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Abstract: Flood disasters have had a great impact on city development. Early flood warning systems
(EFWS) are promising countermeasures against flood hazards and losses. Machine learning (ML) is
the kernel for building a satisfactory EFWS. This paper first summarizes the ML methods proposed in
this special issue for flood forecasts and their significant advantages. Then, it develops an intelligent
hydroinformatics integration platform (IHIP) to derive a user-friendly web interface system through
the state-of-the-art machine learning, visualization and system developing techniques for improving
online forecast capability and flood risk management. The holistic framework of the IHIP includes five
layers (data access, data integration, servicer, functional subsystem, and end-user application) and one
database for effectively dealing with flood disasters. The IHIP provides real-time flood-related data,
such as rainfall and multi-step-ahead regional flood inundation maps. The interface of Google Maps
fused into the IHIP significantly removes the obstacles for users to access this system, helps communities
in making better-informed decisions about the occurrence of floods, and alerts communities in advance.
The IHIP has been implemented in the Tainan City of Taiwan as the study case. The modular design and
adaptive structure of the IHIP could be applied with similar efforts to other cities of interest for assisting
the authorities in flood risk management.

Keywords: machine learning; early flood warning systems; hydroinformatics; database; flood
forecast; Google Maps

1. Introduction

The degree and scale of flood hazards have increased massively with the changing climate in the last
decades, and large-scale flash floods bring fast-moving and rapid-rising water with force, resulting in
tremendous life and property losses as well as social disruption worldwide. Building resilience to
natural disasters is one of the most pressing challenges for achieving sustainable urban development
in flood-prone regions. Early flood warning systems (EFWS) are promising countermeasures against
flood hazards and losses. The core of a satisfactory EFWS is the capability of sequentially providing
a reliable and accurate forecast of the regional flood inundation depths with sufficient lead time.
Machine Learning (ML) technologies have boosted mess applications because of its great flexibility
and scalability in extracting significant features from complex data structures and providing better
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performance and cost-effective solutions. Its popularity dramatically increased among hydrologists.
This special issue collects 18 original contributions addressing the state of the art of machine-learning
methods, conducting a high level of research and providing practical information on how to implement
ML methods for flood forecast along with case studies from different regions of the world. The selected
manuscripts presented in this special issue provide more insights into machine-learning methods and
strategies for accurate flood forecast. Contributions cover a wide range of topics, including:

1.  The application of various ML methods with genetic algorithms and/or particle swarm
optimization methods for flood hydrograph predictions [1,2];

2. Improved Ensemble Various Artificial Neural Networks (ANNSs) for hydrological series extension
and monthly streamflow forecasting [3-5];

3. Development of methodology for improving extreme learning machine method [6], random forest
algorithm [7] and adaptive neuro-fuzzy inference system (ANFIS) with optimization algorithms
for the forecast [8];

4. Improving the Muskingum Routing method using various optimization methods such as hybrid
bat-swarm algorithm [9], improved bat algorithm [10], and Wolf Pack Algorithm [11], or combined
with a particle filter-based assimilation model [12] for streamflow forecasts;

5. Using hybrid neural network models (self-organizing map and back-propagation neural
networks) to model the rainfall-runoff process for flood forecasts [13];

6. Using Deep Learning (DL), convolutional neural network (CNN), for extracting urban water
bodies based on remote-sensing imagery [14], and Long Short-Term Memory Network (LSTM)
for the Dongting Lake water level forecast [15] and rainfall-runoff Simulation [16];

7. Building ANN-based methods—the self-organizing map (SOM) and recurrent nonlinear
autoregressive with exogenous inputs (RNARX) to sequentially forecast area-wide inundation
depths shown on Google Earth [17];

8.  Providing an extensive overview of the various ML algorithms used in flood prediction and
introducing the most promising prediction methods for both long-term and short-term floods [18].

Information systems play an important role in environmental and geoscience disciplines by providing
integrated multi-disciplinary platforms that combine data management, visualization, analysis, modeling,
and information communication capabilities. Recently, there has been growing interest in building flood
early warning systems (FEWS) for extreme storms in an urban city. This has illustrated the increasing
deployment of FEWS due to advances in ensemble weather forecasting, the availability of high-resolution
satellite data, and artificial intelligence techniques as well as improved technology for communication and
sharing of information. Among the most widely-used tools for online presentation of flood inundation
maps with the effectiveness of possible countermeasures, FEWS are now regarded as cost-efficient
alternatives to life-saving, damage prevention and the resilience enhancement of a society [19-22].
The provision of flood inundation maps regarding the extents and severity degrees of flood impacts
plays a vital role in FEWS, and these maps provide a fundamental building block of ready-to-access content
so that decisions can be made upon them. Given sufficient notice in a clear and informative manner,
disaster damages can be mitigated considerably. Real-time access, analytical processing, and interactive
visualizations are crucial to deliver a better understanding of flood-related issues [23]. Traditional systems
that share flood-related data and information, however, have limited capabilities of integrating distributed
data as well as visualizing and communicating modeling results. Recent advances in science and technology,
especially computer-based data processing capabilities and communication facilities, have enabled longer
lead times many steps ahead of flood forecasts along transboundary river basins. Developing early warning
systems for the riparian countries can contribute to the mitigation of flood risks and life-saving through
effective utilization of these new tools.

Over the last decades, many efforts have been devoted to flood defense strategies, which have
focused mainly on non-structural efforts such as flood alerts and warning systems based on flood-depth
forecasts [24-26]. Advances in computational techniques and the emergence of new data sources have
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provided hydrologists with tools to make management decisions on flood forecasting and flood risk
management. Following this track, hydroinformatics has emerged as an essential tool by combining
science, technologies and social considerations into a holistic coherent framework to timely deal
with collecting, modeling, visualizing, and sharing flood-related information and to improve the
applicability and accuracy of flood warnings [27-34]. ML methods are efficient tools for extracting
the key information from complex highly dimensional input-output patterns and are widely used in
various hydrological problems such as flood forecasts in this special issue [1-18] as well as groundwater
and water management issues [35—46]. Recently, technological advances in social media have improved
data gathering and dissemination, especially under the development of world-wide-web technologies.
The Internet of Things (IoT) is a system of devices that collect data in real time and transfer it through
a wireless network to a communication framework of control centers for analyzing the data and
providing suitable countermeasures. Recent studies have indicated that the combination of IoT and
machine-learning techniques could be beneficial to flood prediction [47,48]. Geographical information
systems (GIS) are a user-friendly interface designed to access geographical services such as viewing,
understanding, enquiring, interpreting and visualizing data [49-52]. The Google Maps Application
Programming Interface (API) provides a programming application interface to integrate Google Maps
into websites. A flood forecasting and warning system upon Google Maps can provide relevant
meteorological and hydrological information of an event at critical timings, along with operational
actions, results, impacts, and lessons learned. Recently, a spatial decision support system incorporated
with wireless sensor networks and volunteered geographic information sources has been deployed in
the town of Sao Carlos in Brazil, which has made flood risk management more effective [23]. Based on
an ontology-based approach linking environmental models with disaster-related data, a flood disaster
management system was explored to offer one-stop flood disaster management, and a subsequent
3D visualization was provided to improve the interpretability of disaster data and the effectiveness
of decision-making processes [53]. Effective flood risk management requires updated information to
ensure that the correct decisions can be made and that sufficiently accurate forecasts can be provided
to promote community confidence so that the community will respond adequately when receiving
warnings. The main challenge is to accurately forecast river flow in near real-time and to timely
forecast flood peaks for drainage basins using the same technology.

This study aims to develop a user-friendly real-time regional flood forecasting system based on
the state-of-the-art data-mining, visualization and system developing techniques such that actions
can be efficiently taken to alleviate flood risks endangering residents and properties in inundation
prone regions. We present a comprehensive flood warning platform, the intelligent hydroinformatics
integration platform (IHIP), that could integrate data, analysis, module, and visualization to provide
real-time Google-maps-based information of forecasted flood depths for urban areas in the Tainan City
of Taiwan. The web tools and emerging web technologies used in the IHIP system that access rainfall,
flood-related data, real-time flood forecasts, flood inundation maps, and interactive visualizations are
introduced in the next section. This is followed by the implementation efforts and the description
of the Google-maps-based flood depths information system in the study regions. The final section
concludes the findings of this study and recommends future work enabled by the implementation of
this system.

2. System

The purpose of this study is to provide a one-stop web-platform to visualize flood-related data
and online regional flood inundation maps. As the main stakeholders of the web-platform are the
public and authoritative officers, it is required to provide an interactive and user-friendly interface that
requires minimal technical skills to use and to directly handle the visualization and examination of
data within the platform, without external application. To achieve this goal, we develop an intelligent
hydroinformatics integrated platform (IHIP) that not only implements the latest scientific technologies
such as data acquisition, data assimilation and ML modeling for improving forecast capabilities but
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also organizes these issues in an integrative manner. The IHIP involves the processes of defining the
components, modules, interfaces, and data for a system to satisfy specified requirements. We further
develop the online display of flood inundation maps through a friendly web interface to visualize
regional flood depths and interact with users. The framework is established based on the architecture
that consists of five layers: data access layer; data integration layer; service layer; functional subsystem
layer; and end-user application layer (Figure 1). Their main functions are described as follows.
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Subsystem Layer
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Figure 1. Architecture of the flood early warning system for river basins.

The data access layer provides simplified accesses to the real-time data of the web-database and
automatically stores them in the persistent storage of the database. The data integration layer is a relational
database and defines data relations which persistently store real-time data, model parameters, as well as
the information of catchments, administrative divisions, gauges, and geo-data.

The service layer involves five modules (i.e., data collection, data processing, data query,
flood forecast, and flood map display), manages the connections between the modules and database to
ensure the effective communication among different layers, and implements the user interface of the
end-user application layer.

The functional subsystem layer integrates subsystems of flood forecasting, flood map display,
and data management not only to perform an important task or specific feature but also to display
flood maps derived from the results of flood forecast models.

The end-user application layer is a rich web application interface that handles user interaction
and navigation of the data and resources, and it also provides full end-user access to flood forecast
results with a visualized geographic map-based website.

The data management, analysis, modeling and visualization of the IHIP provides the core
functions of the system, in which the access to data and services from distributed sources is through
the use of web services and application interfaces. The IHIP aims at improving the reliability and
accuracy of flood forecasts and alleviating the burden imposed on the web server that handles all data
queries, data visualization, and data analysis. The next sections will outline the modules, database and
data acquisition used in the IHIP in details.



Water 2019, 11, 9 50f 13

2.1. Modules

To integrate the interactions and interchanges among layers and subsystems in the IHIP,
several modules are designed. Modular Programming is a technique used to divide the functionality
of a program into several independent and interchangeable modules, where each module executes
only one aspect of the desired functionality. For interpreting the system, we use the term “module” to
separate the independent functions and to explain the interactions and interchanges among modules and
subsystems. Here, a module means an object with specific functions supporting different sub-systems
when a sub-system interacts with the other part of the whole system. Different sub-systems may
require the same functions so that the modules can provide specific and independent functions.
This encapsulation is beneficial to the system, for instance, improving maintainability, reducing the
impact of a change in data sources on the system, and allowing new data sources to be included in
a flexible way. The relationships between four servers (i.e., web, model, database, real-time data),
six modules and three sub-systems are shown in Figure 2. The six modules (i.e., Data Connection,
Data Query, Data processing, Flood Forecast, Flood Map Display, and Web Server) are explained in

more details as follows.

Flood Forecast

Mocule Flood Map Display
N Module
Data Processing Flood Forecast Flood Map Display ——
Module Subsystem Subsystem

|
‘,. —
LD | -
-

—

L

Web Server & Model Server

| Data Query
Module

Data Query
Module

SQL:Query, Insert

Database Server

SQL:Query

i

SQLiInsert | Data Management

Subsystem
I
[ | ]
Data Query Data Connection Data Processing
Module Module Module

Figure 2. Relationships between four servers, five modules and three sub-systems.

Data Connection Module: This module builds connections between any kinds of databases, such
as Microsoft SQL (Structured Query Language) Server or My SQL. It can build the connection between
the system and the database management system, subject to user demands.

Data Query Module: This module assists data operators in accessing the Flood Forecast database
for information such as query data, store data and forecasted flood data, and to acquire model
parameters for building flood forecast models.

Data Processing Module: This module conducts data pre-processing, including normalization,
transformation, inverse normalization, and missing data treatment.

Flood Forecast Module: This module implements a hybrid data-driven model (i.e., the recurrent
nonlinear autoregressive with exogenous inputs (RNARX) and the self-organizing map (SOM)) to
build the regional flood inundation forecast model, where those models require automatic execution
with forecast results stored into the database of the flood forecasting system.
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Flood Map Display Module: The Google Maps API of the Google Maps Server Module is used to
embed Google Maps into our website, on which site-specific data can be overlaid.

Web Server Module: This study focuses on online displaying and organizing regional flood
inundation data using up-to-date web technologies driven by the database. Ajax (Asynchronous JavaScript
and XML) is a growing web development technique for creating interactive web applications [54,55] and
is used in this proposed system. The Web Server Module can also automatically generate the Keyhole
Markup Language (KML) files for download purpose. The generated KML files containing placemarks,
polygons and textual descriptions can be displayed in Google Earth, ESRI ArcGIS Explorer, Adobe
PhotoShop, AutoCAD, and Yahoo Pipes.

2.2. Database and Data Acquisition

2.2.1. Database

The significant global impact of recurring flooding events on hazard management leads to
an increasing demand for comprehensive flood databases. Besides the programming for those modules
and servers in the IHIP, a database is a vital part of organizing data and information for building
forecasting models, maintaining the relations of the forecasted points, displaying the forecasted
results, and managing the models. The relational database is one of the kernel parts for building
a real-time visual map-based flood forecast system. This database can be divided into four parts: user
management, hydrologic data, model information, and spatial data, respectively, which are explained
in more detail as follows.

The user management part maintains the different roles of users, composed of username, password,
and authorization. Authorization specifies the access rights to resources related to information security,
computer security, and access control. During operation, the system uses these access control rules to
decide whether access requests shall be granted or rejected.

The hydrologic data part maintains real-time hydrologic data composed of gauge information
and observed gauge data. Real-time rainfall and streamflow data of each gauge have to be stored in
this database.

The model information part includes catchment information and model parameters required for
re-constructing and re-executing the flood forecast models.

The spatial data part includes administrative division information and geo-data information and
provides the information required for flood map display. It provides the forecast models with inputs,
maintains the parameters of these forecast models and their relationship, and offers the web-based
map display with the geo-data and forecasted flood depths.

Database relationships are defined among real-time data, flood forecast models of different river
basins, and geo-data for the map-based flood forecast display.

2.2.2. Data Acquisition

One of the most important tasks of the data access layer is to access real-time data because real-time
data are the key inputs of the flood forecast models. The Quantitative Precipitation Estimation and
Segregation Using Multiple Sensors (QPESUMS) use the Doppler radar, satellite infrared, rain gauge
and other data sources to make the Quantitative Precipitation Estimations (QPE) for severe weather
systems in Taiwan [56,57]. The Products of QPESUMS are presented in web page format which can
be acquired online through retrieving spatial rainfall data when a typhoon (or heavy storm) strikes
Taiwan. They are used in the case study of the Tainan City in Taiwan. All programs and related
databases are constructed in Microsoft SQL Server 2016, where Visual C# is used to develop four major
items: (1) extracting real-time hydrological data; (2) managing real-time data relevant to the models;
(3) storing the forecasted data; and (4) providing the information to the visual map-based display.
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3. System Implementation

With the support from the IHIP, administrators can activate the flood forecast module to obtain
real-time multi-step-ahead flood forecasts. The IHIP would integrate the data management module and
the forecast module. The forecast module would build the flood forecasting models based on model
types and their parameters stored in the flood forecasting system database in the beginning. The data
management module would periodically query rainfall data to feed into those flood forecasting models.
Then, the forecasting models would periodically compute flood depths, and the forecast module would
store these results in the flood forecasting system database. Flood depths are subsequently extracted
and integrated with rainfall data for every place in the investigative area at a preset time interval,
such as 1 h, during flood events. Users visit the constructed website and choose a specific county to
browse the flood forecasting results on Google Maps, with several display levels and zoom levels of
Google Maps through the web server module and Google Maps server module services.

The combined application of the GIS and hydrological modeling determines flood extents and
analyzes the role of the existing system. The ArcMap 10.0 (ArcGIS) software of the Environmental
Systems Research Institute (ESRI) is set for the main operations with the geographical data of the
case study area. The necessity of ArcMap 10.0 is high when developing the geometry of the area for
further 1D steady flow simulation. For this purpose, the HEC-GeoRAS for ArcMap 10.0 extension is
used, whereas the hydraulic modeling and calculations are set to be implemented in the river analysis
system software, HEC-RAS (Hydrologic Engineering Center’s River Analysis System), which is the
product of US Army Corps of Engineers.

3.1. Study Area

The proposed IHIP system is implemented in the Tainan City of southern Taiwan. Tainan is the
oldest city in Taiwan and is known for its history, temples, traditional lifestyles, and traditional snack
food. Tainan has a subtropical climate with an annual average rainfall of 2500 mm. The city enjoys
a mild and dry climate in winter while rains take place more frequently in summer. Summer is the
typhoon season here. Typhoons usually occur between June and November, with the highest number
of weather watches coming in August and September. Tainan City has a high population density and is
frequently affected by floods. Because of this, flood risk management research on the river catchments
in the city is carried out in this study area.

3.2. Online Display

The web server deals merely with sending requests and responses between clients and the IHIP.
We design a web page to display the real-time flood inundation forecasting results. The online system
display embeds Google Maps in the web page of this flood warning system and provides KMZ (zipped
Keyhole Markup Language, for used in Google Earth) files for download purpose. We create the ASP.
NET Web application using C# and access data from SQL server using ADO.NET. Considering the
diversity of browsers and devices, we adopt the Responsive Web Design (RWD) and choose the layout
with three different parts (header, main and footer) of a web page to make our website perform well
and look great on any device such as desktops and smartphones.

The online regional flood inundation forecast model can convert a great number of grids’ flood
depths into regional inundation maps in GIF format and KML format, and thus, the server sends the
related files to users without accessing the database. This also enhances server security, reduces the
amount of data transmission, makes the website management and maintenance easy, and shortens the
waiting time for loading a web page.

Figure 3 shows a web frame of the real-time flood warning system for Tainan City, which consists
of three parts: header; main page and footer. The header includes the title of the system, the legend
and the KMZ download button for displaying the forecasted results on Google Earth in user devices.
The system title and two drop-down lists for years and date times are also displayed. The main page
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is divided into two parts. The left part includes time of issue, lead time, tree views of boundary and
administration for displaying the forecasted results on Google Maps; the remaining space is divided
into two sub-parts: control panel and Google Maps. In the control panel, users can access different
forecast times, inundated areas, forecast lead times, or read different flood information by selecting
an option listed in the drop-down menu. The legend of the flood inundation level is shown in the
upper left corner. Here, we provide the quadratic-color flood warning system that shows warning
levels (coded by severity) in green, blue, yellow, and red colors such that users can easily visualize
(recognize) the inundating depths (conditions) in the whole area. A green warning means level 1
(the least severe) with flood depths ranging from 0.3 to 0.9 m; a blue warning means level 2 with flood
depths ranging from 0.9 to 1.5 m; a yellow warning means level 3 with flood depths ranging from 1.5
to 2.5 m; and a red warning means level 4 (the most severe) with flood depths above 2.5 m.

A3 Real-Time Flood Inundation Warning System T
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Figure 3. A web frame of the real-time flood warning system for Tainan City.

For the right part, click the toggle button of the inundated area to display this area in Google
Maps; click the KML download button to download the flood forecast file in KML format; use the
forecast time drop-down menu to display the forecasted results at different times; use the drop-down
menu to select the administrative area; and use the flood location information drop-down menu to
provide the flood depths in a variety of important locations. In the Footer, there are organization logos
and copyright information for this online display web page.

Figure 4 shows the presentation screen of the system on the display interface. Figure 4a selects
the administrative area (Districts, Villages of the Tainan City); Figure 4b provides the flood depths in
selected villages and Figure 4c displays the rainfall and the maximal flood inundation depths of the
selected gauges on Google Maps.
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Figure 4. Main functions of the display interface. (a) Districts, Villages; (b) Table of flood information in
selected villages; (c) Rainfall information and the maximal flood inundation depths display on Google Map.



Water 2019, 11, 9 10 of 13

First of all, users can choose the forecast time through the Report Time menu in the top right
corner, which is presented by the year, month, date, and hour (ex., 2018/08/23, 20:00), as shown
in Figure 4. After time selection, the system will fill in the forecast area, time interval, inundation
information, and others. As shown, the maximum inundation depth of each selected village will be
tabulated at the bottom left of the interface, and its location will be marked on the map simultaneously.
Furthermore, when clicking the Legend icon at the top of the screen, it will display the illustrations of
different colors or makers on the map. At last, the KMZ file can be downloaded by clicking the KML
download button on Google Earth.

The IHIP allows the monitoring of flooding in a community or a larger region within a single
interface and thus, reduces the dependence on tracking multiple sources of information. Second,
real-time data from stream gauges and flood forecasting models helps decision-makers and the public
take necessary actions to prepare for flood events. Third, the support for multiple devices allows
users to access data and information anywhere, and web service availability makes data within the
IHIP accessible from other information systems and applications. The IHIP offers a comprehensive
information system for improving real-time information management and knowledge transfer pertinent
to flood events.

4. Conclusions

A flood early warning system enables an advanced warning of probable flash floods and regional
inundation depths for disseminating alarms in flood-threatened areas. A real-time flood inundation map
can convey a strong message about the extents and severity degrees of flooding in inundation-prone
regions, together with the effectiveness of possible countermeasures. We develop an intelligent
hydroinformatics integration platform (IHIP) to provide online forecasting of regional flood depths
through the use of the latest hydroinformatics technologies such that actions can be efficiently taken to
mitigate flood risks. The holist framework of the IHIP coupled with the coherent sub-systems, modules,
database, and interfaces are introduced. We construct the database and data acquisition under the
Microsoft Windows Operating System platform. A web interface is designed to display the forecasts of
flood inundation depths in the study areas using the up-to-date web technologies driven by the database.
The established flood inundation maps can visualize the potential effects of flooding and communicate
scenario development with all stakeholders. The IHIP can be easily executed through the database to
simultaneously access the datasets and update the parameters and information obtained from model
outputs. The system can very quickly (in just a few seconds) carry out multi-step-ahead forecasts of
area-wide inundation maps and thereby lead to real-time flood forecasting. A quadratic-color flood
inundation map showing inundated levels in different colors in Google Maps can help users to easily
visualize (identify) the threats and impacts of floods on the whole area.

The IHIP is designed in an adaptive and integrated structure that can integrate information from
distributed sources and allows an easy development of similar systems for other regionals through
knowledge transfer. This system can disseminate flood-related data and information to the public such
as forecast flood occurrence and alert communities in advance for reducing flood damages.
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