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Abstract
We present an approach that supports the visual exploration of mass variations in the Earth system in space and
time. In close collaboration with geo-scientists, we identified important requirements for our exploration tool.
Using a combination of three-dimensional spheres, we enable them to compare the differences between simulated
mass variations and the measured gravity field. Since these variations change over time, we developed a tool that
allows to navigate the temporal scale. In addition, we supply a mechanism to dynamically activate/deactivate
multiple components of the simulation model applied. These features enable scientists to better understand the
impact of the individual processes on the measured Earth’s gravity field. In this paper, we discuss in detail the
geo-scientific requirements and how our tool addresses these requirements.

Categories and Subject Descriptors (according to ACM CCS): I.3.8 [Computer Graphics]: Applications —

1. Introduction

Satellite missions such as GRACE [Hel14, NAS14] provide
high-precision measurements of the Earth’s gravity field,
which changes from one place to another depending upon
the concentration of mass in a region. Mountains usually
cause the gravitational force to be higher than it would be on
a featureless planet. Conversely, the depression of the land-
mass through the presence of glaciers million years ago usu-
ally causes the gravitational force to be lower. The Earth’s
gravity field also changes at finer time scales like effects as-
sociated with the hydrologic cycle. Analyzing the short-term
changes in masses, geo-scientists gain a better understanding
of the variability of the Earth’s climate system, e.g., melting
of ice caps.

Because of Newton’s law of gravitation, a variety of
masses usually influence the gravity signal at a particular
region. The measured signal reflects the impact of several
environmental processes, which we refer to as subsystems.
This results in two challenges. The first challenge is to de-
velop a better understanding of the measured gravity field.
The interpretation of satellite measurements requires Earth
system modelers to explore how different masses influence
these measurements. This exploration involves the simulta-
neous comparison of the following four dimensions:

I The calculated mass variations based on a simulation
model.

II The inferred gravity field changes based on the simu-
lated mass variations.

III The satellite measurements of the Earth’s gravity field
changes.

IV The inferred mass variations deduced from the satellite
measurements.

The second challenge is to utilize the satellite measure-
ments to improve simulation models capturing the short-
term temporal dynamics of mass variations. This challenge
requires Earth system modelers to explore the temporal vari-
ation of the gravity field and mass changes in different sub-
systems. Our tool addresses these challenges by providing
four visual views; one for each dimension mentioned above
(see Fig. 1). The corresponding visualization approach uti-
lizes well-known techniques, such as color mapping, height
mapping, and linked views.

These four views support the geo-scientists to relate mass
variations to measured gravitational signals and therefore al-
low them to attribute mass variations to certain subsystems,
e.g., attributing the high gravitational signal in Fig. 1 (III) to
a high water level in the Amazon River (hydrological sys-
tems). The resulting tool supports the second challenge by
providing a slider that allows them to explore mass vari-
ations over time. Additionally, Earth system modelers can
utilize our tool to validate the geo-scientific algorithms ap-
plied.
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Figure 1: The main window displays four spherical views; one for each dimension. The roman numerals are not part of the
actual visualisation but rather serve as a visual aid to identify the dimension displayed. The temporal navigation is realized via
a slider at the bottom. Additional information is displayed within a textual overlay.

2. Visualization and Interaction Concept

The data sets that reflect the mass variations and gravity field
changes have specific spatial and temporal resolutions. The
spatial resolution specifies the sampling size of the Earth’s
surface. We refer to a discrete sample of the Earth’s surface
as grid. In regard to our scenario, each grid has a resolu-
tion of a quarter of a degree concerning longitude as well
as latitude. The temporal resolution specifies the number of
time steps captured. Mass variations as well as gravity field
changes are provided on a monthly basis. To address the
properties of the data and the scientific challenges, in collab-
oration with geo-scientists we developed a visualization and
interaction concept. We defined the following requirements
our tool has to comply with:

1. Exploration of mass variation interdependencies,
2. Comparison of the different dimensions,
3. Exploration of mass variations and their impact to the

gravity field in space and time, and
4. Exploration of mass variations in the individual subsys-

tems.

To support these requirements, our interactive visualiza-
tion tool has two major components. The first component
is the main window that provides an overview over all
four dimensions (see Fig. 1). For each dimension a three-

dimensional sphere visualization is included, depicting data
referring to a certain month of a year. Our system sup-
ports the exploration in space and time by (a) allowing geo-
scientists to rotate and zoom the spheres and (b) to choose
a particular point in time via a slider. Note, the visualized
data in each view has the same spatial resolution. To support
the exploration of the impact of subsystems to the gravity
field, our tool provides a dialog window for each of the four
views (see Fig. 2). The dialog windows present visualization
properties and allow the user to adjust the visualization, e.g.,
select new data by adding or removing subsystems. Each di-
alog window can be activated or deactivated individually.

In the upcoming sections, we discuss the visualization of
the Earth system data, the requirements and the associated
tasks in detail.

2.1. Exploration of mass variation interdependencies

Since a number of masses influence the measurement of the
gravity field over a region, it is important that the visualiza-
tion clearly presents these interdependencies. We choose to
visualize the grid data using three-dimensional spheres. It
allows to correlate mass variations on opposite sites of the
globe easily. This requirement was explicitly given by the
domain expert.
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Figure 2: The dialog window allows the user to activate or
deactivate subsystems in the visualization. It allows to switch
the display mode and presents the color mapping.

Visualizing the grid data in three-dimensional space intro-
duces visibility problems; namely, not all parts of a sphere
are visible to the user simultaneously. Therefore, our tool
provides means of navigation to focus on a region of interest.
The user can manipulate the position of the camera, which
creates the impression of rotating the sphere along the X and
Y axis or to zoom-in and zoom-out. Since an important task
is to support geo-scientists to compare variations across mul-
tiple dimensions, our system synchronizes the user interac-
tion across the four spheres. The Earth system modeler can
interact with the visualization by pressing the arrow keys for
rotating the spheres as well as the "+" and the "-" key to
zoom-in and zoom-out.

2.2. Comparison of different dimensions

Regarding the comparisons of dimensions, we distinguish
the following tasks:

• (I vs. II) Compare the simulated mass variations with the
inferred Earth’s gravity field changes.

• (III vs. IV) Compare the measured gravity field changes
with the inferred mass variations.

• (I vs. IV) Compare the simulated with the inferred mass
variations.

• (II vs. III) Compare the inferred with the measured gravity
field changes.

We support the comparison of dimensions by arranging
the spheres in a special layout; each horizontal and vertical
adjacent pair of spheres refers to one of the four tasks (see
Fig. 1). Additionally, each view presents further information
within a textual overlay, e.g., the type of the dimension dis-
played.

2.3. Exploration of mass variations in space and time

To identify interesting patterns in space and time, the geo-
scientist has to:

• Navigate through time to identify potentially interesting
mass variations.

• Identify and focus on a region with unusual mass varia-
tions.

• Distinguish between local peaks and large-area variations.
• Connect the interesting region to its geographical loca-

tion.

To support the first task, our tool synchronizes the four
spheres concerning the temporal navigation. All four views
present data referring to the same point in time. The user can
interactively navigate through time via a slider on the bot-
tom of the main window. Each tick of the slider represents a
specific month of a year.

To support geo-scientists to identify interesting mass vari-
ations, our tool utilizes a combination of color and size to
visually encode mass variations and changes in the gravity
field [Ber11]. In the following, we refer to size as the dis-
tance between the center of the sphere and a point on its
surface.

The challenge in utilizing color as retinal variable is that
mass variations and gravity field changes differ in their do-
main. We address this challenge in our tool by applying dif-
ferent value range intervals for mass variations (I and IV)
and gravity field changes (II and III). Note, the same color
palette is applied in all four views. The mapping to color is
displayed in the corresponding dialog window for each di-
mension (see Fig. 2). We incorporate the domain knowledge
of Earth system modelers to create meaningful visual rep-
resentations of the data. An important convention is to use
bluish colors to encode negative variations and reddish col-
ors to encode positive changes. To address this convention,
we use the color scheme 11-class RdBu provided by Color
Brewer 2.0 [BHT14]. Note, the center of the scheme is a
color close to white, which in our case operates as neutral
value, meaning that no variation is present.

To further support the distinction between local peaks and
large-area variations, we utilize the second retinal variable
size. We enhance the visual encoding by varying the spheres
radius for each location based on the associated mass or
gravity field variation. Again, we define a default radius that
represents the neutral value. A positive variation leads to a
radius greater and a negative variation to a radius smaller
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than the default radius. As a result, the spheres appear dis-
torted. Our color encoding in combination with the distortion
supports Earth system modelers to identify interesting mass
variations. The mapping to size simplifies the distinction be-
tween local peaks and large-area variations. To support ef-
fective exploration, the user can switch between two display
modes. The first employs only color to encode the variations
(Plane), whereas the second combines the encoding using
color and size (Elevation).

The fourth important task is to relate unusual mass varia-
tions to geographic regions. To support this task, our sphere
visualization presents visual landmarks. This comprises a
regular grid of prominent longitudes and latitudes as well
as the coastlines of continents on the sphere. To distinguish
the visual landmarks from the mass variation data, we assign
colors that differ from the colors used to visualize the grid
data. Additionally, we also adapt the visual landmarks in the
display mode Elevation according to the radius computed for
every grid point.

2.4. Exploration of the individual subsystems

This requirement is a central aspect of understanding the im-
pact of a single subsystem to the measured gravity signal.
Geo-scientists determine its influence by comparing the in-
tensity of a subsystem to the measured gravity field or the
inferred mass variation. Our tool enables to attribute the high
gravitational signal in Fig. 1(III) to the hydrological subsys-
tem. The hydrological subsystem shows a high peak at the
Amazon River which resembles the measured gravity signal.
The activation of other subsystems, e.g., in Fig. 1(II) the sub-
system glacial-isostatic adjustment (GIA) is also activated,
did not change the simulated gravity signal.

Hence, our tool has to support the following two tasks:

• Activate/deactivate a subsystem signal belonging to the
simulated mass change variation dimension.

• Activate/deactivate a subsystem signal belonging to the
inferred gravity field change dimension.

The user can activate/deactivate subsystems in the dimen-
sions (I) and (II). We provide controls to support this analyt-
ical step within the dialog window (see Fig. 2). Each subsys-
tem signal can either be activated or deactivated. Therefore,
we supply a binary check-box for each subsystem available
in the data. After subsystems are activated or deactivated,
our tool updates the corresponding sphere visualization au-
tomatically.

3. Related Work

Prior to our own efforts, we evaluated the World Wind SDK
that is provided by NASA [Nat11]. We assessed its per-
formance in displaying our high-resolution grid data, each
sphere comprises over 106 data points, as not sufficient.

The visualization and interactive exploration require the

integration of measured and simulated data into a common
data model. The simulation data is generated by independent
or coupled physical models of the subsystems of the Earth;
here, it includes continental hydrology, cryosphere, ocean,
and GIA. To support exploratory analysis, our visualization
system needs to have efficient access to spatial (grid points)
and temporal data (time steps). We developed an efficient
data model to enable fast access to the spatial and temporal
data [SRSU12]. In contrast to [SRSU12], we here describe
the comprehensive task analysis and design rational for our
visual exploration tool.

The comparison of simulated and measured data is an
important challenge in many geo-scientific fields. It has
stimulated research projects in the visualization community,
e.g., [USKD12], to exploit the benefits of interactive visual-
ization for this comparison. Geo-scientists use visualization
and exploration tools to extract information and meaning
from complex geo-scientific data (see for example [Eur13]).
Commercial systems such as Avizio [FEI14] and scientific
systems like NCAR Graphics [Nat14] are available to sup-
port the exploration of complex geo-scientific data sets.

4. Conclusion

In cooperation with Earth system modelers, we developed
a tool that allows to visually explore spatial and temporal
mass variations and their impact to the Earth’s gravity field.
Our tool supports the central task of comparing the measured
gravity field with simulated mass variations. To develop a
visualization and interaction concept, we regularly met with
geo-scientists to identify the spot at which interactive visu-
alization can provide a valuable contribution to the scientific
problem. On this basis, we developed requirements for an
exploration tool. We iteratively refined these requirements to
identify the underlying analytical tasks. Finally, we derived
appropriate visual metaphors and interaction mechanisms to
support interactive visual analysis and exploration.

The key features of our tool are three-dimensional visual-
izations of mass variations and the gravity field changes. Our
tool provides means of navigation in space and time to iden-
tify and focus on interesting variations. Geo-scientists use
our prototypical exploration tool in multiple scientific sce-
narios, e.g., to analyze incoming data from current satellite
missions. A next step is to integrate our exploration tool in
a central system environment for the management of Earth
system data. For this purpose, we need to connect the tool to
additional databases. Moreover, we plan to extent the visu-
alization methods to support temporal analysis through slic-
ing the spheres; each slice representing a different point in
time. Concatenating the slices, temporal navigation is imple-
mented by rotating spheres. This approach would make the
slider obsolete.
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