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Abstract—Flash Floods, together with landslides, are a common
natural threat for people living in mountainous regions and foothills.
One way to deal with this constant menace is the use of Early
Warning Systems, which have become a very important mitigation
strategy for natural disasters.

In this work we present our proposal for a pilot Flash Flood Early
Warning System for Santiago, Chile, the first stage of a more
ambitious project that in a future stage shall also include early
warning of landslides.

To give a context for our approach, we first analyze three existing
Flash Flood Early Warning Systems, focusing on their general
architectures. We then present our proposed system, with main focus
on the decision support system, a system that integrates empirical
models and fuzzy expert systems to achieve reliable risk estimations.

Keywords—Decision Support System, Early Warning Systems,
Flash Flood, Natural Hazard.

1. INTRODUCTION

N recent years, natural disasters have affected millions of

people, with losses dramatically increasing in time [1], [2].
These events not only bring about losses of property, goods,
jobs and resources, but also displace people, cause harm and
even loss of human lives. For these reasons, the world
community has begun to pay more attention to these events
and to develop strategies and plans to reduce the effect of
natural hazards.

Early Warning Systems (EWS) are one of these strategies
for disaster mitigation. In many types of natural disasters, the
warning guidance is commonly achieved through Early
Warning Systems, which provide a reliable alert to authorities
and people before an event occurs. Generally, the EWS faces
natural phenomena that develop rapidly and can often not be
predicted with certainty or long before their occurrence, like
earthquakes or flash floods. In case of tropical storms or
typhoons, regular meteorological forecasting systems can
predict the day and location of arrival and its force. But an
EWS for flash floods, for example, should be capable to give a
similar answer in a much shorter period of time. To achieve
this, the EWS would use not only information from
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meteorological forecast, but also from sensors located on
specific positions and intelligent systems to alert, in real time,
the changes of the actual risk for the vulnerable zone.

EWS face several challenges in order to be an effective tool
for disaster mitigation. One of the requirements is speed,
because there is almost always little time to give alerts (e.g.
the first wave in tsunamis may reach the coast just 20 minutes
after the earthquake [3]). EWS must also be accurate, precise
and dependable, because large false alarm rates, response
variability and system failures cause loss of trust or simply
render the EWS useless. For all these reasons, EWS are
information technology systems with higher performance and
reliability standards than conventional monitoring systems.

In this work we propose a pilot Flash Flood Early Warning
System (FFEWS). We envision this pilot project as the first of
many similar systems for drainage basins that present flash
flood risk for people in Chile. Our work is presented in three
sections. The first two present, summarize and analyze other
similar systems and their general architecture. In the last
section we show the current work made for the pilot FFEWS
and our proposal for its Decision Support System.

II. MOTIVATION

Flash Floods are a common threat for communities in
mountain areas and foothills. Due to the strength and speed
which they develop, this natural phenomenon could mean high
losses in lives and wealth. According to the World
Meteorological Organization, about 1.5 billion people were
affected by Floods and Flash Floods [4]. To fight against this
natural hazard, many countries have developed FFEWS,
which allows authorities to elaborate a proper response to the
imminent danger to come, and population to evacuate risk
areas. Here we summarize a group of FFEWS that we have
studied to understand its structure.

A. Central America Flash Flood Guidance

In 2004, the Hydrologic Research Center (HRC)
implemented the Central America Flash Flood Guidance
(CAFFG) system [5], [6], with support from the local
governments, the US Agency for International Development
and the National Oceanic and Atmospheric Administration
(NOAA) through the National Weather Service (NWS) and
the Office of Global Programs. This system provides tools for
monitoring and forecasting of flash floods in seven countries
of Central America: Belize, Costa Rica, El Salvador,
Guatemala, Honduras, Nicaragua and Panama.

The CAFFG uses precipitation estimations made with
satellite data from the Geostationary Operational
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Environmental Satellite (GOES) network and adjusted with
real-time precipitation data from local meteorological stations,
which also provide temperature data.

A model of soil moisture utilizes rainfall and soil data with
a potential evapotranspiration estimation to determine relevant
variables for flash flood occurrence. Finally a Flash Flood
Guidance (FFG) model gathers all this information to
determine the amount of rainfall within a range of time in a
specific zone needed for flash flood occurrence. Using the
FFG, the decision makers can estimate the actual risk for a
zone.

The Regional Center in Costa Rica is in charge of send
general information to the national meteorological centers of
the other countries, which adjust the information according to
local data and give alerts to the local emergency agencies if
necessary. The communication between centers is done by
telephone, fax, email and internet. The general diagram of this
system is presented in Fig. 1.

B. Aburra Valley in Colombia

In the Aburra valley the flash floods represent 35% of the
natural disasters and cause 77% of deaths [7]. For these
reasons, in 2008 the municipalities of the valley, with support
from the NOAA, started the implementation of a FFEWS. One
of the main features of this system is that it works together
with the hydroelectric generators of the valley, which allows a
better management of the dams in risk situations.

The system is operated by the Aburra Valley Early Warning
System (SIATA) that has deployed a network composed of 71
rain gauge stations, 7 meteorological stations (temperature,
wind speed and wind direction), 8 water level sensors in the
creeks, 7 live-streaming cameras and soil moisture sensors.
All these networks are connected through GPRS to the SIATA

tower and transmit data in real-time. Moreover, the SIATA
uses a radiometer for atmospheric observation and a weather
radar.

The data processing made by the system follows a similar
logic as the used by the CAFFG. The data from sensors is used
to correct the radar and GOES precipitation estimation. With
this information the FFG is estimated together with a
quantitative precipitation estimate (QPE) and a risk analysis,
which are sent to the dams operators. Today, a new
forecasting model is under development, which was designed
to achieve a better representation of the region.

The information bulletins and the warning alerts issued by
the SIATA are sent to the Disaster Response and Prevention
Office (DPAD), the Civil Defense, the Red Cross, the local
government and to the population through different channels:
an interactive webpage, social networks, email and instant
messaging for authorities.

C. Landslide Warning System in Austria

The Early Landslide Detection and Warning System
(ELDEWAS) [8] is an initiative that is being implemented in
the region of Burgenland, Austria, under the European project
INCA-CE, whose purpose is to improve the Integrated
Nowecasting through Comprehensive Analysis (INCA) system
of the Austrian Central Institute for Meteorology and
Geodynamics.

ELDEWAS integrates dynamic data (e.g. precipitation,
temperature and wind speed), with static data, (e.g. terrain and
risk maps), as shown in Fig. 2. The system uses forecasting
models to estimate the precipitation on a zone and
incorporates this information to the risk analysis system.
Furthermore, the system also uses the precipitation of the last
hours to estimate soil moisture and saturation.
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Fig. 1 Conceptual diagram of the CAFFG [5]

991



International Journal of Business, Human and Social Sciences
ISSN: 2517-9411
Vol:9, No:3, 2015

Dynamic Data
historic, current, predicted
(e.g. precipitation)

Static Parameter Maps
(e.g. slope, lithology, etc.)

Data fusion by fuzzy logic

Warning module

Fig. 2 Conceptual scheme of ELDEWAS [8]. Static and dynamic data
are fused to be used by the warning module

One of the most relevant scientific features under
development of ELDEWAS is the incorporation of fuzzy logic
in the risk analysis. The advantage of employing this method
is the possibility of use qualitative variables which allows the
inclusion of variables that cannot be measured directly.

III. EARLY WARNING SYSTEMS ARCHITECTURE

In our previous work concerning different kinds of Early
Warning Systems [9], we showed that these systems share a
common structure. Despite the big differences between the
phenomena that these EWS confront, all of them have a logic
structure: relevant information is gathered, communicated by
optimal means, assimilated and analyzed. Finally, the results
are informed to the organizations concerned.

This structure logically responds to the problem of the Early
Warning Systems, since it can accomplish the required needs:
to know confidently what is happening in the moment, to
comprehend it, to understand the risk and tell about it to the
potential affected. Other systems can dispense some of these
requirements as in some areas of scientific research, where
there is not always need for instant data or to communicate the
results immediately.

After reviewing different EWS, we found a common
architecture composed of four subsystems (Fig. 3): Sensors,

Communication, Processing and Dissemination Subsystems.
The Sensors Subsystem corresponds to the equipment used for
monitoring the physical world and to quantify its variables of
interest. The Communication Subsystem gathers the
infrastructure and the protocols used to communicate the
sensors and processing subsystems and the individual
components of each one. The Processing Subsystem involves
all the items concerning to the manipulation, storage, analysis
and interpretation of the data and the use of it in the decision
making process. Finally, the Dissemination Subsystem
consists of the means and external elements necessaries to
send information to people.

A. Four Subsystems in the Flash Floods Case

In this section the four subsystems structure of the EWS are
analyzed for the case of the FFEWS, using the previous
systems reviewed as reference.

1. Sensors Subsystem

The Sensors Subsystem gathers the components needed to
know how the hydrometeorological situation of the region is
changing. To achieve this, different instruments for data
recollection are needed (e.g. rain gauges, water level gauges,
soil moisture sensors, wind gauges and temperature sensors).
In some cases, remote sensing is also used for atmospheric
observation through weather radars, satellite imagery and
radiometers. In Table I, the sensors used in the three FFEWS
previously reviewed are summarized.

2. Communications Subsystem

The Communication Subsystem is composed of the means
for sending data from sensors to the processing center, and
from there to authorities.

Generally in FFEWS, the data link from sensors is made
through telemetry or mobile communication networks to a
host with a reliable internet connection. For example, CAFFG
and ELDEWAS use dedicated telemetry links but SIATA uses
GPRS (one type of mobile communication technology) for
data transmission.

B

Fig. 3 Standard Early Warning System architecture
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Sending data to authorities typically relies on internet or
emails, or even use simpler means like fax or telephone.
CAFFG, for example, uses these three alternatives unlike the
SIATA which uses just internet based tools.

TABLEI
SENSORS UTILIZED BY THE FFEWS
Sensor CAFFG SIATA ELDEWAS
Precipitation YES YES YES
Water level NO YES NO
Moisture NO YES NO
Temperature YES YES YES
Wind NO YES YES
Radar ONLY PANAMA YES NO
Satellite YES YES NO
Atmosphere NO YES NO

3. Processing Subsystem

The Processing Subsystem in FFEWS is composed of two
elements: models and decision support systems. Models in
FFEWS differ significantly from EWS for other natural
hazards (e.g. tsunamis, volcanic eruptions) because they
consider highly complex weather forecasting models.
Generally, weather forecasting is the main tool for FFEWS
due to the importance of precipitation in triggering flash
floods and the amount of time with which the forecast can be
made. Besides the forecast models, propagation and
inundation models are used for risk estimation [10], [11].

The decision support systems analyze data from sensors and
models to determine the level of danger that a flash flood
event means for population. These systems usually use historic
data as a reference for risk estimation and to generate hazard
thresholds. A more detailed view of these systems will be
presented in next section.

4. Dissemination Subsystem

The Dissemination Subsystem encompasses the means to
communicate the danger of the situation to the people.
Sometimes, this subsystem has two sides, because the FFEWS
center and the authorities have separated tools to alert the
population.

Depending on the characteristics of every basin or region,
the need for a rapid alert system varies. Some systems use
only informative websites with hourly or daily forecasts, like
METEOALARM [12], while others use emails or social

networks as in the case of SIATA.

IV. DECISION SUPPORT SYSTEM

In simple terms, a Decision Support System (DSS) helps the
operator’s decision making process. The DSS must consider
all the relevant information about a problem, which can be too
confusing for the operator, and make a decision based in the
application of a rule set over this information to achieve an
unbiased advice for the operator.

A. Components of a Decision Support System

A decision support system can be conceived to be
composed of five main functional elements, as shown in Fig.
4, which are:

1) External Data: gathered through sensors, information
systems or predictions, providing information about the
actual or past values of variables or phenomena of
interest.

2) Models: used to predict the behavior of phenomena from
the current information about them.

3) Knowledge: gathered through experience or information,
that allows understanding the possible effects of the
observed and modeled phenomena.

4) Rule Set: specifying how the gathered information must
be combined considering the models and knowledge to
produce a set of suggested actions.

5) GUI allowing the user to visualize a situation and the
suggested actions, as well as to interact with the system
under different decision scenarios.

B. Decision Support Systems in Flash Flood Early Warning
Systems

The decision support systems used in Early Warning
Systems may vary greatly depending on the phenomena they
face. For example, the Tsunami EWS in Indonesia [13] uses
data matching methodologies and model simulations to
evaluate the danger of the tsunami impact. Earthquake EWS
use inversion algorithms to determine the time for preparation
or evacuation. In the case of Flash Flood EWS, the decision
support systems work mainly with precipitation thresholds.
Here we make a quick review of the DSS used by CAFFG and
ELDEWAS.

Knowledge
Database

External —
Data

Knowledge
Management
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Graphical __——
Interface

Fig. 4 Functional scheme of a Decision Support System
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A widely used methodology to estimate the occurrence of a
flash flood is the Flash Flood Guidance (FFG) [14].
Developed in the 70s in USA, the FFG determines the amount
of rain within a time window necessary to start a flash flood.
This evaluation strategy also requires knowledge about the
basin soil moisture content and characteristics (e.g. type of soil
and land covering). In the case of the CAFFG, rainfall data is
used together with estimations of potential evapotranspiration
as input for a soil moisture model. The output of this model is
combined with runoff thresholds (defined by the
characteristics of the basin) and rainfall data to determine the
FFG of each basin.

A different and novel proposal for a decision support
system for landslide is the one presented in ELDEWAS. This
system utilizes fuzzy expert system to determine the chances
that an event occurs using input variables that are hard to
measure accurately. The advantage of using fuzzy expert
systems in this situation is that through proper curve selection
and calibration it is possible to use only a qualitative
evaluation of variables instead of quantitative one. In this way,
expert knowledge can supply the information necessary with
only a rapid survey of the region.
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Fuzzy expert systems [15] use rules of the type “If the
inputs are A and B, then the output is C” to establish the
relationship between all the variables, and make possible to
estimate a group of the variables just with some information
about the others. In the ELDEWAS case, for example, the
slope and the angle of internal friction can predict the
disposition: if both are very small, the disposition is also very
small, but if both are just high (not the higher level), the
disposition is just medium. A table with the different
combination of the variables affecting disposition is shown in
Fig. 5.

C. Proposal for a Flash Flood Early Warning Decision
Support System

Here we present our current work in the development of the
DSS for a pilot FFEWS in Santiago of Chile. This project is
carried out together with other teams from the National
Research Center for Integrated Natural Disaster Management
(RCINDiM), initiative funded by the National Commission of
Scientific and Technologic Research (CONICYT), in which
four national universities and many Chilean and international
partners participate.
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Fig. 5 Diagram of fuzzy expert systems from ELDEWAS [8]
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1. General Proposal for the Pilot Flash Flood Early Warning
System

One of the main tasks of the RCINDiM is the development
of EWS prototypes for Chile. Following this, researchers
proposed the development of a FFEWS at the Quebrada de
Ramoén (QR) drainage basin on the eastern side of the city of
Santiago de Chile. A landslide at the neighboring Quebrada de
Macul drainage basin that affected over 30.000 people back in
1993 triggered several mitigation actions on that basin, but not
on other basins like the QR that pose similar threats to the
population. For this reason, we chose QR basin as the location
for our pilot Flash Flood and Landslide EWS (FFLEWS), but
having in mind a three stages development: basic FFEWS,
advanced FFEWS and complete FFLEWS.

Currently we are in the development of the first stage of the
project. This basic FFEWS is composed of three elements,
each one developed by a different team of the RCINDIM: a
wireless sensor network, an empirical hydrological model and
the decision support system. The next stage will also
incorporate weather stations, more hydrometeorological
models and satellite imagery, as depicted in Fig. 6. The
satellite imagery will include GOES, MODIS, and TerraSAR-
X observations, as well Tandem-X DEM relief maps, with a
similar multiscale flood monitoring methodology and
workflow as proposed in [16].

The wireless sensor network (WSN) is composed of a group
of low-power nodes equipped with temperature and humidity
sensors [17], [18]. These nodes communicate wirelessly with
each other, thus passing the sensed data hop by hop to a sink
node. The sink node has Internet access over mobile
communications networks and posts the sensed data to a
database in the Cloud. The sensor network has the capacity of

adapting the path from each node to the sink in case of
intermediate node failure, enhancing the reliability of the
network. The provision of sink node redundancy is ongoing
work. Field experience with (WSN) for hydrometeorological
monitoring can be found e. g. in [19]-[22]. The first five nodes
of the sensor network for the QR basin prototype FFEWS
were installed on site in May of 2014, closeby to the Santiago
city edge and at altitudes between 800 and 1000 meters above
sea level (masl, Fig. 7). The nodes were developed in-house
and are currently being field-tested. The variables measured
and reported in real time to a database on the Internet so far
are humidity and air temperature. Integration of further
sensors such as soil moisture and rainfall is ongoing work.
Fifteen additional nodes are planned to be deployed during
2014 along the southern ridgeline of QR. This way, a transect
line of sensors reaching altitudes of about 3000 masl will
allow for real-time inference of the zero-degree isothermal
altitude, whose knowledge is a key input to the FFEWS.

The empirical model [23]-[25] is based on a study of
historical data from weather stations and water level gauges
from the QR basin and other related positions of the region.
Using Principal Component Analysis (PCA), results have
shown that a good prediction of the QR basin overflow can be
made combining the temperature of the last two days and the
amount of rainfall of the last two weeks.

In the current stage of development of the project, the
system depends on the weather forecast made by the National
Meteorological Direction (DMC), research partner of the
RCINDiM. Nevertheless, the system will in addition use
weather stations and rain gauges, together with the wireless
sensor network for precipitation measurements.
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Fig. 6 Diagram of the pilot FFEWS for Quebrada de Ramon basin

995



International Journal of Business, Human and Social Sciences
ISSN: 2517-9411
Vol:9, No:3, 2015

St

Cal {ia]

Fig. 7 Two prototype nodes of the wireless sensor network deployed
in the Quebrada de Ramon basin for the proposed FFEWS prototype.
The skyline of the city of Santiago de Chile can be seen on (b)

2. Fuzzy Expert System Based Decision Support System

The proposal for the FFEWS decision support system of
this project is based on fuzzy expert systems. The main idea is
to make a risk estimation using information from the empirical
model and the fuzzy expert systems so that the whole system
has a more reliable estimation capacity. In Fig. 8 a diagram of
the proposed DSS is shown.

Despite that the thresholds of both decision systems are
made with the same historical data, response of every one can
be different in an important level. This is because fuzzy expert
systems have the property of giving a more adaptable
interpretation to the data, due to its fuzzy nature. But this also
has to be complemented with proper calibration, including
selection of curve shapes and quantity of fuzzy groups, which
is exactly the target of this stage of our work.

The comparison and decision block will inform of the
reliability of the risk estimation, based on the coherence of the
outputs of the empirical model and the fuzzy expert blocks
and also in the accuracy of the weather forecast. In case that
both estimation blocks agree in the level of risk and the
weather forecast is consistent with data from field sensors, the
reliability of the whole system is high. On the contrary, if the
estimation blocks do not agree, the system will wait until a
new group of input data arrives. Since the estimations can be
made many hours ahead, this wait will not be critical. Finally,
in the case that the forecast and the sensor data do not have

consistency, a rapid correction will be made by weather
models that will be developed in the second stage of the
general project.

The final output of the decision support system will be a
qualitative risk level and a non-exceedance probability that is
transferred then to the population and authorities. As depicted
in Fig. 6, the last part of the proposed FFEWS is a webpage
which gathers all the information and give it to the people. In
the first stage, the risk will be communicated just through the
outputs of the DSS, but in the final stage, with the
incorporation of more complex models, the webpage will also
show simulations of inundations maps, to help not just in the
evacuation, but in the planning of the response and help given
by authorities to affected people after the events occurs.

V.CONCLUSION

In this paper we present our work in three sections, two
related with our previous work, the analysis of other EWS,
and the first step of the pilot FFEWS that we are developing
together with other research teams of RCINDiM. The last
section summarizes our proposal for decision support systems
for the FFEWS.

Flash Floods and Landslide Early Warning Systems have a
similar structure since both need to keep a permanent
vigilance of weather conditions, mainly in mountainous
regions. Three projects were reviewed: the Central America
Flash Flood Guidance, the SIATA from Colombia and the
Early Landslide Detection and Warning System in Austria. A
rapid comparison between these systems confirms that they
share a common structure.

Early Warning Systems also share a common structure,
based in four subsystems: Sensors, Communication,
Processing and Dissemination. This structure presents itself as
the logic response to the problem of the Early Warning
Systems, since it can accomplish the needs they require: to
know confidently what is happening in the moment, to
comprehend it, to understand the risk and tell about it to the
potential affected.
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Fig. 8 Diagram of the proposed Decision Support System for the FFEWS
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A key element of the EWS is the Decision Support System,
which literally helps operators to make decisions, combining
expert knowledge, data and models and following a rule set
specially developed for the system. The Flash Flood EWS use
DSS based mainly on precipitation thresholds, which can be
sharp or fuzzy. This last modality allows a more flexible
response in front of different situations.

Our proposal for the pilot FFEWS uses data gathered
through a wireless sensor network deployed in the Quebrada
de Ramon basin and weather forecast to make risk estimations
with two systems: an empirical model and a fuzzy expert
system. The output of both is compared to determine the level
of reliability of the estimation.

The next step in the development of the pilot FFEWS is to
calibrate both empirical model and fuzzy expert system with
historical data so they become able to be used with the real
system. After this, the second stage of the project will start to
integrate more complex models, inundation simulations and
other data source as satellite imagery.
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