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Abstract: In different parts of the world, decision-makers and risk managers use specific and particu-
larly complex disaster early warning and alert systems to protect people and their material goods from
the harmful effects of various disasters in a timely, efficient and appropriate manner. However, con-
cerning the level of scientific-technological and economic development of certain countries, such sys-
tems can differ in the many characteristics that make them more efficient in specific situations. Guided
by this, the subject of the paper is reflected in the systematic identification, analysis, and classification
of the best innovative solutions of early warning systems regarding their usability and efficiency. To
find appropriate innovative solutions, a search of different electronic databases was carried out. The
findings of this review showed that there is a huge potential for innovative solutions in the field of
disaster early warning and alert systems.
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INTRODUCTION

Around the world, national and regional organizations are developing technical systems to detect
potential natural hazards (Fujita & Shaw, 2019; Guo & Kapucu, 2019; Ocal, 2019) as timely and easily
as possible, then pass on such information to citizens and enable them to protect themselves on time.
Many communication tools, such as short message service (SMS), email, radio, TV, and online service,
are now accessible for warning distribution (Alias et al., 2020; Aloudat & Michael, 2011; Chen, Zhu,
Ni, & Su, 2020; Grasso & Singh, 2011; Mills, Chen, Lee, & Raghav Rao, 2009; Sharma et al., 2015).
In literature, there is a great deal of empirical evidence that the systems mentioned are successful in
terms of decreasing human fatalities and saving property (Kull, Mechler, & Hochrainer-Stigler, 2013;
Mechler, 2016; Rai, van den Homberg, Ghimire, & McQuistan, 2020) and essential features of civil
protections (Alfieri, Salamon, Pappenberger, Wetterhall, & Thielen, 2012).
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Certainly, the most frequently used technologies for warning the public are sirens (Bubar et al., 2020;
Kuligowski, Kuligowski, & Doermann, 2018; Perera et al., 2020; Piciullo, Calvello, & Cepeda, 2018)
that are publicly announced, electronic media and the staff of competent institutions that go on the
streets and inform the citizens by using appropriate speakers or megaphones (Sorensen, 2000). All the
mentioned ways of informing the citizens have their advantages and disadvantages, as well as innova-
tive improvements or alternative replacements. Early warning systems had their origins in the 1980s
when famines in Sudan and Ethiopia prompted the need to predict and prevent future food insecurity
(Alcantara-Ayala & Oliver-Smith, 2019; Kim & Guha-Sapir, 2012). Early warning systems designed
for volcano, earthquake, tsunami, and flood risks may appear inadequate when dealing with illnesses
like COVID-19 (Cvetkovi¢ et al., 2020; Fearnley & Dixon, 2020; Ocal, Cvetkovi¢, Baytiyeh, Tedim,
& Zecevi¢, 2020). For these reasons, continuous improvement of early warning systems (LaBrecque,
Rundle, & Bawden, 2019; Perera et al., 2020; Yang, Zhang, Wang, & Tang, 2018) is needed to respond
to all the natural and anthropogenic risks faced by the community. In the future, cell phones might be
used to communicate outlooks and warnings to rural locations that lack communications infrastruc-
ture, as could satellite-based broadcasts of danger warnings to remote areas (Glantz, 2003; Indrasari,
Iswanto, & Andayani, 2018; Toya & Skidmore, 2018).

In practice, alert, detection, prevention, monitoring, and warning systems, have unambiguously been
referred to as early warning systems (Sittele, Briindl, & Straub, 2016). Excellent and highly reliable
early warning systems can detect various types of natural hazards and never produce a false alarm (In-
trieri, Gigli, Mugnai, Fanti, & Casagli, 2012). The United Nations Office for Disaster Risk Reduction
(UNISDR, 2012) defines a warning system as a set of capabilities needed for the timely and meaning-
ful generation and dissemination of alert information to individuals, communities, and organizations
at risk for optimal preparedness and response and at the appropriate time to reduce the likelihood of
injury and death (International Strategy for Disaster Reduction, 2004). Basher (2006, p. 2171) defined
early warning systems as a linear set of connections from observations through warning generation
and transmittal to the user. The Hyogo Action Framework has also focused on identifying, evaluating,
monitoring, and increasing early warnings in disaster risks (UNISDR, 2005). High false alarm rates
are a major issue in the operation of these systems, as they can weaken public trust, promote distrust,
dilute the impact of alerts, and diminish the credibility of future warnings. Early warning system fail-
ures frequently arise in the communication and preparation aspects (Basher, 2006; Sorensen, 2000).
Krzhizhanovskaya et al. (2011, p. 107) highlight that the introduction of an early warning system
requires the development of a range of innovations and disciplines of expertise, including the con-
struction, implementation, and technical maintenance of flood protection system sensor equipment;
sensor data transport, filtering, and analytics software; dike stability analysis, dike collapse prediction,
prospective dynamic flood models and evacuation technique optimizations are all conceivable with
computer models and simulation elements; technological advancements for interactive visualization;
develop a decision-making support system to assist public authorities and people in selecting and
reacting to optimum flood control methods; remote connection over Internet or customized remote
access to early warning and decisions support systems, etc.

Taking into account the above, the aim of this paper is a scientific description and systematic identifi-
cation, analysis, and classification of the best innovative solutions of early warning systems. Also, the
best world solutions in that regard are analyzed to see the best systems.
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METHODS
Aim and search strategy

The purpose of this review was systematic identification, analysis, and classification of the best inno-
vative solutions regarding early warning and alert systems. To find appropriate research, a search of
an electronic database was performed. Web of Science, Scopus, Google scholar, DAREnet Knowledge
Base, was the main source used for literature searches (Cvetkovic & Martinovi¢, 2020). The studies
were incorporated into the EndNote program after searching all databases.

Inclusion and exclusion criteria

Articles were considered for review if the objective of the research was some kind of innovative solu-
tions for early warning and alert systems. Furthermore, articles were included for review if they met
the following criteria: (1) peer-reviewed, (2) useful and used by practitioners, and (3) related to these
early warning systems, alert system, warnings, monitoring and observation, disaster (flood, earth-
quake, tsunami, landslides, drought, etc.), forecasting, (4) related to subtopics as models, framework,
technical equipment, standardization, evacuation. Articles that included some unusable solution, in-
sufficiently tested, scientifically unproven were excluded from the review.

Search outcomes

The initial search resulted in 250 papers and this number diminished to 70 after a review of titles and
abstracts found that 180 articles had no relevance to the objectives of the review. A full-text reading of
the remaining articles resulted in 50 studies that were considered appropriate for review.

TYPES OF EARLY WARNING SYSTEMS FOR NATURAL HAZARDS

There are traditional and advanced systems of early warning and alert systems in the world. Tradi-
tional ones usually consist of three phases: a) monitoring of precursors; b) forecasting of a probable
event; ¢) the notification of a warning or an alert should an event of disasters take place (de Ledn,
Bogardi, Dannenmann, & Basher, 2006). Early warning systems differ strongly in their monitoring
strategies and two main monitoring strategies can be distinguished (Séttele, 2015). The data contents
of the monitored data are high, but the related lead times are low if the early warning systems monitor
existing continuous risk event characteristics. If the early warning systems tracks precursors before the
commencement of a hazardous event the data contents are decreased, but, the lead time is increased.
Because of that, they vary in their spatial dimensions, lead time, design, and associated degree of auto-
mation. Fakhruddin and Chivakidakarn (2014) identify four elements for early warning systems to be
effective that research has consistently found: (1) active input from vulnerable groups; (2) continuing
public education and awareness initiatives; (3) multi-faceted delivery of the messages and the alerts.

The literature also promotes the fourth phase, which refers to indicating the beginning of disaster re-
sponse activities after a warning has been issued. The four elements of people-centered early warning
systems: risk knowledge; dissemination; warning service; response capability (de Ledn et al., 2006).
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Sophisticated classification for early warning systems could not be found in the literature and several
institutions developed definitions for the terms alarm (Villagran de Leén, Pruessner, & Breedlove,
2013). Sattele’s (2015) novel approach classifies early warning systems into alarm systems, warning
systems, and forecasting systems. Also, in literature, there is a dichotomy between current early warn-
ing systems, which either mainly focus on the hazard component of disaster risk (Rogers & Tsirkunov,
2011), or follow a people-centered approach (Thomalla & Larsen, 2010), including the dissemination
of information for the people to react to a given hazard. Concerning the occurrence type of a natural
hazard process, three monitoring strategies can be distinguished (Sattele, 2015): precursors of pro-
cesses that evolve slowly are monitored; precursors of processes that are triggered spontaneously are
monitored; process parameters of processes that are triggered spontaneously are monitored.

It should be noted that the designs of early warning systems differ depending on the disaster for which
they are designed. For example, the early warning system for nuclear preparation is based on the Ar-
duino software, a GPRS shield, and radiofrequency technology to send ambient radiation measuring
results and meteorological data (Farid, Prawito, Susila, & Yuniarto, 2017). The aforementioned early
warning system comprises continuous monitoring of ambient radiation and an alarm mechanism.
In addition, the system was intended to continually monitor the gamma air dosage rate in the facil-
ity’s environment. The dependability of sensors, data transmission equipment, and data processing
mechanisms at the Server all indicate environmental radiation online monitoring (Farid et al. 2017).
Khankeh, Hosseini, Farrokhi, Hosseini, and Amanat (2019) found that there has been no systematic
evaluation of early warning system models, structures, and components, and there have been some
attempts to fully analyze early warning system models and components. One of the recognized inno-
vations is stochastic early warning system design, which uses a risk measure as a reference variable
to allow integration of the many impacts collected by monitoring devices (Medina-Cetina & Nadim,
2008). As mentioned, the risk measure not only acts as a logical index for determining warning levels
but also integrates EWS into a decision-making framework.

PRACTICE AND SOLUTIONS IN WARNING SYSTEMS

In different countries, certain systems are applied that specialize in certain types of hazards, but on the
other hand, have their advantages and disadvantages. In Italy, there is an operational warning system
for shallow landslides that monitors the whole region and displays real-time results on a graphical in-
terface via a dedicated software module called SMART - shallow landslides movements announced by
rainfall thresholds (calibrated through a database of 160 landslides with hourly information of gauged
precipitation and time of triggering) (Alfieri et al., 2012; Tiranti & Rabuffetti, 2010).

Multi-hazard Early Warnings, applied in China, includes multi-agency coordination, cooperation,
and participation in disaster prevention mechanisms (Rogers & Tsirkunov, 2011). Also, the China Me-
teorological Administration (CMA), for example, issues fourteen categories of warning signals: tropi-
cal cyclones, heavy rain, heavy snow, cold surges, strong wind, dust, heatwaves, droughts, thunder and
lightning, hail, frost, heavy fog, haze, icy roads (Tang & Zou, 2009). Worldwide, national Meteorolog-
ical and Hydrological Services in charge of hydrometeorological-related early warning systems con-
tinuously conduct systematic monitoring and observation of hydrometeorological indicators, provide
various data in real-time, analyze hazards and perform mapping as well as hazard forecasting (Rogers
& Tsirkunov, 2011).
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A group of German scientists developed a concept for a tsunami early warning system for the region
(German-Indonesian Tsunami Early Warning System) which presents complete new technologies and
scientific concepts to reduce early-warning times down to 5-10 min with the integration of near re-
al-time GPS deformation monitoring as well as new modeling techniques and decision supporting
procedures (Rudloff, Lauterjung, Miinch, & Tinti, 2009). In Finland, the monitoring unit of the na-
tional forecasting system includes measuring stations and manual measurements for precipitation,
water level, discharge, run and snow water equivalent, ice thickness, water temperature (SKYE, 2013).
In England, more than 200 stations measure meteorological parameters, including air temperature,
atmospheric pressure, precipitation, wind speed and direction, humidity, cloud height, and visibility.
In addition, technologies such as weather satellites, balloons, and aircraft measurements are applied
(Legg & Mylne, 2004). In Switzerland, alarms (acoustic or optical signals) are directly issued to endan-
gered persons or the public, in contrast to warnings that are issued to inform responsible authorities
about potential risks (Martina Sittele, 2015).

In Serbia, according to the current Law on Disaster Risk Reduction and Emergency Management
(Official Gazette of RS, No. 87/2018), the public alarm system consists of appropriate acoustic sources
(sirens), devices for transmitting and receiving signals for remote control of sirens, portable roads
and other equipment and specialized civil protection units for alerting. It is also prescribed that local
governments perform procurement, installation, and maintenance following their risk assessments,
acoustic studies, technical standards, etc. It is important to mention that local governments have a le-
gal obligation to complete acoustic studies within 3 years, and if they do not have a remote activation
system, they must have specialized civil protection units for alerting. The mentioned system is man-
aged by the Ministry of Internal Affairs. It is important to mention that sirens were installed in Serbia
almost 50 years ago, and it can be said that their functionality is largely questionable. Also, even after
11 years of the stated intention to introduce the universality of the system “number 112 for emergency
calls” which was supposed to provide coordinated, rapid, and efficient intervention and assistance in
disasters, in full compliance with standards and practices present in European Union countries is not
yet functional (Cvetkovi¢, 2020).

In the late 1940s, the United States began to build its federal early warning system as part of a post-
war drive to invest in decreasing the effect of tropical cyclones, floods, storms, drought, tsunamis,
and other dangers that endangered its population (Buan & Diamond, 2012). All of this contributed
to the development of the National Response Framework, the Incident Command System, the mul-
ti-channel Emergency Alert System, and federal, state, and local policies that encouraged increased
hazard awareness, risk mitigation, and disaster preparation (Buan & Diamond, 2012). Integration of
MultiChannel Disaster Alert Systems include three main elements (Klafft & Ziegler, 2014, p. 2): a)
one or more instances of alert message producers, i.e. distinct front-ends used by various authorities
for creating and defining alert messages; an alert message repository as a central storage location for
alerts from multiple, dispersed warning systems; c) dissemination channels - the messages repository’s
specified interface allows for the inclusion of new alert message distribution systems as they become
available.

The Russian early-warning system, which was developed to provide Soviet strategic forces with in-
formation in the event of a nuclear disaster, has two main components: a network of early-warning
radars and a space-based early-warning system with satellites in highly elliptical and geosynchronous
orbits (Podvig, 2002). Russia has over 90 satellites that were initiated between 1972 and 2003 to form
the early warning systems’s satellite constellation (Paleologue, 2005). It is significant to mention that
there are different platforms, and one of them is the first operational runoft forecasting system in Rus-
sia which is open forecast based only on open-source software and data—GR4]J hydrological model,
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ERA-Interim meteorological reanalysis, and ICON deterministic short-range meteorological forecasts
(Ayzel et al., 2019).

The Japanese government launched a new countrywide early-warning system for landslide disasters
in 2005 and the system’ core technique is to establish criteria for debris flow and slope collapse events
based on multiple rainfall indicators in each 5-km grid mesh encompassing all of Japan (Osanai,
Shimizu, Kuramoto, Kojima, & Noro, 2010). Earthquake early-warning systems, first introduced in
Japan, have facilitated the communication of very short-term warnings that earthquake movements
from earthquakes will arrive in seconds to tens of seconds. Currently, the national system exists only
in Japan, but regional systems are becoming available in many earthquake-prone countries, including
the United States. Another means of earthquake prediction is the operational prediction of earth-
quakes based on the occurrence of seismic activity of various types, which increases the short-term
probability that additional earthquakes, including harmful earthquakes, could occur in a few hours to
a few days (Goltz & Roelofts, 2020).

As part of the UrbanFlood FP7 project, Krzhizhanovskaya et al. (2011) created a prototype of an early
flood warning system. Sensor networks are deployed in flood barriers (dikes, embankments, etc.). The
system analyzes sensor signal anomalies, estimates dike failure probabilities, and simulates probable
cases of dike breaking and flood propagation, among other things. An interactive decision support
system uses all the essential information and simulation results to enable dike managers and city of-
ficials to make educated decisions in disaster situations and normal dike inspections. A considerable
number of initiatives aiming at developing better and “smarter” flood protection systems have been
completed in recent years (Akhtar, Corzo, van Andel, & Jonoski; Artan, Restrepo, Asante, & Verdin;
Gouldby, Krzhizhanovskaya, & Simm, 2010; Pengel et al., 2013; Thennavan et al, 2020; Chakma et al.,
2021): DAREnet project (Cvetkovic & Martinovi¢, 2020); the FLOODsite project — a set of efficient
models essential for flood risk analysis as well as the management methodologies (Morris, Korten-
haus, & Visser, 2009); Delft-FEWS - a hydrological forecast and warning system (Gijsbers); Flood-
Control 2015 - an advanced forecasting and decision support system (Pengel et al., 2013).

It is currently impossible to provide an accurate earthquake forecast (Kanamori, Hauksson, & Heaton,
1997). However, also a few seconds of early warning time for different vital facilities will be benefi-
cial for pre-programmed disaster actions. For earthquakes that occur spontaneously without precur-
sors and are the most challenging process for prediction. Because of that, designed systems produce
so-called shake maps, which graphically illustrate measured ground vibrations immediately after an
event to establish and organize emergency measures in areas in need of help (Gasparini & Manfredi,
2014). In Taiwan, an earthquake early warning system has been created thanks to the Central Weather
Bureau’s installation of a real-time strong-motion network (Hsiao, Wu, Shin, Zhao, & Teng, 2009).

Effective Early Warning Systems require improvements in weather warnings (Gunasekera, Plummer,
Bannister, & Anderson-Berry, 2005): Extended warning lead time; enhanced alert quality; the in-
creased need for probabilistic predictions; better communication and distribution; the use of new
alerting mechanisms; Aiming for suitable and particular customers of warning services (proper, right-
of-the-matter information) and notifications and necessary action is understood. There are two con-
cepts, central systems in which the national organization performs these functions and decentralized
systems where these tasks are carried out more locally by other agencies, cities, counties, volunteer
organizations, and employees in assessing who performs the first two phases of the Early Warning
Systems, i.e. monitoring and provision (De Ledn et al., 2006)

There are lot of challenges facing early warning systems: warning communication and community re-
sponse capabilities; a lack of clear, unambiguous, and precise messages; the use of various channels of
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communication; the regional understanding of early warning “bottom-up” provides multidimension-
al sensitivity to issues and requirements through the active participation of surrounding people; and
different groups have different priorities; dissemination structures need to be handy to all (old, young,
deaf and dumb); schooling of the general public and their recognition need to be improved; under-
standing of risks and threats; appreciate and synchronization with the extent of preparedness and
reaction capacity; unique dangers require unique early caution structures (distinction among drought
and tsunami; problems in predicting volcanic eruptions because of insufficiently advanced technical
measuring devices; Many structures which are capable of trouble warnings for some of natural hazards
are in place; suitable warnings and the capability of the general public to receive, recognize and reply
to the issued caution in a well-timed and powerful manner, atmospheric failures are commonly nicely
included in international via the countrywide meteorological and hydrological offerings of the World
Meteorological Organizations: , whether or not maps and statistics are available, inadequate improve-
ment of countrywide incorporated chance discount and chance control capabilities; the detection of
nearby flash foods, prompted through nearby heavy rainfall and the response of small catchments
stays a prime challenge.

More systemic, cross-cutting, and applied research is required, including on the following issues (Bash-
er, 2006): improvement and use of geospatial facts models, risk maps and scenarios, cost-powerful
observations systems, development of center prediction machine models and prediction equipment,
caution choice machine equipment for disaster managers, control under caution uncertainty, assess-
ment and assessment of caution communique methods, fashions of human reaction conduct such as
evacuations, visualization of influences and reaction alternatives for network preparedness, etc.

To improve the functioning of early warning systems, it is necessary to meet certain prerequisites
regarding the various stages of functioning (Rogers & Tsirkunov, 2011): 1. monitoring and warning
service: institutional mechanisms established; monitoring systems developed; forecasting and warn-
ing systems established; 2. dissemination and communication: organizational and decision-making
processes institutionalized; effective communication systems and equipment installed; warning mes-
sages recognized and understood; 3. response capacity: warnings respected; disaster preparedness and
response plans established; community response capacity assessed and strengthened; public aware-
ness and education enhanced.

CONCLUSION

By identifying different models for early warning systems, the preconditions are created for the devel-
opment of a comprehensive model that will enhance all the advantages and minimize all the observed
disadvantages. Early warning systems and the technology and instruments which enable them to op-
erate best if they are incorporated into the society in which they live, comprehensible, and relevant.
To improve these systems, serious political commitment and institutional support are needed for the
implementation of innovative solutions and the implementation of further scientific research with the
aim of their comprehensive development. In many countries, different systems are used to warn the
public of natural hazards and they differ significantly in the degree of their scientific and technological
basis and functionality. It is necessary to improve the infrastructure of such systems, raise the level of
awareness of the population about the ways of reacting and encourage the implementation of scientific
research to develop innovative solutions.
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