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Pluvial flooding can have devastating effects, both in terms of loss of life and damage.
Predicting pluvial floods is difficult and many cities do not have a hydrodynamic model or
an early warning system in place. Citizen science and crowdsourcing have the potential
for contributing to early warning systems (EWS) and can also provide data for validating
flood forecasting models. Although there are increasing applications of citizen science
and crowdsourcing in fluvial hydrology, less is known about activities related to pluvial
flooding. Hence the aim of this paper is to review current activities in citizen science
and crowdsourcing with respect to applications of pluvial flooding. Based on a search
in Scopus, the papers were first filtered for relevant content and then classified into four
main themes. The first two themes were divided into (i) applications relevant during a
flood event, which includes automated street flooding detection using crowdsourced
photographs and sensors, analysis of social media, and online and mobile applications
for flood reporting; and (i) applications related to post-flood events. The use of citizen
science and crowdsourcing for model development and validation is the third theme
while the development of integrated systems is theme four. All four main areas of
research have the potential to contribute to EWS and build community resilience.
Moreover, developments in one will benefit others, e.g., further developments in flood
reporting applications and automated flood detection systems will yield data useful for
model validation.
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INTRODUCTION

Over the period 1995-2015, 90% of disasters globally have been weather-related, e.g., due to floods,
storms, and extreme temperatures (CRED and UNISDR, 2015). Of these events, 47% were due
to flooding, which affected 2.3 billion people globally. Flooding can be caused by different factors
(Doornkamp, 1998; Falconer et al., 2009; Hammond et al., 2015). Fluvial flooding occurs when river
levels rise to due to heavy rainfall, snowmelt, rain on snow, dam collapse or sudden ice melting due
to volcanic activity or ice dam breaching in a partially frozen river in winter. When water levels
exceed the river banks, the surrounding areas are flooded. Groundwater flooding can occur due to
groundwater rise, which can cause large-scale flooding. Coastal flooding is caused by storm surges
due to large storm events, e.g., hurricanes or cyclones, rising sea levels due to climate change or from
tsunamis. Pluvial flooding occurs when overland flow and ponding are generated by rainfall before
it enters a drainage or sewer system, or a water course, or because the capacity of the network is
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full, flooding streets and nearby structures. Pluvial flooding is
often only a few centimeters in depth but can cause considerable
damage to houses and other assets. It occurs more frequently
in urban areas because of higher concentration of impervious
surfaces (Maddox, 2014). This is in contrast to surface water
flooding, which refers to combined pluvial and fluvial flooding in
urban areas, and flash flooding, which is generally associated with
high-intensity rainfall arising from a watercourse (Falconer et al.,
2009), both of which can lead to asset damage and loss of life.

With climate change, the frequency and severity of extreme
events and hence weather-related natural disasters will most
likely increase (IPCC, 2014), affecting greater numbers of people
through flooding. Early warning systems (EWS) are one area
of response where more efforts could be deployed, particularly
in areas with vulnerable populations (CRED and UNISDR,
2015). Cools et al. (2016) recommend the need to engage local
communities, both in the design of EWS but also in data
collection, where the information can be used to calibrate and
validate flood forecasting models or to refine the thresholds
of the early warning alerts issued. The involvement of citizens
in data collection for environmental monitoring or scientific
research is becoming increasingly common, and is often referred
to as citizen science or crowdsourcing. Citizen science is the
involvement of citizens in the scientific process, where the degree
of involvement can range from tasks such as data collection
to full involvement in research design (Bonney et al., 2009).
Crowdsourcing is the outsourcing of tasks to a crowd that would
otherwise be too large to accomplish by a single organization
(Howe, 2006). However, crowdsourcing can also be used in
the context of tasks undertaken by citizens for any purpose
including data collection. Citizen science has a strong tradition
in the fields of conservation and biodiversity (See et al., 2016)
yet more recently, citizen science and crowdsourcing are being
used within many different domains in the geosciences (Zheng
et al, 2018). Many of the citizen science and crowdsourcing
applications in hydrology are focused on water quality (Jollymore
et al., 2017) or river flooding (Assumpcao et al., 2018). Yet an
area where citizen science and crowdsourcing might be very
helpful is in applications related to pluvial flooding, where
citizens could report the occurrence of flooding in real-time,
improving the spatial and temporal availability of information
for disaster response and management. The aim of this paper is
to establish the current situation with regard to citizen science,
crowdsourcing and pluvial flooding, and to reflect on future
directions in this field.

THE LITERATURE REVIEW PROCESS

In the literature, pluvial flooding is not always explicitly referred
to using this terminology. Hence to find an initial set of papers,
the Scopus facility was searched using the following expression:

(“citizen science” OR crowdsourc™) AND flood*

Although this will not include every paper written on this topic
or the non-English literature, these results should represent an

adequate sample for determining the latest trends in this field.
The search yielded 129 papers, of which 31 were removed due to
irrelevance, e.g., papers with sentences such as “the flood of data”
or a topic that mentions flooding but is not directly related.

The papers were then classified based on the type of flooding
addressed, i.e., pluvial, fluvial, groundwater or coastal flooding,
multiple flood types (e.g., surface water flooding) or unspecified,
to isolate those papers dealing primarily with pluvial flooding
or those applicable to any type of flooding. These remaining
papers (around 50) were then categorized into a set of main
themes. It was clear that some papers presented applications
during flood events while others were related to post-flood event
analysis. Another set was related to the validation of models
or providing information to forecasting models. The remaining
papers fell into a group called integrated systems, which dealt
with bringing information together from different sources. These
became the four themes. Within the main themes, further sub-
themes were extracted based on the methodologies employed
and the data used.

RESULTS

Table 1 summarizes the themes and sub-themes with indicative
references; more detail is provided below.

During Flood Events

Automated Flood Detection

One clear area of research is in automated flood detection
from two sources. Crowdsourced photographs are the first
source, where Witherow et al. (2018a,b) present a workflow for
determining if streets are flooded from pairs of crowdsourced
photographs that show flooded and non-flooded scenes. Despite
problems related to differences in resolution, lighting and the
presence of unwanted vehicles in the photographs, the results are
promising. Overall accuracies in detecting the area of inundation
ranged from 72 to 95% depending on the location. A second
area of research is in the use of sensors that automatically
detect flooded roads. Wu and Wang (2014) describe how
sensors installed on the side of roads in Oregon trigger alerts
when they become submerged and reach a threshold, sending
messages to a central system and to drivers in the area.
Automatic detection systems have also been developed in the
Philippines. De Guzman et al. (2016) designed and tested a
flood detection system that uses Arduinos and ultrasonic sensors
to automatically detect floods on road surfaces along with
cameras for monitoring the situation. A similar system has
been developed by Amagsila et al. (2018), but it additionally
includes a mobile app for drivers to receive flood warnings and
make flood reports in places where Arduino sensors are not
located. Although promising, the system does not yet appear
to be operational.

Social Media

Another prominent area of research is in the analysis of data
from social media, primarily Twitter. Twitter is a passive
source of crowdsourced information and has been analyzed to
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TABLE 1 | The main themes in the literature regarding citizen science, crowdsourcing and pluvial flooding (or with potential for application to pluvial flooding), with

indicative references.

Theme Sub-theme

Description

Indicative references

Automated flood
detection

During flood events

Social media such
as Twitter

Online reporting

Mobile apps
Post-flood event Damage

assessment
Modeling Development

Validation

Integrated systems -

Use of crowdsourced photographs to detect
flooding

Use of sensors in vehicles to detect flooding

Analysis of data from Twitter or similar social
media data to detect flood events or map flood
extent

Use of online applications such as Ushahidi or
bespoke applications to report flooding

Use of mobile apps to report flooding

Applications for reporting damage after a flood
event

Use of crowdsourced data to understand how
pluvial floods develop

Use of crowdsourced data to validate models
relevant to pluvial flooding

Systems for integrating sensors, authoritative
data and crowdsourced data for flood

Witherow et al., 2018a,b

Wu and Wang, 2014; De Guzman et al., 2016;
Amagsila et al., 2018

Holderness and Turpin, 2015; Kiatpanont et al.,
2016; Pandey and Natarajan, 2016; Yadav and
Rahman, 2016; Albahari and Schultz, 2017;
Arthur et al., 2018; Feng and Sester, 2018; Lin
et al., 2018; Ogie and Forehead, 2018; Ogie
et al., 2018; Yang et al., 2018; Bhuvaneswari
and Valliyammai, 2019

Koswatte et al., 2015, 2016, 2018; Ludwig

et al., 2015; Naik, 2016; Victorino et al., 2016;
Panek et al., 2017

Liu et al., 2011; Victorino and Estuar, 2014; Le
Coz et al., 2016; Victorino et al., 2016;
Middelhoff et al., 2017; Minn et al., 2017;
Sahay et al., 2017; Hendricks et al., 2018;
Wang et al., 2018; Yabut et al., 2018

Molinari et al., 2014; Schnebele et al., 2014;
Kim et al., 2015

Smith and Rodriguez, 2017

Kutija et al., 2014; Blumberg et al., 2015; Yu

et al., 2016; Lewis and Silkstone, 2017; Loftis
etal., 2017

Wan et al., 2014; de Assis et al., 2018; Leyh,
2018

management and early warning

create flood maps in real-time (Arthur et al., 2018), to detect,
cluster and map flood events or to categorize different types
of flood-related information (Kiatpanont et al., 2016; Pandey
and Natarajan, 2016; Albahari and Schultz, 2017; Feng and
Sester, 2018; Lin et al., 2018; Bhuvaneswari and Valliyammai,
2019). Twitter has also been used in a more active manner
in the PetaJakarta application (Holderness and Turpin, 2015;
Ogie and Forehead, 2018; Ogie et al., 2018; Yang et al., 2018).
Citizens in Jakarta are very active on Twitter, e.g., 2.4% of
global tweets in 2012 originated from Jakarta (Holderness
and Turpin, 2015). Hence a system was set up to identify
tweets related to flooding (‘unconfirmed reports), where the
system then contacted the same individuals via Twitter for
more information in order to become “confirmed” reports of
flooding. One type of tweet sent to the system was about
flood conditions, which could include the height of the water,
either in cm or m, or as a description, e.g., knee height,
with a photograph. From this, maps of affected areas have
been produced in real-time. However, there are uncertainties
in the accuracy of the tweet locations in relation to the actual
flooding as well as the need to better align the outputs with the
needs of the local authorities. Similarly, during the 2015 rains
in Chennai, Twitter and Facebook were used to disseminate
information to the public and as a source of communication
for those stranded or trying to locate missing family and friends
(Yadav and Rahman, 2016).

Online Reporting and Mobile Apps

The development of applications that allow for online reporting
or reporting of floods using a mobile application is another
area of active research. Ushahidi was developed in Kenya as a
website for crowdsourcing and sharing of information (Okolloh,
2009); in this context it has been used to report floods in
Australia (Koswatte et al., 2015, 2016, 2018) and to develop a
crisis map of the Czechia during the 2013 floods (Panek et al.,
2017). Other online reporting systems include the Flooded Streets
application for reporting street flooding in Chennai during the
2015 floods (Naik, 2016), the CrowdMonitor application, which
assigns data gathering tasks to citizens during an emergency of
different kinds, including any kind of flooding (Ludwig et al.,
2015) and flood reporting via the Philippines Flood Hazard
Maps application (Victorino et al., 2016). The latter application
is also supported by the Flood Patrol mobile app (Victorino
and Estuar, 2014). In addition to online reporting, a number
of papers outline different mobile apps for flood reporting
(Liu et al., 2011; Le Coz et al., 2016; Middelhoff et al., 2017;
Minn et al, 2017; Sahay et al, 2017; Hendricks et al., 2018;
Wang et al, 2018; Yabut et al, 2018). Le Coz et al. (2016)
provide an overview of different mobile apps developed in
Argentina, France, and New Zealand while the other papers
outline individual apps. Most of the papers deal with the
development of a bespoke app for flood reporting, e.g., in the
Philippines, India, United States, and Vietnam. However, some
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of the apps presented were more generic, i.e., for reporting
different types of disaster (Liu et al., 2011), for tasking the crowd
with specific data collection activities in the context of a flood
emergency (Middelhoff et al., 2017) or an app for infrastructure
surveying of ditches, culverts, and drains (Hendricks et al., 2018),
i.e., for flood preparedness.

Post-flood Event

Three papers specifically addressed data collection by citizens
after a large event to aid in the assessment of damage. For a
large hurricane event in 2014, Kim et al. (2015) used Ushahidi
to crowdsource damage due to fallen trees and from storm
surge or flooding in Hawaii. Molinari et al. (2014) developed
their own system called Poli-RISPOSTA to collect flood damage
information following flood events in Italy in support of the
EU Floods Directive. Schnebele et al. (2014) developed a
methodology to generate a road damage map for New York
City after Hurricane Sandy. Authoritative data were merged
with videos from YouTube and Twitter data to fill in gaps in
information, both spatially and temporally, demonstrating the
effectiveness of such an approach.

Modeling

Early warning systems need a sensor network or a model in order
to issue alerts. Crowdsourcing can provide a source of validation
for these models. Four studies have used crowdsourcing to
validate hydrodynamic models in Shanghai (Yu et al.,, 2016), two
in the United States in New Jersey (Blumberg et al., 2015) and
Virginia (Loftis et al., 2017) and one in the city of Newcastle in
the United Kingdom (Kutija et al., 2014). However, the source
of crowdsourced information differed in the studies. In Yu
et al. (2016), flood reports from citizens were collected using
an emergency reporting portal while crowdsourced flood extents
were captured using a mobile app in Loftis et al. (2017). In
both the studies by Blumberg et al. (2015) and Kutija et al.
(2014), the public was approached for the information post-
event, i.e., for photographs and flood reports through an email
and questionnaire, respectively. The results showed satisfactory
performance in all four models. For example, in Yu et al. (2016),
the results showed that the model is capable of predicting the
broad pattern of flooded areas across the city as well as the
flood timing while the results by Blumberg et al. (2015) were
satisfactory when comparing watermarks, inundation depths and
overall flood extent from the two sources.

In addition to flood models, improved nowcasting, which
uses multiple sources of data including reports from social
media and data from amateur weather stations, can also provide
much needed inputs to pluvial EWS. Lewis and Silkstone (2017)
analyzed three severe thunderstorms in northern England and
used social media, photographs and video to verify impacts such
as surface water flooding and hail in real-time. Data from amateur
weather stations allowed United Kingdom Met Office staft to
track the progression of a storm that was not possible using
the official observing network alone. A final study in this area
of research is by Smith and Rodriguez (2017), who examined
how crowdsourced data from call centers could be used in
combination with radar and rainfall data to help understand

the characteristics of flooding (flash, pluvial, and coastal surge)
in New York city. Such data could potentially be used to build
data-driven models for early warning purposes.

Integrated Systems

The final area in which research is taking place is in
the development of systems that can integrate data from
different sources, including crowdsourced data, for flood risk
management. The first is an example from Brazil where de Assis
et al. (2018) present a middleware architecture that can integrate
any type of sensor using open standards with unstructured
crowdsourced data from citizen reports, demonstrated on four
flood events. Although there may be other national or regional
examples, these were not found in the literature search.

The other examples are more global in nature. For example,
Leyh (2018) presented the design of an interface to the
OpenStreetMap (OSM) application to provide a standardized
data collection system for surface water features, which can cover
different types of flooding. This could encourage volunteers to
use OSM as a platform for flood reporting that could be accessed
by any city in the world for early warning purposes. The cloud-
based system developed by Wan et al. (2014) has similarities to
the previous application, i.e., building an infrastructure (called
CyberFlood) around an existing database, in this case the Global
Flood Inventory, to access the data for visualization, model
validation, management of flood risks and awareness raising. The
interface also has an online reporting module where users can
upload flood observations, thereby enhancing the data from the
Global Flood Inventory.

DISCUSSION AND CONCLUSION

This paper has summarized the state-of-the-art in citizen science,
crowdsourcing and pluvial flooding based on a review of the
academic literature. Most papers are from 2014 and later,
indicating a relatively new and emerging area of research. The
topic with the largest number of papers was on the use of Twitter
and other social media for flooding applications. These are not
necessarily related to pluvial flooding alone but can be used to
detect flood events of any nature and even create flood maps in
real-time. An example is PetaJakarta, which has taken advantage
of the willingness of Jakarta residents to use Twitter and turned it
into an active source of flood reports. Applications such as these
will be much more effective than passive data mining of Twitter,
and should see transference to other cities in the future.

Despite the fact that the use of sensors for automatic flood
detection was only described in a small number of papers,
this is clearly an area of future growth. As sensors become
cheaper and with new open standards for sensor networks now
available, more cities plagued by frequent pluvial flooding may
adopt this type of technological solution in the development of
EWS, once it becomes more developed. Moreover, with advances
in computer vision, applications of automatic flood detection
from photographs is an area where there is much potential.
Yet automation alone is not the answer and the role of citizens
is still critical. For example, they can provide verification of
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flooding when alerts are received or make flood reports where
sensors are not available, increasing both the spatial and temporal
resolution of the information. Examples can be found in the EU-
funded WeSenselt, Scent, Ground Truth 2.0, and FloodCitiSense
projects, which have or are providing information to EWS with
information about flooding conditions, either in real-time or in
post-flood analysis. Numerous developments in online platforms
and mobile applications for flood reporting clearly indicate
the value of citizens in flood risk management and building
of resilience, particularly in terms of awareness raising and
engagement in a larger observation network. More examples of
these types of applications will, undoubtedly, appear in the future.

There is clearly great potential for using data collected by
citizens for model development and validation as evidenced
by the papers on this topic. The amount of data collected
in the different modeling examples was actually not that
large yet can still provide an effective form of validation.
As more web- and mobile-based flood reporting systems are
developed, more data will become available for this task. The
development of more integrated systems may also facilitate
this process as citizen observations become one data stream
of many in a flood forecasting and EWS. Moreover, building
interfaces to existing systems such as OSM and the Global
Flood Inventory are promising developments. OSM already has
a vast number of contributors and could provide standardized
flood reporting that could be accessed by any city or used for
model validation. However, the quality of data from citizen
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