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Fig. 1. Left: The Agulhas current and retroflection, shown in kinetic energy, m2 s−2 . Right: A three-dimensional image of the Agulhas
current and retroflection, shown in kinetic energy in the Southern Ocean just south of Africa, where aqua is 1 m2 s−2 .
Abstract— Climate change research relies on models to better understand and predict the complex, interdependent processes that
affect the atmosphere, ocean, and land. These models are computationally intensive and produce terabytes to petabytes of data. Visualization and analysis is increasingly difficult, yet is critical to gain scientific insights from large simulations. The recently-developed
Model for Prediction Across Scales-Ocean (MPAS-Ocean) is designed to investigate climate change at global high-resolution (5 to 10
km grid cells) on high performance computing platforms. In the accompanying video, we use state-of-the-art visualization techniques
to explore the physical processes in the ocean relevant to climate change. These include heat transport, turbulence and eddies,
weakening of the meridional overturning circulation, and interaction between a warming ocean and Antarctic ice shelves. The project
exemplifies the benefits of tight collaboration among scientists, artists, computer scientists, and visualization specialists.

1 I NTRODUCTION
Predicting the risks of climate change is one of the great scientific challenges of our time. From severe weather events to loss of species to
encroaching sea levels, understanding the impacts of climate change
is a critical scientific endeavor. Computational climate models are
an important facet of climate change research. The Accelerated Climate Model for Energy (ACME) is a new initiative by the Department of Energy (DOE) to develop the most complete, leading-edge
climate model that will efficiently utilize DOE leadership computing
resources. The ocean component of ACME is MPAS-Ocean, a new
variable-resolution mesh model developed at Los Alamos National
Laboratory. The mesh is based on Voronoi tessellations, which allows
users to place high-resolution grid cells where they are most needed,
in order to study particular regions of the earth, or to better resolve
important physical processes.
Visualization plays a key role in developing scientific insight into
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the data produced by climate models, including MPAS-Ocean. Innovative visualization techniques allow the researcher to more clearly
see and explore structures in the data, leading to a more intuitive understanding of the data, which in turn may lead to improved models
and more robust predictions and understanding of climate change. A
new suite of colormaps provide more perceptual depth into the MPASOcean data, allowing researchers clearer visualizations of ocean currents. An innovative 3D ray casting tool is providing a new way of
visualizing the structural depth of ocean currents and eddies.
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There are many feedback paths between the ocean and atmosphere in
a changing climate. The ocean absorbs carbon dioxide from the atmosphere, influencing the rate of atmospheric warming. The amount
of carbon dioxide removed from the atmosphere depends on ocean
dynamics, chemistry, and biology. Ocean currents, in turn, transport
heat, nutrients and biological constituents, and are expected to change
in the coming century, altering weather patterns in the atmosphere.
For example, Northern Europe is warmer than Canada due to the heat
flux of the Gulf Stream (Figure 2). In a changing climate, the Arctic will experience a large warming and more precipitation [1]. This
makes the waters of the North Atlantic warmer and less salty, which
will likely weaken the Gulf Stream and impact global weather patterns. The Gulf Stream is part of the Atlantic Meridional Overturning
Circulation (AMOC), where warm waters move northward at the surface, sink near the Artic and return as cold water in the deep Atlantic
(Figure 3). Based on the assessment of models, observations, and our
understanding of physical mechanisms, it is very likely that the AMOC
will weaken over the 21st century [1].
High-resolution simulations are needed to model these processes

Fig. 2. The Gulf Stream transports heat from the tropics to Europe, as
shown by surface temperatures in the MPAS-Ocean model. The divergent white point highlights the Gulf Stream at 20◦C.

Fig. 4. A comparison of the Brazil-Malvinas Confluence near South
America (temperature, ◦C), for (top) 10 km grid cells and (bottom) 60
km grid cells, demonstrating the need for high resolution models in order to resolve the eddy characteristics.

heat and other constituents between the oceans.

Fig. 3. The Atlantic Meridional Overturning Circulation in which the (orange) surface currents move northward to become the (blue) southward
deep ocean currents. The surface currents move warm water towards
the pole while the deep ocean currents move cold water southward in a
global circulation pattern.

because the meso-scale variability, which occurs from 10 to 100 km,
is an important part of the ocean’s dynamics. The meso-scale includes
the eddies that are visible throughout the ocean (Figures 5, 6). An
ocean eddy is a turbulent feature of strongly rotating water. Eddies
are created by shearing effects against coastlines, by pinching off of
currents such as the Gulf Stream, and by baroclinic instabilities where
the pressure and density gradients are misaligned.
While ocean currents transport heat around the global oceans, a substantial portion of the ocean’s heat transport is by the eddy, or timevarying, component. In the Southern Ocean, where eddies are ubiquitous and very energetic, eddies can transport as much heat as the
mean currents and, in some locations, eddies can transport heat in the
opposite direction of the mean flow.
In the Southern Ocean, around the Horn of Africa, the Agulhas
Retroflection is a great mixing of the warm waters of the Indian Ocean
and the perpetually cold waters of the circumpolar current around
Antarctica (Figures 1, 5, 6). That mixing spawns large eddies that
curl around the Horn of Africa into the South Atlantic, transferring

3 S IMULATION AND V ISUALIZATION
Computational models that accurately simulate ocean currents and
eddy characteristics (Figure 4) are necessary to create models that
will accurately predict climate change over long time periods. MPASOcean is a high-resolution simulation using unstructured horizontal
meshes based on Voronoi tessellations [4]. MPAS-Ocean has several next-generation features as a climate model. In addition to the
multi-resolution capabilities, it includes conservation properties required for century-long climate simulations: conservation of volume
and volume-weighted tracers; energetically neutral computation of the
Coriolis force [8]; the exchange of kinetic and potential energy is conservative [5]; the algorithm includes a discrete analog of Kelvin’s circulation theorem [5]. The vertical coordinate is Arbitrary LagrangianEulerian (ALE) and provides freedom for the coordinate to move with
the flow, reducing spurious mixing [2]. Analysis, which was historically a post-processing step, is now computed in-situ and at scale [11].
This is a significant improvement in the workflow, and the only feasible analysis method for ultra-high resolution simulations. The model
also includes advanced parameterizations of sub-grid scale processes
[6], and an in-situ Lagrangian particle-tracking model [10].
The simulation in the accompanying video uses 1.4 million cells in
the horizontal, which are mostly hexagons and vary in size from 30 km
at the equator to 10 km near the poles. The vertical grid is structured,
includes sub-surface bathymetry, and uses 60 levels varying from one
meter near the surface to 200 m at depth. Simulations may be run on
1000 to 10,000 processors, and typical throughput is five simulated
years per day on 4000 processors. For simulations this large, efficient
and scalable I/O is a high priority: restart files are 5 GB, and output
files are 20 GB per time slice. MPAS-Ocean uses parallel-netcdf and
PIO libraries to write large files on a Lustre file system.
Visualization is an essential tool for scientists to gain an intuitive
understanding of the physical system. These insights lead to specific

Fig. 5. The Agulhas current and retroflection, shown in temperature, ◦C.

mathematical analyses and an improved ability to validate the model
with respect to previous models and observational data. Typical output
variables that are relevant to modeling of currents and eddies include
temperature (Figure 5), salinity, kinetic energy (Figure 1), and relative
vorticity. Secondary diagnostics include the Okubo-Weiss parameter
(OW) [9], which shows the relative contribution of vorticity versus
shear. OW images clearly show eddy cores, which are strongly rotating, surrounded by rings of strong shear (Figure 6). The boundary
between rotation and shear defines the eddy surface in three dimensions, which is the first step in eddy detection algorithms. This leads
to global analyses of eddy characteristics such as size, depth, and geographic distribution [3].

Fig. 6. The Okubo-Weiss parameter, where green colors show rotationdominated regions, and blue shows strain-dominated regions. This diagnostic is used to detect and characterize eddies.

but not exact. Thus model components are run through an exhaustive
suite of tests, from very simple idealized domains (Figure 7) that isolate a subset of the model physics [2], to full global simulations, driven
by historical atmospheric forcing [4]. Real-world validation includes
comparisons of the mean currents, averaged over decades, to historical climatology from satellite and shipboard observations. The eddy
component, which varies in space and time, is important to climate dynamics and should also be compared against observations [3]. MPASOcean simulations of currents and meso-scale eddies compare well
against available observational data [4, 11] and other long-standing
ocean models [2].

Fig. 7. A rectangular, periodic domain that tests eddy formation due to
the baroclinic instability. Such idealized tests validate the ocean model’s
physical behavior and numerical algorithms.

3.2
3.1 Model Validation
Validation is a critical task in order for climate model components to
be trusted by the scientific community. The difficulty is that exact
solutions are not available for the full climate or even ocean system,
and comparisons with historical observations are expected to be close

The Importance of Color

The need for the scientist to see more detail in the data led to a collaboration between the lead author, a visual artist, and the MPAS-Ocean
team. Standard colormaps easily available in commonly used visualization software were not always able to resolve or highlight the
currents and eddies in these high-resolution data sets. With the de-

velopment of design-based colormaps with provably more perceptual
depth, the location and extent of important currents became more obvious [7]. Similarly, the ability to visually identify and follow eddies
improved through the application of new colormaps. Visualizing the
current and eddy variability over time and geographical range can give
the scientist an intuitive feel for and insight into the data which in turn
may lead to different analysis techniques and enhance communication
of the data and the science.
3.3

3D Visualization via Raycasting

Characterizing ocean eddies three-dimensionally is necessary to understand their spatial structure and dynamics; however little observational data is available below the ocean surface [3]. Traditional methods of visualizing simulated data tend to be non-interactive even for
the relatively small regions required to study the formation of eddies.
These methods rely on the iterative processing of each cell of the computational grid to determine its contribution to the visualization. When
the cell size is small relative to the final image, a great deal of work
is done on cells that, after due consideration, do not affect the final
visualization. Instead, we interpolate the unstructured computational
grid onto a high-resolution Cartesian grid and use raycasting to do
the visualization (Figure 1). While this nominally requires more elements to represent the data with equivalent fidelity, highly parallel
vectorized algorithms can use the implicit structure of the Cartesian
grid to quickly sample the data at arbitrary locations. By tracing rays
from the viewpoint through pixel centers and into the data, a raycasting algorithm is able to reduce the number of samples to the minimum
necessary for accurate integration. This approach has the further benefits of providing implicit surface evaluation, such as isosurfacing and
slicing planes, without the need for time- and memory-consuming geometrical operations. In Figure 1 (right), the kinetic energy variable is
used to visualize eddies around the Agulhas Retroflection.
4

C ONCLUSIONS

Visualization plays an important role in climate change research, but
is increasingly difficult as models push the limits of HPC systems.
In ocean modeling, high resolution simulations are required to include the influence of meso-scale eddies in climate change simulations. We have presented detailed visualizations of ocean currents and
eddies with colormaps chosen to improve perceptual depth. Threedimensional raycasting techniques with highly parallel vectorized algorithms were specifically developed to visualize the eddy structure
and depth with high fidelity. The ACME climate model and MPASOcean model are powerful tools to predict the effects of climate change
in the coming decades. Planned global ocean simulations at even
higher resolution (5 km grid cells, 5.8 million grid cells and 100 vertical levels) will provide deeper scientific insights, but also greater challenges for HPC systems and visualization techniques. High quality
visualization is critical to provide scientists, policy makers, and the
public with insight from the huge amount of data produced by these
simulations.
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