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ABSTRACT: This paper discusses a distributed
hydrological simulation system, for streamlining the
process of hydrological analysis. Some of the rea-
sons preventing the adaptation of the distributed
hydrological models by a wider circle of practicing
hydrologists are the complexity in terms of operation
and data requirement, the data management prob-
lems created by the sheer immensity of the informa-
tion requirement and the huge computing power
needs. The system described, a solution imple-
mented to make hydrological analysis accessible to a
wider audience, consists of a hydrological database
designed based on the relational database theory,
integrated to a GIS and a number of distributed hy-
drological simulation models and graphical inter-
faces accessible on WWW. The database stores hy-
drological time series data and two-dimensional spa-
tial data of various resolutions. A detailed meta-data
system is implemented to aid the use and the man-
agement of data. A system implemented using pro-
prietary technologies is opened to the end user
equipped with general-purpose software like web
browsers, which use standardized protocols. Thus, a
broader user base can benefit from advanced hydro-
logical analysis tools without the complication of a
host of unfamiliar and expensive technologies and
operating environments.

INTRODUCTION

Hydrological simulation of watersheds has been
evolving rapidly from simple conceptual representa-
tions to physically based, distributed models that can
describe in detail, the conditions of a watershed in
various phases of hydrological cycle (Herath, 1994,
Jha, 1997, Yang, 1998). This increasing complexity
has added many data management problems into the
modelling domain. Information required by the
models as well as the results of the models has be-
come complex. Under these conditions the tradi-
tional methods for managing simulations has no
longer been adequate and new methods for better
organization of simulation process were explored.
Integrated approach or organizing the simulation
models and other required resources like GIS sys-
tems into a single work-platform is a result of this
need (Dangermond and Schutzberg, 1998).

A case for integrated systems
Most of the time spent by the hydrologist in a simu-
lation exercise can no doubt, be attributed to the

setting up of models, and formulation of results
rather than on the creative part of the exercise that
mostly need human involvement. This drawback is
a result of the lack of a unified methodology for
treating many types of hydrological analysis in a
generic manner, which can evolve as newer hydro-
logical models are introduced. Simulation models
are becoming fast. The actual time taken for simula-
tion has become a small fraction of what it has been
a decade ago. Hence, there are a number of new
research possibilities, which were not feasible in
past due to restrictions imposed by the available
limited computing power. However, these heavy
analyses almost always demand better data man-
agement concepts too, due to the huge information
involvement, both at the setting up and interpretation
ends. Present day distributed hydrological models
are complicated in operation. A large amount of time
has to be spent in order to understand the inner
workings of a model, before starting to use it. This
fact has severely restricted these models being popu-
lar among practicing hydrologists and other related
parties outside the immediate research circles.

The objective of the system integration is to make
the simulations fast to learn, easy to use and produc-
tive. An ideal integrated hydrological analysis sys-
tem must demand only the understanding of model-
ing principals, but not the mastering of the inner
workings of the model from the new user. Since
distributed hydrological models generally are heavy
applications, resource sharing by network systems is
advantageous.

The integrated system approach is not new. Espe-
cially after the popularity of distributed hydrological
models and Geographic Information Systems (GIS)
there have been many attempts to interface these
elements to produces integrated systems (Jakowski,
1995, Watkins, et al., 1996). The available litera-
ture ranges from pre and post processor design for
simulation models, to full integration of DBMS and
GIS with simulation models as integrated decision
support systems (Yoon and Padmanabaran, 1994).
Recent view of hydrological modelling suggests that
a complete hydrological model is one that is fully
integrated with GIS (Johnson, 1989).

The hydrological information management system
described here was designed to examine the feasibil-
ity of extending the capabilities of such integrated



system, to a network based multi-user environment.
In order to make the system available for a wider
circle of users, it was intended to be interfaced on
the World Wide Web (WWW)

First the conceptual framework envisioned for de-
signing the system is discussed. Then the details of
the design of the system are presented. Next, with an
introduction of the specific technologies used in the
project, the system implementation is presented.

THE CONCEPTUAL FRAMEWORK

Figure 1 shows the typical cycle of procedures a
hydrologist follows through, in order to use simula-
tion models in her problem solving process. As
shown, there are number of areas where total auto-
mation is possible while there are other stages,
which can be partially automated in order to utilize
best possible properties from the two parties in-
volved in the problem solving process, namely, man
and the computer. Thus it must be possible to hand
the most repetitive and mechanical work to the com-
puter while the human counterpart can concentrate
on the actual problem at hand.

The system was planned to have the following com-
ponents: a) A hydrological database of temporal and
spatial data: this includes data structures to store
data as well as a suit of data management; query and
retrieval tools oriented for the hydrological data ma-
nipulations; b) A linked GIS system for extended
spatial data handling capabilities; c) Incorporation of
distributed hydrological models; d) An intuitive and
widely available user interface.

The required design and the operation of the system
are illustrated in the Figure 2.
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Figure 2: The macro scale design of IISHA

A unique feature of this design framework is that, a
database server acts as the central component of the
system. All the transactions with the users are man-
aged by this system. Scheduling of tasks and utiliza-
tion of the available services in order to fulfill those
requests are also managed by the database. Having
such a ‘single entry point’ to the system, simplifies
many problems related to the multi-user environ-
ment, the stateless nature of the WWW transactions
and the security issues of the Internet.

A logical hierarchy

Considering the diverse nature of the hydrological
data structures, perhaps the best repository for hy-
drological data would be of an object based design.
However, a system based on the relational theory
(see the next section) was selected due to the fact
that many mature database systems based on rela-
tional theory were available.

Relations defined in a database system are very
much appropriate to organize information in man-
ageable and efficient way. But, at the same time
these relations become too rigid to represent the di-
verse relations that are useful to effectively group
hydrological data components, in a unique way that
is intuitive and rational for the hydrologist. For ex-
ample: various geophysical datasets concerning a
particular watershed should be linked in a hierarchy
under the watershed. Similarly, soil properties de-
scribing to a soil distribution dataset should be
linked to that soil data set.

A simple way to overcome this problem within the
relational framework was proposed and is explained
in the system design.

THE RELATIONAL MODEL

In 1970, Edgar F. Codd published a paper (Codd,
1970) that is considered to be the most influential
single document on database technology. The con-
cept Codd proposed is known as the ‘relational
model' and in contrast to the previous models; it is
based on mathematical principals, which are associ-
ated to the set theory and Boolean logic.

Among the major strengths of relational theory are
a) it avoids repeating of information b) information
does not become inconsistent. Consider a small
company database where the following details of the
employees have to be stored: name, salary, depart-
ment belonging to, location of the department. In a
relational database that information in organized as
shown in figure 3. Though four employs belong to
the ‘Sales’ department, the details of the sales de-
partment are recorded only once. The EMPNO in
table employee and the DEPTNO in table depart-



ments are known as primary keys. Primary key is the
column or set of columns, which can identify a row
of a database uniquely. The DEPTNO column in
table employee is known as a foreign key of that
table referring to table DEPARTMENTS. By point-
ing to a primary key in another table, foreign keys
provide relations among tables.

Department
DEPTNO DNAME LOC
10 Accounting New York
20 Research Dallas
30 Sales Chicago
40 Operations Boston

Employee

EMPNO | ENAME | SAL DEPTNO
7369 Smith 300 20
7499 Allen 1600 30
7521 Ward 1250 30
7566 Jones 2975 20
7654 Martin 1250 30
7698 Blake 2850 30

Figure 3: Example Relations

The databases implementing the relational model are
known as relational databases. The Structured Query
Language was developed to manipulate both data
and data structures in relational databases. For a
technical discussion on relational theory and data-
bases the reader is referred to Rolland (1992).

SOFTWARE

During the last two decades the database and GIS
programs has attained a certain level of maturity.
There were many good commercial as well as free
systems in this category for use. However, this was
not true in the same degree, about the technologies
required to disseminate a interactive analysis system
on the World Wide Web and to link the various
functional systems together. In the entire process of
development of the present system one of the most
laborious parts of the entire project was trying-out
various software solutions and selecting an appro-
priate set.

The database

A site license for Oracle 7.3 Universal Database
server was already available and thus, this was used
as the database. Oracle at this version was imple-
menting the full relational model and had ‘entry-
level’ compliance with the ISO/IEC 9075:1992 “Da-
tabase Language SQL” standard. There is oracle’s
own ‘procedural extension’ to SQL, known as
PL/SQL, which is intended for in-database pro-
gramming. The pre-compilers were available to mix
database access with popular programming lan-
guages like FORTRAN.

Oracle had supplied the Oracle Web Server - a spe-
cial web server that provides a programming plat-
form to enable CGI (common gateway interface)
programming with PL/SQL.

The GIS

The already available Arc/Info GIS version 7 was
used as the GIS. While providing spatial data ma-
nipulations both in raster (GRID) and vector format,
it has a macro programming language called AML
(Arc Macro Language) for automation and extension
of the system.

SYSTEM DESIGN

A modular design was adopted in order to provide
flexibility for future extensions to the system. It was
envisioned that the system to have six distinct com-
ponents, namely, a (traditional) Hydrological Data-
base (HDBASE), a hydrological simulation interface
(HIS) — to provide data infrastructure for running
hydrological simulations, a spatial operations sub-
system (SPSS) - to manage spatial data manipula-
tions, External processing environment (EOS) — the
collective set of external links between various com-
ponents like GIS, database and models, a Central
task scheduling system (CSS), a User interaction sub
system (UISS).

Due to the limitation of space only the components
HDBASE and HSI are explained in detail. Refer to
Herath (1998) and Pathirana (1998) for further de-
tails on Design and Implementation of various com-
ponents of the system.

The Hydrological Database

The design of the hydrological database consists of
twofold tasks. The first is the design of data struc-
tures to store the actual data. The second and most
challenging is a meta-data structure. Meta-data may
be defined and ‘descriptive data on actual data’.
Due the complicated and heterogeneous nature of
hydrological data, the design of a good meta-data
structure is of paramount importance to the proper
use of a database.

The meta-data involved in a hydrological database
can be classified into three broad categories:
= Data Related: Including
Type information like parameter (rainfall, eleva-
tion, etc), units,
Basic statistics
Details on gathering like instrument used, field
conditions
Temporal/Spatial resolutions and controls
= | ocation Related: Including
Geographical reference (geo-coordinates)
Hydrological reference (Watershed information)
Political reference: (Country, province, etc.)



= Management Related:

Storage (location, media, access)

Maintenance (Persons in-charge at host site and at

the data source)

security levels
The metadata structure was organized in 22 rela-
tional database tables. This final model was based on
a series of discussions with a panel of hydrological
researchers about the appropriate nature of the meta-
data  structure. The main table (named
DATA_INFO) contains an entry (a row) for each set
of data. This table has parameters which are unique
to each set of data or those which cannot be effec-
tively and foreign keys to the other tables.
DATA_ID (an integer) is the primary key.

The actual data records were related to the
DATA_ID in the DATA_INFO table. Figure 4
shows this relationship for time-series data. All the
time series data is stored in a single database table
having three columns namely, DATA_ID, TIME
and VALUE. The composite primary Kkey is
(DATA_ID, TIME). The DATA_ID in this table is
related to the DATA_ID in DATA_INFO table. The
performance of the time series data table, which con-
tains millions of records, is maintained by using in-
dexing and partitioning methods (Singh et al., 1997).

Hierarchical organization of data

The implementation of hierarchical relationships on
the existing relational model was achieved simply by
introduction of an extra table names CHILD_ LINK
in relation with DATA _INFO (main) table. Con-

DATA_INFO DATA_ID | TIME | VALUE
T1_ | Vi
T2 |v2
DATASET_NAME T3 |V3
: T4 | v4
DATA ID T5 | V5
: ID1 T6 | Ve
17| vz
T8 | V8
: To |vo
COMMENTS T10 | V10
T Vi
T2 |ve
T3 |v3
ID2 T4 | v4
™5 | V5
T6 V6
17 |v7
T1_ | Vi
ID3 T2 | v2

Figure 4: Linking data to meta-data

DATA_INFO
DATA_ID DATASET

Rainfall R1 \4

Rainfall R2
Rainfall R3

CHILD_LINK
PARENT|CHILD|REL | REL
DATA DATA |INDEX TYPE
ID ID

D1 D2 I RGIC
D1 D3 12 RGIC

RGIC = Rain Guage In Catchment

Figure 5: Linking data objects in a hierarchy

sider the following example: The DATA_INFO ta-
ble contains information on a catchments X, rain
gauges R1, R2 and R3 where R1 and R2 are related
to X because they are inside the catchment X. Fig-
ure 5 illustrates (with simplified database tables)
how this relationship is realized in the database. The
DATA ID of X (D1) appears twice in
CHILD_LINK’s PARENT_DATA_ID, with D2and
D3in CHILD DATA ID. D2 and D3 are the
DATA IDs of R1 and R2 respectively.

Presently the system contains temporal and spatial
data for a number of countries in Asia including Ja-
pan, Sri Lanka, Thailand and Nepal.

The hydrological Simulation Interface (HSI)
The HSI is the component, which links simulation
models to the system. When a user sets-up a hydro-
logical model to run, the database-structure of HSI
records the information needed to run the model.
These information includes, pointers to the spatial
and temporal datasets to be used, starting and ending
times of simulation, at what points or what intervals
to log output, etc. Later, depending on the control of
the CSS, the actual processing of the simulation job
is started. During the running of the model, data is
streamed both from HDBASE (the original hydro-
logical data) and the local storage of HSI (the data
specific to the particular run of the model. e.g. dura-
tion of simulation) to the model as required and the
model output is stored in the HSI. The interaction
with the GIS is also carried out as needed. As the
model provides output, the data-structures of the
UISS are also updated, to enable the user to check
the progress of the simulation process.

THE SYSTEM IMPLEMENTATION

The implementation of the database resident part of
the system was trivial once a proper design is arrived
at. At this stage the most challenging components
was the linking of the various system components
together (EOE). Two aspects of these components
are discussed.

Modification of the simulation models

As the case with the traditional computing in civil
engineering, all the models available for use were
coded in FORTRAN. These models were written
keeping the ad-hot flat-file based data system in
mind. Thus, the input output to the models is
through data files. One simplest way to use this
models was to have system interface to write the
input files needed, then call the model to run on that
data and read-in the output of the model. However,
in order to have a tighter control over the simulation
process and to avoid the delay in reporting the pro-
gress of the model to the user (some of these models
take execution times of order of hours or days to



complete), slightly different approach was adopted
in coupling.

The model code was changed (using pre-compilers
mentioned under software base) to do all the input-
output tasks with the database directly. Then the
model code was compiled into a shared library (a
type of code which another program can load an run
when needed). A small server program was pro-
duced to ‘listen’ to database requests and to load and
execute the appropriate models.

The internal structure of the EOS was also imple-
mented as a flexible network based system. Many
computers can participate in the service providing
services to run single or multiple instances of one or
many models. Thus, the EOS together with the cen-
tral scheduling system provides IISHA with a simu-
lation service, which utilizes the available system
resources to the best possible extent to cater for the
user requests.

THE SYSTEM OPERATION

The user interface of IISHA is accessed through a
common web browser. Thus, anybody with a web
browser and an Internet connection is a potential
user of the system. The interface pages are gener-
ated on-the-fly, based on the nature of the analysis
being performed and the nature of the models used.

Data Search

With the help of the meta-data structure, extensive
search capabilities are provided with the system.
User can build her own search criteria using Boolean
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Figure 6: A time series data set.

logic and query the database. The search results have
direct pointers to the data and the results are interac-
tively displayed for examining, use in models or
downloading (see figures 6 and 7).

Simulations

Users are guided through all aspects of setting up of
hydrological models like selecting the model, select-
ing the data, providing the necessary model parame-
ters, running the model and visualizing of data, with
interactive and intuitive interface pages. Java applets
are used to add interactive abilities to the results
visualization. Figure 8 shows an example of a simple
model output — the water balance results. The model
used was the grid based hydrological model de-
scribed in Herath (1994).

Whenever a dataset is displayed, the hierarchical
relationships under that dataset are also presented. In
hydrological analysis, these related datasets gener-
ally contain most of the information required. For

Query results
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Figure 7: A query results page. Search con-
straints were PARAMETER = RAINFALL
AND COUNTRY = SRI LANKA
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example for a long term water resources simulation
of a particular watershed, various spatial data layers
like, river networks, soil distribution, water usage
data and temporal datasets like rainfall records, sew-
erage flow patterns are needed. Due to the design of
the system, these data are automatically listed with
the base dataset representing the catchment. Thus,
the time spent for isolating these data is greatly re-
duced. As the system is used for analysis these hier-
archical relationships are continuously updated to
reflect the needs of many types of hydrological
analysis.

DISCUSSION AND SYNTHESIS

A conceptual framework for a Database central,
WWW interfaced hydrological analysis system has
been proposed. By the implementation of the sys-
tem, the workability of the proposal was verified.
These kind of systems while on one hand makes it
easy for the hydrologist who is new to a particular
hydrological model to rapidly become acquainted
and to master the use of the model, on the other hand
makes the advanced hydrological analysis tools
available for a much wider user base.

In the implementation of the system, many commer-
cially available software systems, which may be
considerably expensive, have been used. However,
there are many freely available SQL databases, GIS
systems and WWW interfacing techniques, which
may be able to do these tasks. The authors have
examined at least some of these alternatives and do
not perceive many problems of using these for the
implementation of similar systems.

As mentioned before, the attempts of hydrological
system integration in the past did not address the
network implementation aspects adequately, and
thus they had a limited impact on the practicing hy-
drologist. However, during the last few years, after
the implementation of the system described there
have been several projects geared towards this goal
in many places of the world (e.g. Simonovic 1998).
During these few years the technologies involved in
integration of databases and GIS with other pro-
grams has become considerably matured. As a result
of the steady growth of the Internet, better method-
ologies have been introduced for interfacing of such
interactive systems on the WWW.,

Though the technologies involved in the system
have evolved a long way, the authors believe that,
the theoretical framework has not been outdated.
Based on the same principals, today it is possible to
implement much versatile and useful decision sup-
port systems with even lesser effort
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