are many developing and newly industrializing countries lacking any
vertical reference system at all (Rummel 2013), a situation which creates major negative consequences
for construction, infrastructure and the potential for industrialization.

One of the main problems is the spectral limitation of satellite gravity field missions, resulting in
omission errors, i.e. non-resolved gravity signals, which can amount to high-frequency geoid height
signals of several decimetres in mountainous regions. A future mission with a performance of
Scenario 2 will be able to reduce the omission error to only a few centimeters, even in regions where
no or only low-quality terrestrial gravity data are available. Beyond the provision of high-resolution
static gravity field information, a future satellite gravity constellations could provide also temporal
changes in the geoid and correspondingly of heights. This is particularly important in regions with
strong gravity trends, e.g. due to GIA signals, and contributes to a correct description of regional
relative sea level changes.

e) Thermosphere density and wind

The instrumentation and orbital characteristics of the past gravity field missions CHAMP, GRACE and
GOCE have proven to be especially well suited for the derivation of data sets of upper atmospheric air
density and crosswind speed at the altitude of these satellites. These data sets have been derived from
an aerodynamic analysis of the observed satellite accelerations (Bruinsma et al. 2004, Doornbos et al.
2010 and references therein). The thermosphere data sets from these missions continue to have a
large impact on research of the dynamics of the neutral upper atmosphere and its relation with solar
activity as well as with upwards propagating waves from the lower atmosphere, and coupling with
ionospheric and magnetospheric processes. Continuing and improving the measurement and data
processing of accelerometer-derived thermospheric density and crosswind speeds with future gravity
missions would be of great benefit to these science disciplines and significantly increase the science
return from these missions.

A simple extension of the current data sets over even longer time periods will already provide
important additional scientific benefits. For example, additional data is required for a better separation
of seasonal, local solar time, longitudinal and solar activity variations in the structure and dynamics of
the thermosphere (e.g. Lieberman et al. 2013). In addition, the future availability of density data,
spanning multiple decades, will allow for a very detailed investigation of long-term cooling of the upper
atmosphere, which is thought to be partly caused by the increase of greenhouse gases in the lower
layers of the atmosphere (Emmert et al. 2008). The interaction between neutral atmospheric particles
and charged particles means that long-term changes in the Earth’s magnetic field might play a role in
long term change processes as well. The separation of such changes from changes introduced by
variability of the solar energy input requires the availability of accurate observation data on
thermospheric densities over multiple 11-year solar cycles, starting in 2000 with CHAMP and extending
beyond the operation period of GRACE Follow-on.

Simultaneous observations from a multi-satellite mission in multiple orbital planes separated in right
ascension of the nodes (and therefore in local time) will allow for better observations of transient
phenomena in the upper atmosphere, such as travelling atmospheric disturbances, as well as better
separation of local time and seasonal variations. If one of the orbital planes has a relatively low
inclination, the crosswind measurements will be able to provide unique information on meridional
winds at lower latitudes. Additional instrumentation, such as a neutral mass spectrometer for
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determining the composition, temperature and/or wind speed, would provide great synergy with
acceleration-derived data, and be of enormous benefit for upper atmospheric research. The additional
data would provide the means to accurately determine the absolute scale of thermospheric density
(Doornbos et al. 2013).
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4. Consolidated Science Requirements

Based on the science and user requirements derived by the individual thematic fields, i.e., continental
hydrology, cryosphere, ocean and solid Earth (Chapter 3), joint requirements for a future satellite
gravity mission constellation have been derived. Naturally, the individual requirements differ in the
various fields and even among different applications within one field. Therefore, the following joint
requirements shall be interpreted as a compromise for a mission configuration which is able to cover
a wide range of applications, but which could be optimized further for a specific discipline.

In general, the conclusion in all four fields is that, apart from the extension of the currently available
time series of global gravity measurements, which improves particularly trend estimates and thus the
separability of natural and antropogenically induced effects of climate change, an increase of spatial
resolution is given priority over an increase of temporal resolution.

Therefore, the joint product needs first are given as performance numbers of monthly fields. The
performance of sub-monthly down to daily resolution are derived from the monthly scenarios, because
they can be simultaneously realized through mission design by appropriate choice of sub-cycles, or
additional satellite pairs.

A future mission is on the one hand driven by science needs and novel science opportunities, but must
on the other hand also serve a significant number of applications with societal benefit. Therefore,
gravity field products on short time-scales of 1 to a few days and their availability with short latencies
are also required.

In the following, the consolidated science and user needs are given as threshold and target
requirements following the definition in chapter 3.

a) Threshold requirements

The threshold values for a future satellite gravity mission constellation are?:

Spatial Equivalent Water Height Geoid

resolution Monthly field Long-term trend Monthly field Long-term trend
400 km 5 mm 0.5 mm/yr 50 um 5 um/yr
200 km 10 cm 1cm/yr 0.5 mm 0.05 mm/yr
150 km 50 cm 5cm/yr 1 mm 0.1 mm/yr
100 km 5m 0.5 m/yr 10 mm 1 mm/yr

2 For the sake of lucidity, the numbers are given only as equivalent water heights and geoid heights. The
respective numbers for other gravity field functionals can be derived from Tables 1-1 and A-1.
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Referring to the scientific and societal challenges identified in Fig. 1-1, the benefits of a mission with
such a specification are (not exhaustive):

Scientific challenges

Closure of global water and
regional water balances

Water storage in medium-scale river basins

Derivation of long-term storage trends

Understanding climate change impacts on the water cycle
Assessing the human impact on the water cycle

Dynamics of ice sheets and
glaciers

Mass balance of major ice sheet drainage basins in
Greenland and Antarctica and of large glacier clusters
Cryosphere contribution to global and regional sea level

Flux exchange between land and
atmosphere

Determination of atmospheric mass variations
In-situ observation of atmospheric density as input to
atmospheric models

Ocean mass and heat transport
budget

Improved determination of Mean Dynamic Topography
Improved determination of ocean bottom pressure and deep
ocean flow, in particular AMOC

Sea level rise

Global to regional sea level estimates
Improved separation of mass and steric contributions to sea
level

Solid Earth dynamics

Monitoring the mass shifts due to earthquake events with
magnitude M > 7.8 (about 1 event per year)

Monitoring of large tectonic movements in restricted areas
Monitoring of underground anthropogenically driven mass
variations

Separation of natural and
anthropogenic processes

Separation of anthropogenic and natural effects on large
spatial scales

Societal challenges

Water management and ground
water monitoring

Significant  contribution to applications of water

management on medium to large scale

Monitoring and forecasting of
floods and droughts

Early warning for extreme events, such as floods and
droughts

Climate impact of water cycle
and ice sheets

Contribution to separation of anthropogenic and natural
effects on large spatial scales
Contributions to near-future climate predictions

Coastal vulnerability

Global to regional sea level estimates
Improved separation of mass and steric contributions to sea
level

Height systems and land
management

Monitoring of large to medium scale changes in global height
reference surface

Risk assessment of natural
hazards

Risk management related to natural hazards
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b) Target requirements

The target values for a future satellite gravity mission constellation are:

Spatial Equivalent Water Height Geoid

resolution Monthly field Long-term trend Monthly field Long-term trend
400 km 0.5 mm 0.05 mm/yr 5um 0.5 um/yr
200 km lcm 0.1 cm/yr 0.05 mm 5 um/yr
150 km 5cm 0.5 cm/yr 0.1 mm 0.01 mm/yr
100 km 0.5m 0.05 m/yr 1 mm 0.1 mm/yr

With such a mission the following scientific and societal benefits can be achieved (not exhaustive):

Scientific challenges

Closure of global and regional
water balances

Closure of global water balance on scales down to 150-

200 km

Water storage in small river basins

Separation of medium-scale drainage basins

Derivation of long-term storage trends with high accuracy
and reliability

Assimilation of gravity into hydrological models

Dynamics of ice sheets and
glaciers

Cryosphere mass balance at monthly to decadal time scales
to understand climate forcing on ice sheets and glaciers
Cryosphere contributions to global and regional sea level
Determination of mass changes of individual ice sheet
drainage basins, mountain glacier systems and ice caps,
supporting their modelling and prediction

Flux exchange between land and
atmosphere

Support atmospheric modelling by observing processes
related to surface mass balance changes

Ocean mass and heat transport
budget

Recovery of the AMOC, which plays a crucial role in the
Earth's heat transport, and retrieval of interannual AMOC
variations

Monitoring regional variations of the Antarctic Circumpolar
Current (ACC) strength and identification of individual fronts
Potential to estimate barotropic component of ocean
circulation

Mass and heat exchange between upper and lower layers of
ocean

Sea level rise

Regional sea level estimates

Regional separation of mass and steric contributions to sea
level to improve understanding of ocean-atmosphere heat
fluxes

Solid Earth dynamics

Monitoring of mass shifts due to earthquake events with
magnitude M > 7.0 (about 12 events per year)

Signal separation of tectonic, GIA, hydrologic and cryospheric
effects due to reduction of leakage effects
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Overarching 4D mantle and core evolution and influence on
Earth evolution

Separation of natural and
anthropogenic processes

Separation of anthropogenic and natural effects on regional
scale

Monitoring of underground anthropogenically driven mass
variations

Societal challenges

Water management and ground
water monitoring

Significant  contribution to applications of water

management on regional scale

Monitoring and forecasting of
floods and droughts

From long-term to short-term prediction and operational
forecasting of flood events

Regional-scale forecasting and monitoring of droughts
Observation of glacier and ice caps processes for hydrological
and disaster mitigation applications (flooding, water storage,
hydro power)

Climate impact of water cycle
and ice sheets

Cryosphere mass balance at monthly to decadal time scales
to understand climate forcing on ice sheets, glaciers and ice
caps

Contribution to separation of anthropogenic and natural
effects on medium spatial scales

Sustained contributions to near-future climate predictions

Coastal vulnerability

Understanding dynamics of coastal sea level variability and
boundary processes, and medium-term forecasting

Height systems and land
management

Improved estimation of global height reference surface
Monitoring of changes in global height reference surface

Risk assessment of natural
hazards

Monitoring of earthquakes with magnitude M > 7.0:
understanding stress distribution and trends to assess risks
Significant contributions to risk management related to
natural hazards
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Conversion between cumulative geoid heights i

Table A-1
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gradients in mE and total water storage in cm EWH depending on the spatial resoluti

(from

Murbéck 2015).



122 Appendix 3: Performance numbers — Conversion
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Figure A-1: Conversion between performance numbers of cumulative geoid heights and other gravity
functionals as a function of the spatial wavelength (from: Murbéck 2015).
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Figure A-2: Conversion between performance numbers of cumulative geoid heights and other gravity
functionals as a function of the spherical harmonic (SH) degree (from: Murbéck 2015)°.

3 Murbéck (2015): Virtual Constellations of Next Generation Gravity Missions. Dissertation, TU Miinchen.



