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ABSTRACT: This paper describes our work in 
developing an integrated data management, 
retrieval and visualization system for earth science 
datasets with extensibility, scalability, uniformity, 
transparency and heterogeneity. XML based 
metadata mechanism is the foundation of data 
management in our system. Dynamically 
generated query GUI makes it easy and 
convenient for scientists to access and retrieval 
diverse datasets. Scientific visualization toolkits 
display huge amount of data graphically to help 
researchers have better understanding of the data 
and gain valuable insights of the datasets under 
investigation.  This system helps earth scientists 
use, share and visualize data more efficiently. 
Without knowing any information of the physical 
storage location, content, structure and format of 
each dataset instance, and without programming a 
single line of codes, scientists can now query 
heterogeneous data easily, and view and 
understand the retrieved data in analytical and 
graphical ways.  
 
1. INTRODUCTION 

The community of earth science requires 
processing and analyzing not only a large amount 
but also a variety of data from diverse distributed 
sources, such as space and ground-based 
observations. These data are usually stored in 
many different data formats associated with 
different data management systems. Due to the 

wide variety of data formats and structures, 
scientists have to spend a significant amount of 
effort to convert the data from their original 
heterogeneous formats and structures into usable 
information: such as writing specialized computer 
front-end programs – one for each kind of datasets 
before using these data to conduct any scientific 
analyses [1].  

Another challenge that earth scientists often 
face is the difficulty in effectively exploring and 
visualizing a huge amount of data, especially the 
multi-dimensional data, which could then 
significantly deteriorate researchers’ efforts from 
gaining meaningful knowledge out of the large 
amounts of data under investigation. However, 
most data publishers do not yet provide these 
services at present. On the other hand, it is difficult 
and very time-consuming for earth scientists to 
develop advanced data analyses and visualization 
applications by themselves alone. 

In order to help earth scientists to use, share 
and visualize heterogeneous data more efficiently 
so that they do not need to spend much time 
working as computer programmers but focus on 
the research in their areas, we develop an 
integrated data management, retrieval and 
visualization system, which works like a 
middleman between the scientists and the diverse 
data sources, to coherently manage, share and 
analyze data volumes with extensibility, scalability, 
uniformity, transparency and heterogeneity. The 
system provides a metadata-based integrated 
environment, which allows scientists to access all 
of the datasets in the system by specifying query 
conditions, to customize the format of any 
retrieved data files as they need, and to browse, 
conduct statistical analysis, and visualize the 
retrieved data online. All of these operations are 
done through a uniform GUI (Graphical User 
Interface) generated dynamically according to the 
metadata of dataset instances. With our system, 
scientists can obtain data at their request, view 
and understand the retrieved data in analytical and 
graphical ways without need to know any 
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information about the physical storage, original 
structure and format of dataset instances, and 
without need to programming a single line of 
codes. 
 
2. DATA MANAGEMENT AND XML BASED 
METADATA 
 
2.1 Metadata – Solving the Data Management 
Problem 

The complexity of managing and accessing a 
large amount of diverse datasets is becoming one 
of the most challenging problems for users of large 
earth data systems. How can we manage and 
access data intelligently and efficiently, given such 
increasingly complexity? One good solution would 
be to create the so-called metadata for recording 
physical and conceptual details about the data 
under management.  These metadata provide 
more system-level information than standard file 
storage systems and enable intelligent and 
efficient access and management of the data. 
Metadata make it possible for different 
applications (using metadata and metadata 
management systems) to share data through 
common interfaces and structures. 

In our system, metadata mechanism is at the 
heart of data management. It provides a dynamic, 
extendable, scalable and efficient architecture to 
manage disparate data sources. It eases the 
process of data, makes it possible to organize, 
share, search, retrieval and view data. Specifically, 
an XML (Extensible Markup Language) [2] based 
model for the metadata is developed and 
implemented in our system to describe the 
structure, storage, category and content 
information of any earth science datasets in any 
data formats.  
 
2.2 XML Based Metadata 

Metadata here contain two parts. XML file, and 
XML schema. XML files are written using a 
number of elements and attributes to describe 
various datasets. There are four types of XML files 
created with different functions, which are (1) To 
describe category of data files by data sources or 
by physical data types, (2) To describe storage 
information of data files, (3) To describe content 
and semantic of data files and allow system to 
understand the meaning of the data, and (4) To 
describe format and organization of data files. 
XML schema defines the elements and attributes 
used in XML files, and describes the structure of 
an XML document and specifies legal building 

blocks of an XML file, which can be used to 
validate an XML file. 
 
2.3 Managing Metadata with XML Editor 

As stated, the key to manage data is to 
manage their metadata. However, for scientists 
not familiar with XML, writing XML metadata for 
new data source or managing existed XML files 
can be potentially complicated. However, there are 
many free [e.g., 3, 4, 5, 6] or commercial [e.g., 7, 8, 
9, 10] XML editors, which provide user-friendly 
GUIs for scientists to specify the structure, storage, 
category and content of the earth science data 
files without knowing much of the XML schema 
and rules. The editor makes it convenient for users 
to manage metadata. 
 
2.4 Flexibility and Extensibility 

By employing the XML metadata technology, 
our system is so designed that it is flexible to be 
extended or changed with any new needs and any 
incremental development of the system. 

(1) Adding New Data Sources 

The user can add new data sources easily by 
simply capturing information about the new data 
source and creating new metadata files to 
describe it with an XML editor. There is no need to 
change the system. 

(2) Creating New Applications 

Based on XML metadata, we have 
implemented data management, search and 
retrieval (see section 3), and some applications. 
Currently, applications we have implemented 
include data viewer, analytical functions and 
scientific visualization methods. In the future, we 
will develop relevant data mining, fusion and some 
other analysis applications based on metadata. 
Scientists may also utilize existed XML metadata 
to develop their own analysis toolkits with our 
system.  

(3) Dynamic Applications Enabling 

Since there are a variety of datasets in the 
system, apparently, not every application is 
suitable for all kinds of datasets. For example, for 
a time-series featured dataset, 2-D (two-
dimensional) plots may be applicable while 3-D 
(three-dimensional) visualization may be not. How 
do users know which applications could be 
employed to a specific dataset? To achieve our 
goal of transparency to users, we have built 
metadata to describe corresponding relationships 
between dataset models and available 



applications. Based on these metadata, the 
system will configurate GUI dynamically for the 
dataset retrieved, so that only those relevant 
applications will be showed on the GUI, which 
facilitates users to pick up suitable applications 
provided conveniently when analyzing the 
retrieved data online. 
 
3. DATA QUERY AND RETRIEVAL 
 
3.1 Dynamically Generated Query GUIs 

To allow users to be able to query data system 
without background knowledge and training, we 
provide query GUIs for all datasets in the system.  
Our approach is to create a data query system 
that dynamically creates dataset query GUI for 
diverse datasets based on characteristic of diverse 
datasets. These characteristics are described in 
XML metadata. By using stored metadata to 
create the query interfaces, a standardized yet 
dynamic system is created that allows querying of 
assorted datasets. By this way, the system 
eliminates the need to create custom programs for 
different datasets. When adding new datasets to 
the system, query GUI for these datasets will be 
dynamically generated if the characteristic of these 
datasets has been specified in metadata. 
Therefore, the system provides an extensible and 
scalable query GUI framework. Through 
dynamically generated query GUI, scientists can 
specify search conditions, customize the format 
and the resolution type of the result files as 
needed. 

 

 
Figure 1   A query GUI sample dynamically generated 

 

3.2 Query Categories 
To make it convenient, users are able to 

search for data by the category of physical data 
types or data sources. Users may also define new 
categories by adding their definitions into 
metadata and the system will then dynamically 
add them into GUIs. 
 
3.3 Data Search and Retrieval 

The data retrieval is based on the metadata 
system, that is, the description of the physical 
datasets. After user submit query request through 
GUI, the query can be then devised to search over 
the metadata catalogue, which is implemented in 
hierarchy. Once all data files that possibly satisfy 
the query have been identified by searching the 
available metadata, the system will retrieve these 
files holding the actual data and obtain useful 
result data. If the resolution type is not the same 
as original request, it will do computation and 
obtain data in new resolution. Then it organizes 
the result data file in the format that users 
specified. 
 
4. SCIENTIFIC VISUALIZATION AND ANALYSIS 
FUNCTIONALITIES 

Scientific visualization is concerned with the 
interactive display and analysis of data. It 
facilitates researchers to gain valuable insights of 
the data under investigation. It can reveal 
correlations between different quantities both in 
space and time, and it opens up the possibility to 
view the data selectively and interactively online. 
Therefore, it can assist researchers in extracting 
the hidden information of the data, whether 
empirical data gathered from observers/sensors or 
derived data generated by computational models 
through the visualization of those original data [11]. 
In our system, we have developed several 
scientific visualization applications to support the 
following visualization methods. 
 
4.1 2-D Plots 

2-D plots method displays the evolution of 
data along time. It also provides the basic 
statistics and zoom-in/out tools to allow users to 
interactively view data and calculate statistics 
(including averages, variance, maximum, and 
minimum) of the data within specified temporal 
range online. Figure 2 illustrates a 2-D plot of 
retrieved data. 
 
4.2 2-D Colormaps, 2-D Contours, and 3-D 
Surface Rendering 



2-D Colormaps represent 2-D scalar fields by 
mapping data values into colors. 2-D contours 
represent 2-D scalar fields by drawing curves 
representing constant function values. In 3-D 
surface rendering, depicts a function of the form z 
= f(x,y) by a surface in space. The z values can be 
mapped into colors on the surface. Examples of 2-
D colormap, 2-D contour and 3-D surface 
rendering of the NEXRAD Stage III Daily 
Precipitation for the Blue River Basin region on 
May 6 1995 are illustrated in Figures 3, 4, and 5 
respectively. 
 
4.3 Animation 

Animation provides flow control for time series 
data. It produces a movie of sequential time 
frames and shows the evolution of the data over 
time. The 2-D Colormaps, 2-D Contours, 3-D 
surface rendering pictures can be animated in our 
system.  
 
4.4 Data Probe (1-D, 2-D, 3-D domain) 

Data Probe is interactive querying of visual 
display at a specific point to obtain numeric 
value(s) at that point.  
 
4.5 Output Graphics Results to Files and 
Printer 

The system can export graphics results of 
data visualization to following format: Bitmap File 
(BMP, JPEG, TIFF, PNG, PPM, SRF), Bitmap 
Postscript, Vector Postscript, VRML, and can also 
export graphics results to a printer. 

 

 
Figure 2     2-D plot 

 
Figure 3     2-D colormap 

 

 
Figure 4    2-D contour 

 

 
Figure 5     3-D surface 

 

 
 



5. SUMMARY AND FUTURE PLANS 
The data management, retrieval and 

visualization system for earth science datasets 
presented in this paper provides an extendable, 
scalable, uniform and transparent environment to 
use, share and visualize diverse earth science 
datasets. It allows earth scientists to spend much 
less effort/time on programming and data handling, 
but rather to concentrate on their own research 
areas. 

Currently, the entire system is a standalone 
data service system. In the near future, we plan to 
employ the state-of-the-art Grid Service 
technology, Open Grid Services Architecture 
(OGSA) [12], to develop middle-ware 
infrastructure to coherently manage and share 
petabyte-scaled earth science data volumes in 
grid environments. OGSA is a web-services-based 
grid architecture comprising a set of interfaces and 
their associated behaviors to facilitate distributed 
resource sharing in heterogeneous multi-
institutional dynamic environments. We also plan 
to develop more additional advanced analysis 
applications based on metadata to enhance the 
system’s functionalities, such as data mining, data 
fusion and other advanced scientific visualization 
applications (such as map projections, virtual 
reality, and other 3-D visualization). 

At present, the system supports binary (big 
endian and little endian) and text file formats, and 
will be extended to support CDF, HDF, HDF-EOS, 
netCDF in the near future. The system currently 
can perform time resolution transformation, and 
will be extended to process space resolution 
transformation.  
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