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Abstract — Data gathered through decades of hydrological 
monitoring practice, often through elaborate measurement 
strategies is crucial for the process of decision making in 
electrical energy production. There is a substantial need for 
temporal and spatial integration of gathered data which is 
best achieved by accessible software solutions. We have 
developed hydro-information software system to handle 
data complexity through acquisition, organization, analysis, 
storage, and data presentation to end users. We have used 
modified server-client architecture by combining the 
advantages of non-structured databases with the power of 
modern web-development techniques. Our system is now 
installed and operational in hydro-electric power industry 
environment, and its users now have intuitive, flexible, and 
detailed access to all aspects of the gathered data as well as 
facilities to model, observe and forecast future data. 

I. INTRODUCTION 

A. Hydro-information systems in decision making 

Hydrological monitoring associated with the 
functioning of hydro-electric power stations can produce 
extensive amounts of data over the years of service. 
Quality and accessibility of such data are the key factors 
which enable successful resource management, leading to 
efficient production of electrical energy. 

Decision making in electrical energy production is 
aimed at accomplishment of specified objective or a set 
of objectives, through informed choices of energy 
technologies and systems. Besides energy production, 
these objectives must also fulfill range of conflicting 
demands, which can be broadly categorized as technical, 
environmental, and economic [1]. Monitoring systems 
provide an insight into both technical and environmental 
components of the decision objectives, and can provide 
crucial and effective tools for arrival at best policies in 
water resource management. Any system supporting 
decision-making, is a decision support system (DSS) [2]. 
Recently, the advances of the environmental DSS (EDSS) 
in water resources management [3] and energy policies 
[4] emphasized the role of data management and 
multidisciplinary approach based on the integrated data 
sources [5]. Hydro-information systems can be viewed as 
EDSS data management platforms aimed at integration of 
all relevant hydrological, meteorological, hydropower, 
and hydrogeological data from measurement through 
storage to analysis and presentation [6]. 

B. Overview of water data management solutions 

Several commercial and industry-strength data 
management systems are generally available and in use 
for water management, targeting the interplay of 
acquiring, processing, modeling, and publishing water 
data [7] [8]. Majority of these solutions focus on serving 
an all-encompassing water monitoring system, starting 
from the installation of measurement equipment and 
construction of the monitoring infrastructure. Although 
efficient, commercial solutions can be less adaptable, 
since their key dependence on instrumentation can limit 
their potential for rapid changes. Moreover, such software 
requires larger organizational effort to remain dynamic, 
with regular updates and the addition of new equipment 
or features. Update mechanisms tend to be overly 
complex, further limiting flexibility. On the other hand, 
open-source solutions focus on the data, emphasizing 
lower costs, efficient maintainability, and portability [9] 
[10]. This means they can operate on a variety of 
hardware, and by design can be implemented along any 
monitoring infrastructure. New functionality and further 
improvements can be added by expert users and a user 
community, owing to codebase openness. High 
functioning industry environment, on the other hand, 
demands shift from experimentation to performance and 
accuracy, which can be a limiting factor for open source 
solutions. 

C. Basic system features and project goals 

Our hydro-information system was outlined in stages 
which reflect complete EDSS solution [11], starting with 
a solid and extensible data management system. Since the 
most of water resources systems are usually organized as 
structured networks of integrated components [12], our 
data management component also followed such 
organization. Additionally, it emphasized the structural 
organization of the monitoring system and its temporal 
variability. Our approach follows previous work on data 
acquisition [6]. Time series data is recorded from a 
variety of sources, such as sensors or instruments placed 
at specific locations along rivers and lakes or hydro-
energetic objects such as dams. Monitoring process was 
ongoing for decades and the amount of generated data 
was large, with a constant tendency to increase with the 
continued monitoring practices [13]. Considering such 
data variability and quantity the system was designed to 
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integrate measured data, historical data, prognostic data, 
analytical tools, and expert knowledge. 

Our main goal was to develop a hydro-information 
system as an EDSS component which includes different 
aspects of data management while maintaining its 
adaptive potential. By finding a balance between 
commercial and open-source key features, our solution 
was planned according to the structure of the monitoring 
system, but it also focused on data flow, its analysis, 
storage, and presentation. 

II. MATERIALS AND METHODS 

A. Data storage and calculations 

Hydro-information system (Fig. 1), as a heterogeneous 
data integrative platform, can benefit from server-client 
architecture, owing to the development of web-based 
technologies and their increased standardization. 
Database servers are common building blocks in 
development of hydrological data applications and they 
often rely on either structured (SQL) or non-structured 
database (NoSQL – not only SQL) architecture [10] [14]. 
Starting from acquired, raw time series data, stored 
predominantly in Microsoft SQL Server database [15], 
our first step was to develop a more flexible data solution, 
for the elements of the monitoring system. Time series 
and monitoring instrumentation data is characterized by 
high spatial and temporal variability and no fixed model 
can be determined for all the possible measurements and 
types of temporal dynamics in advance. Therefore, 
NoSQL was the more natural choice than SQL. NoSQL 
databases are also more preferred when building 
hydrological data-centric systems [16] [17] [18] [19]. 
Effective stored data access along with flexible scaling 
with the addition of new measurement data [20] were also 
among the reasons for our NoSQL solution. Monitoring 
system was also a subject to changes over the decades of 
monitoring practice, meaning a flexible database model 
should reflect temporal nature of the monitoring system. 

Our solution was built upon a two-fold storage server 
architecture, the central component incorporating the 
monitoring system organizational data, and the auxiliary 
component storing the time-series data. Time-series are 
kept consistent with monitoring system storage through 
synchronization model. This model is based on the 
premise of storing series metadata (i.e. its corresponding 
monitoring instruments and measurement units) in the 
central database component, while their raw data is stored 
in a relational database [15] indexed by a unique 
identifier. This organization enabled straightforward and 
fast series data retrieval, using simple database queries, 
while each series is constantly connected to its origin in 
the monitoring system. Central component was developed 
independently, from the ground up, based upon a custom 
data model which primary enabled storage of multiple 
temporal varieties of the same monitoring system 
component as unique database record. Additionally, 
central component enabled potential users to define 
custom data records, such as new time-series or complex 
measurement units, since no rigid model was enforced.  

Calculations server was associated with two-fold 
storage server and its primary role was both on-demand 
and automatic calculation of derived time-series (i.e. 
aggregation or composition) and statistical models used 
in real-time data monitoring and data quality assurance. 

B. Web API and user experience components 

Uniformed access to all stored content, with 
standardized methods for data retrieval and administration 
was achieved by using a web application programming 
interface (API). Its main role is in exposing a variety of 
data access and update methods, which are available to 
any possible client application. It directly communicates 
with both database components by means of request-
response mechanism. More specifically, the central 
database component (NoSQL) directly offers its data 
access methods to the API, while time-series data is 
retrieved through a web-service. This service is also 

Figure 1.  Overview of the hydro-information system structural components. Software technology symbols denote their usage in different parts of the 
system. ETL stands for Extraction Transformation Loading process of data acquisition. 
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interconnected with the calculations server, so time-series 
data responses can be either raw or transformed through 
one of series derivation methods. 

Client applications were designed with respect to end-
user access rights that can range from data overview and 
administration to complex data analysis, quality 
assurance, and real-time monitoring. Broadly these 
applications can be classified as database administrative 
tools, data presentation and historical overview tools, and 
tools for time-series data analysis. Although separate, they 
share the same common underlying organization, 
primarily the API-related communication methods and a 
focus on monitoring system and time-series data. Each 
application always has rich data visualizations, from the 
usual data tables and time-series plots, to complex 
monitoring area maps and power station schematics. 
Client applications are all web-based, developed with 
contemporary web-technologies (HTML5, CSS3 and 
JavaScript) and especially by using MVVM (Model-
View-ViewModel) web-frameworks [21] [22]. MVVM 
software design pattern enables independent development 
of the graphical user interface from the development of 
the application logic and data manipulation methods [23]. 
This approach greatly facilitates the overall development 
process by decoupling of its main constituent parts which 
results in an efficient software code reuse and parallel 
development [24] [25]. All components of MVVM user 
interface are always in synchronization with underlying 
data models, meaning that all user actions result in the 
immediate data view updates. This feature was especially 
important for the timeline mechanism, which enables an 
on-demand insight into historical configurations of the 
monitoring and instrumentation system and its 
accompanying time-series data. 

III. RESULTS AND DISCUSSION 

A. Hydro-information system performance 

Our hydro-information system was successfully 
developed and its initial release versions are now fully 
operational in real-life industry environment. The entire 
system is comprised of several servers, with their primary 
role in storing the database components and hosting the 
client application code, and a suite of client applications, 
easily accessible through common web-browsers.  

With respect to decisions we made during 
development, we could determine the advantages of web 
based technologies which include easy application life-
cycle management and the enhanced user experience, 
providing both functional and aesthetically engaging 
graphical user interfaces suited for comfortable day-to-
day work. Our system fulfills main functional features of 
a general hydro-information system [6]. Data is organized 
and displayed through meaningful and easily navigable 
categories, by using diverse data visualization techniques, 
from simple tabular and graphical display of time series 
data, through their combinations, to complex area maps 
and power stations schematics. The integrative aspect of 
the hydro-information system is reflected in the network 
of different pieces of information. For example, it is 
possible to display a detailed area map with all the 
monitoring locations and obtain the information about 
measurement equipment and a plot showing the time 
series data. The panel cell-based display, offers custom 
data view design (i.e. display area map in one cell and 

corresponding data diagrams in adjacent ones). Finally, 
because of the temporal data database access it is possible 
for users to shift back the entire view of the data to any 
point in the past by using timeline mechanics. This 
feature enables much broader outlook on the distribution 
and the organization of the monitoring system and their 
dynamics and development through time. 

Besides detailed historical data management, one of 
the keynote features of our hydro-informatics system is 
its ability to forecast future data by providing tools for 
creating integrated data models. Each time series of 
interest for successful hydro-electric management can be 
associated with appropriate data model, while the model 
itself can be easily visualized along the historical or real-
time data. Models can also be extended to an arbitrary 
future time and used as forecasts. Time-series modeling 
provides basis for quality assurance of both historical and 
real-time data. An early warning system uses confidence 
interval type quality control and automatically issues 
warnings whenever new data falls out of the control 
interval. 

Custom central database component provided flexible 
data model of the monitoring system. Users can define 
new data types according to their possible usage. 
Structural changes of the monitoring system (i.e. adding 
new instruments) will always result in the most up-to-
date database configuration, offering its historical states. 
Finally, time-series data is always in synchronization 
with the monitoring system, offering both raw instrument 
measurement values and derived values 

B. Role in decision-making and future work 

Reliable and efficient data management platform is a 
cornerstone in any EDSS application [15]. By offering an 
accessible and visually engaging solution, we have 
created a solid base and a variety of functional 
components which can be further upgraded and new 
features added. Decision makers can have both general 
and specific insight into both environmental and technical 
conditions driving the production of electrical energy. 
Constant availability of accurate data offers integrated 
knowledge to a broad range of interested users, workers, 
researchers, industry experts and practicing engineers, 
which is one of the most important features of data 
management platforms for hydrological data [19] [20]. 
Our hydro-information system bridges the gap between 
complex and abundant, temporally dependent data and 
the overall understanding of a complex socio-economic-
environmental process such as the production of electrical 
energy. 

Owing to a system-wide extensibility, future work on 
our hydro-information system would focus on adding 
more EDSS features, mainly by introducing additional 
data sources, adding new decision making tools [1] [3] 
[5], enhancing and integrating available hydrological and 
hydraulic modeling frameworks [6] [26] [27] [28]. 
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