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Abstract—The NEXRAD Level II super resolution Doppler
radars continuously scan the atmosphere above the continental
USA, providing a stream of temporally and spatially misaligned
large volumetric data about cloud reflectivity, wind velocity,
and spectrum width. This data is used for immediate and long
term weather predictions. However, because this large amount
of sparse streaming data is not temporally aligned, the existing
approaches rely either on a 2D projection of the 3D data,
or the display of the 3D data only for a single radar. We
present a framework that enables users to interactively access,
analyze, and visualize the Doppler reflectivity data directly in
3D for multiple radars. Our approach extends the existing
body of work on large-scale storage of global weather data
and out-of-core volume rendering using CUDA ray-casting. The
asynchronously streamed reflectivity data from multiple radars
are first temporally aligned and then processed to a hierarchical
format that is suitable for a large-scale volumetric visualization
in near-real time with a minimal run-time processing. This
approach also allows for varying precision and level of detail.

Keywords-Volumetric Visualization, GPU, CUDA, Hierarchi-
cal Data Structures, Large Scale, NEXRAD.

I. INTRODUCTION

Weather affects everyone on our planet and weather
forecasting helps reduce the effects of weather by provid-
ing timely alerts. Today’s weather forecasting uses modern
technology, of which the Weather Surveillance Radar-1988
Doppler (WSR-88D) radars is probably the most important.

The WSR-88D is a pulsed Doppler radar used to monitor
meteorological and hydrological phenomena [1]. It contin-
uously scans the air and provides 3D discrete fields of: re-
flectivity (precipitation), radial velocity (wind), and Doppler
spectrum width (turbulence). Data is provided through the
Next Generation Radar (NEXRAD) network that includes
more than 150 Doppler radars at approximately 230km
spacings across the continental US (Figure 1).

The NEXRAD data is 3D and time varying, however
their format, acquisition and the time dependence make them
difficult to process and visualize. One issue is their spatial
sampling irregularity: due to varying overlap of radar scans,
radars operating either in coarse or dense sampling mode
(normal and precipitation mode), and locations closer to
the radar being sampled with higher density. The data is
therefore misaligned and non-uniform in a global geographic
space. Furthermore, actual raw data usually contains ground
clutter or false echoes that should be removed before visu-
alization. Finally, the last issue is the size of the data, which
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Figure 1. NEXRAD Coverage of the USA (courtesy NOAA).

is provided in a compressed form with a compression factor
about ten and a stream rate of 40 MB/minute for the entire
NEXRAD network.

We have developed a framework that allows for near real-
time visualization, processing and delivery of NEXRAD
data. Our system continuously retrieves and processes the
radar data. Using TeraGrid’s computational resources, we
process the data from all radars, synchronize them in time,
and align them geospatially. All data is then combined into
a three-level hierarchical data structure suitable for large-
scale visualization. The highest level is a geospatial quadtree
storing a forest of octrees in the second level. This top level,
motivated by the thin-layered 3D coverage of the scanned
weather data, is used for a quick localization of the 3D
volumetric data stored in the second level represented by
octrees. The third level of our data structure is stored in each
octree leaf and is a small 3D grid of predefined size. These
“bricks” are processed directly on the GPU allowing for
fast full volumetric visualization using CUDA ray-casting.
Figure 2 shows an example of volumetric visualization of
eastern coast of the USA.

The main contribution of our work are:

1) The design of a unified geospatial data structure for
an efficient GPU-oriented displaying of the high-
resolution 3D reflectivity data from multiple radars

2) A new algorithm for adaptive spatial and temporal
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Figure 2.

Volumetric a), maximum intensity projection b) and corresponding NWS’s 2D visualization c) of reflectivity data from NEXRAD Doppler

radars over eastern United States at 03:20 GMT on 04/25/2010. The timestamp on NWS image is 03:18 GMT.

alignment of the heterogenous radar data.
3) A new visualization algorithm for NEXRAD volumet-
ric datasets.

II. RELATED WORK

Doppler radar data is generated in the local radar’s
spherical coordinates. Data from multiple radars needs to
be combined as shown in [2] where the data was mo-
saicked into a single 2D projection and transformed into
the geographic space [3]. However, the reflectivity data
have nonuniform density and the conversion to geographic
coordinates results in an inconvenient conical structure, as
shown in Figure 3. This is due to beam spreading, which
makes the reflectivity sampling rate higher at the base of
the radar and smaller with an increasing range. The missing
data between elevation scans can be generated using one of
the interpolation schemes for conversion of radar reflexivity
data into cartesian coordinates [4]. However, this approach
discusses data conversion from a single radar and do not
address merging the data from multiple radars that is the
focus of our work.
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Figure 3. WSR-88D volume scan structure.

3D data completion from multiple radars using several
interpolations was addressed by various researchers. Zhang
et al [5] analyzed four interpolation schemes, summarized
the choice of the interpolation to be application-dependent
and suggested vertical interpolation for convective storms
and both vertical and horizontal interpolation with distance-
weighted mosaicking for general Cartesian grid mapping.
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Xiao et al. [2] evaluated a method using linear interpolation
in all three dimensions and concluded the vertical interpola-
tion with the nearest neighbor mapping on the range-azimuth
plane provides results similar to the raw data.

Furthermore, the structure of the Doppler radar scan
has some other inherent problems such as beam height
increasing due to the curvature of Earth and missing data
acquisition below the lowest beam (e.g., at angle 0.5°) and
above the highest beam (e.g., at angle 19.5°), which is
referred to as the “cone of silence”. These issues can be
alleviated to some extent by combining the radar data from
multiple sites of the NEXRAD network and utilizing the
scan overlap of neighboring radars.

Reflectivity Visualization is most commonly provided
by simple 2D projection of the 3D reflectivity data. The
projected value can represent either a base reflectivity, which
is a value from a single elevation scan, or a composite
reflectivity accounting for the strongest reflectivity from any
elevation angle. However, the data may contain additional
information, such as formation of deep convection or a
forming tornado that is lost by the projection. The volumetric
visualization of Doppler radar data has predominantly been
done only for a single radar, because of the different access
to the data, its size, and the spatial overlap. Specifically, this
has been done by a 3D visualization of Doppler reflectivity
using either isosurfacing or the texture slicing method to
visualize volume from a single radar.

Reflectivity combined into a pre-defined 3D rectilinear
grid and displayed using the texture-slicing with a post-
interpolative transfer function on the GPU was used in [6].
The 3D grid is created by merging the radar data from radar
sites that are within the user selected area. This approach
suffers from aliasing caused by undersampling and poor data
resolution since the size of the structure, is limited by the
available GPU memory, and has a low time performance.

To render the reflectivity volumes from all the radars
interactively, using a 3D grid representation is not efficient,
considering that the weather data is usually sparse and large.
A grid of reflectivity values covering the whole continental
U.S. at the resolution equal of the highest resolution of
super-resolution scans by Doppler radars would require



over a hundred of terabytes of data. This is due to the
conical structure of volume scans, in which the reflectivity
samples can be as close as few meters or maybe even closer
considering the irregular overlaps of the radar scans.

An interactive exploration of the radar data was presented
by [3]. The authors applied a level-of-detail (LOD) technique
by adopting a multi-level hierarchical data structure that
matches the geographic nature of the thin coverage of
reflectivity data around the globe. This work was extended
in [7] by developing a framework for capturing multiple time
steps and merging the radar date with satellite imagery.

Large-scale Volumetric Visualization is based on direct
volume rendering (DVR) and it has been a subject of active
research for a very long time. It can be classified into
two main categories: object-order methods (splatting, shear-
warp, 3D texture slicing) and image-order methods (e.g.,
ray-casting). We refer the reader to an overview of real-time
volumetric visualization techniques in [8].

Interactive methods for large-scale volume visualiza-
tions have become possible with the introduction of pro-
grammable graphics hardware. With the advance of the
computer graphics hardware and application of LOD tech-
niques and multi-resolution octrees or N3 trees it was
shown that the volume rendering of large data sets can
now be done in real-time on current GPUs [9]. The authors
presented an efficient streaming of data to the GPU with
a low computational demand on the CPU. The streaming
is guided by the information computed during ray casting.
Similarly, [10] utilized N3 trees to encode a large astronomy
data set consisting of hundreds of GBs and visualized it
with image-space aligned splatting. Visualization of even
larger datasets was shown by [11]. The authors proposed a
visualization driven 3D data construction to render petascale
microscopy data.

The remainder of our paper is organized as follows:
we continue with Section III that provides a high-level
overview of the solution and then the following section
describes the data processing pipeline. Section V discusses
the visualization part and the last two sections show results
and conclusions with some thoughts about the possible
future work. Appendix describes details about the NEXRAD
data and its delivery.

III. SYSTEM OVERVIEW

The system overview is depicted in Figure 4. The
NEXRAD radars produce air scans in an asynchronous
mode. Each complete radar scan (see Figure 3) is transferred
to the local repository on the Purdue University TeraGrid
system [1]. The data is the preprocessed and synchronized
into regular time intervals. We use 10 minutes that is the
time required for a complete scan of the sky generated by
a radar. The data from varying time stamps are linearly
interpolated in time to these intervals. This is done for
each scanned ray separately as the different rays have
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different time stamps caused by the radar rotation.Next, the
synchronized radar data is combined into a global multi-
resolution hierarchical data structure and visualized with the
GPU-oriented rendering algorithm.

The radar reflectivity data is stored in a hierarchical data
structure in geographic coordinates (lat/lon). The Doppler
radars scan as far as 230km at the highest elevation of
19.5° while the altitude is sampled merely up to 75km.
This makes the data coverage very sparse in the altitude
dimension around the globe. Therefore, we chose to use a
multi-level hierarchical data structure.

Our data structure can adapt to the input data and focus
the work of processing and high-resolution sampling merely
on the non-empty regions. Nodes, storing a constant-sized
3D grids, are used for storing the volume data to utilize
hardware-accelerated data filtering during rendering.

IV. DATA DELIVERY AND PROCESSING

The objective of this work is to allow a fast interaction
and visualization of Doppler data over the entire USA.
Currently, the multi-grid nature of sparse radars with varying
coverage makes this task difficult. We have decided to use
a hierarchical data structure that is suitable for this purpose.

A. NEXRAD Data Delivery

The NEXRAD data is continuously streamed from the
National Weather Service (NWS) using a Local Data Man-
ager (LDM) developed by Unidata. The radar data is stored
and managed by an iRODS (Integrated Rule-Oriented Data
System)-based data grid supported by the Purdue TeraGrid
resource provider.

B. Multi-resolution Hierarchical Data Structure

The data hierarchy is depicted in Figure 5. The first
level is formed by a lat/lon quadtree, which is refined until
the lat/lon sizes are of the same magnitude as the altitude
dimension and there is at least one radar within radars range
span. This way each non-empty quadtree leaf represents
a nearly cubical volume space. The second level is an
octree formed in lat/lon/alt dimensions for each non-empty
quadtree leaf. Similarly, each octree leaf connects to the third
level by storing a pointer to a brick, which is a small 3D
regular grid of predefined size M3 and M is the size of one
dimension. They correspond to the highest resolution of the
stored volume data. The small constant-sized 3D grids allow
for fast grid-based ray casting and are suitable for hardware
accelerated data visualization [9].

To sample various resolutions during the visualization all
the tree nodes have a brick associated with them as well.
These bricks represent lower resolutions of the volume data
and are built by averaging the bricks of the node’s children.
The resolution of the octree leaf is determined by the brick
cell that must contain at most one reflectivity sample. This
value is estimated by analyzing the data resolution locally
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around each reflectivity sample. In particular, the resolution
is computed as the geographic distance to the nearest neigh-
bor that has a different reflectivity value than the source
sample. The resolution information is precomputed for each
non-zero reflectivity sample and we refer to these samples
as resolution samples.
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We store the tree nodes in a 3D texture, referred to as
the node pool. The nodes are then accessed through a 3D
texture index on the GPU. The node data are repartitioned to
occupy only 64 bits so as to lower the memory requirements
and improve the data coherence, which in turn helps the
texture caching. The bit-wise structure of a node is described
in Table 1. Each node either contains a brick or a single
data value and stores a pointer only to the first child. The
remaining children are stored right after the first child, so

that no more pointers are necessary.
[Bits [[ Description ]
29 pointer to the first child
1 node/leaf
1 brick (octree for quadtree leaf) has been loaded
1 The content is a reflectivity value or described by a brick
18 single reflectivity value/brick (octree for quadtree leaf) idx
7 &7 min. & max. reflectivity value of the subtree

Table I
BITWISE REPRESENTATION OF THE 64BIT TREE NODE.
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C. Data Structure Building

The raw radar data is first synchronized in time. The
radars operate at different time intervals and different scan-
ning speeds, so data from each radar is interpolated in time
to provide data at the same time stamp.

The quadtree is constructed over all the radar sites and
each quadtree leaf stores a reference to radars that are within
the radar radius from the leaf. Next, we build the octrees
and their bricks. An octree is built using all the resolution
samples that are within its bounding box. We subdivide the
octree until the maximum data resolution for a brick has
been met. The data resolution is evaluated by finding the
resolution sample with the shortest distance. Then we build
a brick for the leaf by computing reflectivity values for each
cell from all the contributing radars. After all the leaf bricks
are computed, the bricks for parent octree nodes are built by
averaging the children’s bricks in a bottom-up fashion. This
process is then repeated for the quadtree nodes after the all
the octree nodes have been built.

The most computationally demanding part is building
the leaves’ bricks. For each brick, we have to compute
reflectivity values from contributing radars for M3 (i.e.,
for M = 32 that is 32,768) brick cells. The M = 32
was found experimentally as a compromise between the
occupancy of the GPU memory and frequency of cache
hit/misses. The computation per brick cell include converting
the cell’s geographic position to the radar’s spherical coordi-
nates (computed by using several computationally expensive
trigonometry and squared root functions) and interpolating
the neighboring values using the vertical interpolation with
nearest neighbor mapping in the azimuth-range plane [2].

The bricks are compressed using Run-length encoding
(RLE) that has been proven to be efficient for compressing
3D memory blocks of reflectivity data [6].

V. VISUALIZATION

Our visualization system is a large-scale GPU ray-guided
ray casting that employs out-of-core rendering thereby al-
lowing for visualization of datasets larger than system or
GPU memory in a manner inspired by [9]. The main
difference between their approach and ours is that we apply
the ray-guided GPU ray casting to a two-level (Quadtree
and Octree) tree data structure that is more appropriate for



atmospheric data. Also, we extend on empty space skipping
by analyzing the transfer function and min/max values in
the tree nodes.

The data management is guided by the Least Recently
Used (LRU) algorithm on the CPU. The LRU table is
updated with the run-time information (i.e., tree node’s brick
usage) collected during GPU ray casting. The rendering
pipeline is depicted in Figure 6.

Tree
Hierarchy

Update tree Decompress Load missing
tuctureon CPU [€ bricks [ bricks
Copy tree
structure and Updtaat;;_RU
bricks to GPU
Collect run-time
CUDA Ray ; 5
casting on GPU [~ information from

Render the
image

Figure 6. Visualization overview.

The GPU processes multiple rays in parallel. Each ray is
initialized per respective pixel and then it is traversed until
it requires a brick to be loaded or it leaves the volume as
described by the following algorithm.

1) Traverse the tree from the root of the quadtree. The
tree hierarchy is traversed until the node providing the
desired resolution for the current position p is found.
That is including any traversal through an octree after
reaching a quadtree leaf.

Transform the ray into the node space. A ray’s di-
rection d and position p are converted into position pp,
relative to the node’s brick space, so that pg € [0, 1]3.
Perform volume ray casting in the brick. The ray
is cast through the [0,1]® volume of the brick. The
colors and the opacities are integrated along the ray
using a user-defined transfer function.

Update the ray position. The integrated distance in
the brick is converted to the tree root’s space and the
ray’s position p is updated. This position then serves
as the input position to the next iteration.

Check for the ray termination. The ray is terminated
when it leaves the tree’s volume or when the opacity
reaches one. Otherwise continue with step 1.

2)

3)

4)

5)

A. Tree traversal

The ray traversal of the hierarchical data structure is
initiated in the tree root using the kd-restart algorithm,
which, once it finds a node, starts back at the root on
the next query. This traversal is efficient because the point
coordinates p can be directly used to locate it within a
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node [9]. Let p € [0,1]® be the point’s local coordinates
in the quadtree’s bounding box, ¢ be the pointer to the first
child of the root and let’s assume the tree hierarchy is stored
in a 3D texture. The offset to a child, to which the p falls,
is |2p| for p, and p, coordinates within a quadtree node
and p,,p, and p, within an octree node. Then, the pointer
to the child is simply ¢ + [2p].

The descent is iterated until either a leaf or a node with
the desired resolution is reached i.e., one voxel projects to
at most one pixel. If the node represents a single color,
the volume integral is computed analytically. Otherwise, the
node has a brick associated with it and the standard ray
marching is applied. It should be noted that the ray direction
d changes as we descend within the quadtree because only
the x and y dimensions are subdivided. In an octree, where
all dimensions are subdivided at the same time, the d is
constant. The integrated distance, which is expressed in the
node’s local space [0, 1]3, for the ray is transformed into
the quadtree’s root local volume space and the p is moved
according to that distance along the ray. The new p is then
the input to the next descent.

B. Brick Caching

The ray casting allows for out-of-core rendering. Specif-
ically, during a ray casting pass we collect information on
which nodes have been used or need to be loaded. The
tree hierarchy is small enough to be kept in the memory.
Howeyver, the bricks, which store the actual volume data, take
up to tens of gigabytes in uncompressed format and have to
be loaded only when they are required. For this purpose,
we keep an array of flags for each node. The flag can have
one of the following three values: First, the node was not
reached during ray casting. Second, the node was reached,
but the brick is missing from the working set on the GPU.
When this happens during ray casting we terminate the rays
traversal for the current frame. Because of this, it can take
several frames to reach a fully ray-casted image Third, the
node was reached and the brick is available. After the ray
casting is finished, we copy the 2D array of node flags to
the CPU and update the LRU table accordingly. If the node
was visited, its priority is increased in the LRU table. The
missing bricks are loaded and if the brick pool is full we
remove the bricks with lowest priorities from the LRU table.

Both the node pool, which contains the all the nodes of
the tree, and the brick pool on the GPU are stored as 3D
textures on the GPU. This improves the locality of the data
on the GPU and makes the caching more effective.

C. Performance strategies

By using hierarchical data structure we do not trace the
empty space as it is not refined in the empty regions.
Moreover, we can skip the regions with data that is of
no interest to us as well. Such data is defined by setting
its opacity to zero in the transfer function. Thus, we can



use the transfer function to speed up rendering by skipping
the subtrees that do not contribute to the final image. We
added min/max reflectivity variables to the node structure
(shown in Table I) accounting for the lowest and maximum
reflectivity within the subtree. During the tree traversal step,
we sample the transfer function using the min/max values
of a node and if the integral is zero we can safely skip the
area.

VI. RESULTS

A. Preprocessing performance

The system was tested on a high resolution data set from
116 radars that produce around 10GB of data every ten
minutes depending on the weather conditions. After the
data was delivered from TeraGrid network, resolution points
were generated for each radar and then the hierarchical data
structure was constructed. The critical value for the actual
tree refresh is ten minutes; that is the interval for which the
radar data is polled (one entire scan of the radar).

Single CPU | OpenMP | OpenMP + CUDA
Resolution points 417s 565 -
Build tree 1999s 502s 149s
Table II

PREPROCESSING TIMES FOR CONSTRUCTING THE DATA STRUCTURE
FROM 116 SITES AT 8:50 AM (GMT), 4/24/2010.

The performance results of processing the high resolution
data set are summarized in Table II. We performed the
preprocessing on a quad-core i7 930 desktop machine with
6GB of memory and an NVIDIA 480 GTX card.

The single-thread processing took over 40 minutes, from
which 33 minutes were spent on building the data structure
and 7 minutes were spent creating resolution samples for all
radars. The output bricks were compressed using RLE and
the time step was stored at 2.5GB of compressed data (over
10 GBs of uncompressed data).

To fit the processing into the 10 minute interval, we multi-
threaded the code using OpenMP and CUDA and using 8
logical threads. Applying only OpenMP processing reduced
the time to 9 and a half minutes. By offloading the brick
processing to the GPU, we brought the total preprocessing
time down to 205 seconds, leading to nearly 12x speedup.
The tree construction has essentially two parts - quadtree and
octrees construction. The main bottleneck is constructing
octrees and the bricks in their leaves. Building of octrees
were directly spread among OpenMP threads. On top of that,
this is sped up by each OpenMP thread submitting a brick for
GPU processing for each octree leaf. Although there is still
room for improvement, especially in smarter data fetching
from the hard drive, the performance optimizations already
discussed result in processing data in a timely fashion.
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B. Visualization

All tests were done on a laptop computer with an Intel
Core i7 Q820 processor, the NVIDIA GeForce 280M GTX
graphics card with 1GB of GPU memory, 4GB of system
memory, Intel X25-M G2 SSD and the Windows 7 OS. The
images were rendered at resolution 768 x 512. Node and
Brick pools on the GPU were allocated as 64 MB (256 x
256 x 128 x 8B) and 512 MB (1024 x 1024 x 512 x 1B)
3D textures respectively.

The visualization was tested on two data-sets: (1) Hurri-
cane Ike occurrence at 7:10 (GMT), 9/13/2008, (2) tornado
outbreak caused by a supercell at 3:20 (GMT), 04/25/2010;
by zooming in from the view of the entire US to a close
up view of a region where severe weather took place and
rotating around in 360 degrees. The regions of interest were
Louisiana state for the Hurricane Ike dataset and Kentucky
state for the tornado dataset. The images depicting the severe
weather regions are shown in Figures 7 and 8, respectively.
Rendering times are summarized in Table III.

As expected, the main bottleneck of the visualization is
due to loading bricks from the hard drive. To improve the
interactivity of the visualization during the camera manip-
ulation, the rendering switches to low resolution setting by
decreasing image resolution four times in width and height
reaching up to 20 FPS. Please see also the accompanying
video at http://hpcg.purdue.edu/bbenes/NEXRAD.mov.

Average | Maximum
One-pass Ray casting 0.06s 0.12s
Brick decompression 0.6s 13s
Node & Brick pool copy to GPU 0.02s 0.02s
Low resolution visualization 0.07s 0.5s
High resolution visualization 1.2s 14s

Table IIT
TIMING OF EACH STEP DURING VISUALIZATION.

In addition to volume visualization, the high-resolution
2D reflectivity visualization is still possible using maximum
intensity projection (MIP) over the generated data structure.
Figure 8 shows the comparison with the NOAA’s 2D close-
up visualization. MIP visualization on the left helps to
easily spot regions of high reflectivities. Not only the MIP
has much higher resolution, but apparently in the full 3D
visualization we can always rotate the view and zoom in to
see more details. Figure 9 shows additional results using the
MIP visualization.

We also encourage the reader to see the accompanying
video for more results.

VII. CONCLUSIONS AND FUTURE WORK

We have presented a system for large-scale volumetric
visualization of streaming reflectivity data from multiple



Figure 8.

Comparison of our maximum intensity projection visualization (left) with NWS’s 2D visualization of all radar data combined in its highest

resolution visualization. The slight difference in the images is for the NWS data to be at timestamp of 03:18 GMT, while our data is from 03:20 GMT of
4/25/2010 and also the NWS data has gone through removal of data clutter.

Figure 7. The large-scale 3D visualization of Hurricane Ike over Galveston
on 9/13/2008.

Doppler radars. We achieved our main goal of preprocessing
the data in a way that promotes effective and high quality
large-scale volumetric visualization with required run-time
data processing. Although the implementation is not yet fully
optimized, it already provides acceptable interactivity while
dealing with large streaming datasets.

However, there are still several ways to improve the visu-
alization performance and quality. The rendering algorithm
should provide a fall back to a lower resolution brick that
is available in the working set on GPU while the higher
resolution brick is loaded. The contribution from bricks
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along the ray have to be filtered to provide smooth transitions
between different resolution levels or noticeable artifacts
occur when there is a change of resolution. The transfer
function provides a good way to filter put unimportant data
but does not entirely eliminate all visual clutter. This could
be alleviated by adding volume clipping feature such as
plane or box. Using the resolution samples and interpolation
within each radar’s coordinates we managed to capture even
the highest frequencies in the data set. The data resolution
and coverage could be further improved by including data
from TDWR radars at airports near major cities in the
U.S. Moreover, our quadtree does not conform to a round
earth such as [12]. The lossless RLE compression scheme
could be substituted with a lossy 3D wavelet compression
scheme [13] to allow for even higher compression ratios
while still retaining high frequency volume data.

The weather data have large temporal coherence, and
thus it would be beneficial to locally update only the areas
that have changed. In addition, current spatial partitioning
structure could be extended and optimized to contain data
for multiple time events at the node/brick level ( [14], [15])
to allow for an interactive temporal visual exploration of
weather events.

From our informal study with researchers from Weather
Sciences we observed that the users were enthusiastic about
the capability of visualizing the global features that span
over more than one radar. They mentioned several features
that would be useful, such as the ability to follow certain
atmospheric phenomena such as super cells. Also, differ-
ent visualization modes, such as isosurfaces or streamlines
would be useful. Last, to provide even better tool for weather
analysis, the visualization should combine and display other
types of data, such as wind velocity, spectrum width, tem-
perature field and warnings.
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Figure 9. Visualization of reflectivity data using our system. This is visualized using volumetric rendering (left) and MIP visualization (center). MIP
visualization allows to spot regions of high reflectivity more easily. After that a user can switch back to volumetric rendering, zoom in and rotate the
camera (right) to analyze the vertical domain.

ACKNOWLEDGMENTS

We would like to thank Jeff Trapp and his graduate
students for providing comments and suggestions for our
Doppler reflectivity visualization system. Our thanks also go
to David Braun for insightful discussions on how to execute
preprocessing on the TeraGrid machines. We would also like
to thank to Jin Ryong Kim for his help with the work on
Google gadget utilizing our system.

REFERENCES

[1] M. Huber and J. Trapp, “A review of nexrad level ii: Data,

2

[3

[4

[5

[6

[7

—

]

—

—

—_

—

distribution, and applications,” Journal of Terrestrial Obser-
vation, 2005.

Y. Xiao, L. Liu, and Y. Shi, “Study of methods for three-
dimensional multiple-radar reflectivity mosaics,” SCI Meteo-
rological Journal, 2008.

J. Jang, W. Ribarsky, C. D. Sha, and N. Faust, “View-
dependent multiresolution splatting of non-uniform data,” in
VISSYM °02: Proceedings of the symposium on Data Visuali-
sation. Aire-la-Ville, Switzerland, Switzerland: Eurographics
Association, 2002, pp. 125-ff.

L. Jay Miller, C. G. Mohr, and A. J. Weinheimer, “The simple
rectification to cartesian space of folded radial velocities from
doppler radar sampling,” Journal of Atmospheric and Oceanic
Technology, vol. 3, no. 1, pp. 162-174, 1986.

J. Zhang, K. Howard, and J. J. Gourley, “Constructing three-
dimensional multiple-radar reflectivity mosaics: Examples of
convective storms and stratiform rain echoes,” Journal of
Atmospheric and Oceanic Technology, vol. 22, 2005.

V. Sundaram, Y. Ru, B. Benes, L. Zhao, X. C. Song, T. Park,
G. Bertoline, and M. Huber, “An integrated system for
near real-time 3d visualization of nexrad level ii data using
teragrid.” in TeraGrid 2008 Conference, 2008.

W. Ribarsky, N. Faust, Z. Wartell, C. Shaw, and J. Jang,
“Visual query of time-dependent 3d weather in a global
geospatial environment,” in Mining Spatio-Temporal Infor-
mation Systems, ser. The Springer International Series in
Engineering and Computer Science, R. Ladner, K. Shaw, and
M. Abdelguerfi, Eds. Springer US, 2002, vol. 699, pp. 83—
104.

40

(8]

(9]

[10]

(1]

[12]

[13]

[14]

[15]

M. Hadwiger, J. M. Kniss, C. Rezk-salama, D. Weiskopf, and
K. Engel, Real-time Volume Graphics. Natick, MA, USA:
A. K. Peters, Ltd., 2006.

C. Crassin, F. Neyret, S. Lefebvre, and E. Eisemann, “Gi-
gavoxels : Ray-guided streaming for efficient and detailed
voxel rendering,” in ACM SIGGRAPH Symposium on Inter-
active 3D Graphics and Games (I13D), ACM. Boston, MA,
Etats-Unis: ACM Press, feb 2009.

R. Fraedrich, J. Schneider, and R. Westermann, “Exploring
the millennium run - scalable rendering of large-scale cos-
mological datasets,” IEEE Transactions on Visualization and
Computer Graphics, vol. 15, no. 6, pp. 1251-1258, Nov.
2009.

M. Hadwiger, J. Beyer, W.-K. Jeong, and H. Pfister, “Interac-
tive volume exploration of petascale microscopy data streams
using a visualization-driven virtual memory approach,” Vi-
sualization and Computer Graphics, IEEE Transactions on,
vol. 18, no. 12, pp. 2285-2294, 2012.

Z. Wartell, E. Houtgast, O. Pfeiffer, C. Shaw, W. Ribarsky,
and F. Post, “Interaction volume management in a multi-scale
virtual environment,” in Advances in Information and Intel-
ligent Systems, ser. Studies in Computational Intelligence,
Z. Ras and W. Ribarsky, Eds. Springer Berlin Heidelberg,
2009, vol. 251, pp. 327-349.

I. Ihm and S. Park, “Wavelet-based 3d compression scheme
for very large volume data,” in In Proceedings of Graphics
Interface 98, 1998, pp. 107-116.

H.-W. Shen, L.-J. Chiang, and K.-L. Ma, “A fast volume
rendering algorithm for time-varying fields using a time-space
partitioning (tsp) tree,” in Proceedings of the conference on
Visualization ’99: celebrating ten years, ser. VIS ’99. Los
Alamitos, CA, USA: IEEE Computer Society Press, 1999,
pp- 371-3717.

Z. Du, Y.-J. Chiang, and H.-W. Shen, “Out-of-core volume
rendering for time-varying fields using a space-partitioning
time (spt) tree,” in Proceedings of the 2009 IEEE Pacific
Visualization Symposium, ser. PACIFICVIS *09. Washington,
DC, USA: IEEE Computer Society, 2009, pp. 73-80.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Required"  settings for PDF Specification 4.01)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


