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• Monitoring sediment transport pro-
cesses is important for understanding
coastal erosion.

• Existing coastalmonitoringmethods are
limited to monitoring the visible beach.

• Wireless Sensor Networks are a promis-
ing solution in overcoming this limita-
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• This will enable greater understanding
of erosion and the coastal environment.
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Monitoring of the coastline and coastal processes, in particular sediment movement, is vital to ensure that ero-
sion response is appropriate given the dynamic nature of coastal systems. This should take place regularly over
long periods and it is important that data are collected from submerged portions of the littoral zone, as well as
the visible beach. This highlights two limitations in existing coastalmonitoring techniques: 1. they require largely
manual operation and 2. are limited to the visible beach, which results in an incomplete picture of what is hap-
pening in the coastal zone. Due to the current difficulties in gathering data beneath the sea surface, this paper re-
views wireless sensor network (WSN) technology as a means to overcome these limitations. Analysis showed
that WSNs are a promising technology for coastal monitoring, not only in terms of overcoming limitations, but
also in terms of cost, safety, and the size of areas they are able to monitor. Previous work usingWSNs in this en-
vironment is somewhat limited, especially as most current methods are largely limited to the visible beach, and
do not consider submerged areas of the coastal zone. From consideration of the physical environment, geological
and geographical processes, and informed by advances in technology, research gaps are identified, discussed and
evaluated to provide strategies for implementation of WSNs to monitor sediment transport.

© 2019 Elsevier B.V. All rights reserved.
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1. Introduction

It is widely accepted among climatologists that climate change is an
issue that needs to be addressed (Weisse et al., 2014). Although climate
change can beboth the result of humanactivity andnaturalfluctuations,
the former, in particular population growth and industrialisation, has
been identified as a significant contributor to several climatic events
that have occurred in recent years (Pachauri et al., 2014). A recent
study by Mann et al. (2016) indicates that 13 out of the 15 warmest
years on record would not have occurred if not for the emissions
resulting from burning oil and coal.

Climate change has a significant impact on the erosion of sediments
on the coastline, primarily through the impact of global warming on sea
level rise (SLR). Although coastal erosion, like climate change, is a natu-
ral process that has always occurred, human influence, in particular the
aforementioned contributions to climate change, aswell as urbanisation
and economic activities in and around the coast, has resulted in what
was once a natural phenomenon becoming an increasingly common
and destructive problem of growing intensity, with a 2004 Eurosion re-
port (Salman et al., 2004) highlighting that in Europe, coastal erosion in-
duced by human activity has surpassed that induced by natural factors.

The movement of sediments on coastlines can result in significant
erosion or accretion, which can in turn affect important facilities or
structures in the area. For example, excessive deposition of sediments
may interferewith port and harbour operations, whilst erosionmay un-
dermine structures on the coastline. Accordingly, monitoring sediment
transport is an essential undertaking in order to collect such data on
any coastline where flooding or erosion is occurring or is a potential
risk (Phillips, 2005). Given the dynamic nature of coastal systems, this
needs to be an ongoing exercise that collects data from both the visible
beach and the submerged portions of the littoral zone. Considering the
latter requirement, there are significant limitations inherent in current
monitoring methods, since they are restricted to monitoring the visible
beach. This results in a lack of important data for planning optimal and
appropriate responses to coastal erosion. Additionally, operation of cur-
rent monitoring equipment is largely manual which restricts the fre-
quency with which monitoring activities can be carried out.

The development of an approach to measuring sediment transport
beneath the surface of the sea is therefore highly desirable. Considering
the limitations identified, the alternative approach would need have
twomain operational characteristics. Firstly, it must be capable of mon-
itoring the underwater environment. Secondly, it must be able to oper-
ate for long periods of time with minimal human intervention.

Wireless Sensor Networks (WSNs) (Khan et al., 2012) are an emerg-
ing and fast growing technology, with their growth primarily attribut-
able to the new applications they enable. Specifically, their ability to
be deployed in and withstand harsh environments, and to operate
with minimal human intervention make them particularly suitable for
deployment in areas which are not easily reached. They therefore
have significant potential for the application of monitoring sediment
transport, and to this end the focus of this paper is to review their suit-
ability for this purpose.
2. Application of Wireless Sensor Networks

A Wireless Sensor Network (WSN) (Karl and Willig, 2005; Corke
et al., 2010; Oliveira and Rodrigues, 2011; Khan et al., 2012) is a collec-
tion of smart devices, otherwise known as sensor “nodes”, the numbers
of which can range from a few to several hundred or even thousands,
depending on the application for which the WSN is deployed. Sensor
nodes are typically inexpensive, small, low powered devices, making it
easier to deploy them in large quantities.

The sensor nodes in aWSN perform three basic tasks; the collection,
processing and transmission of data relating to physical or environmen-
tal conditions, for example pressure or temperature. The sensor nodes
co-operatively transmit the collected data through the network to its
destination, which is normally a “sink” node (also known as a base sta-
tion), a device capable of performingmore complex data processing. Fi-
nally, the processed data can be transmitted to a computer where it can
then be analysed.
2.1. Key features

2.1.1. Mesh topology
The nodes in a WSN require the ability to communicate with their

neighbours on the network, as well as the sink node which serves as
the gateway between the WSN and the final destination. This is espe-
cially true when the deployment conditions of the WSN are such that
the topology changes regularly, which could occur if additional sensor
nodes are regularly added to the network or if sensor nodes are de-
ployed in a locationwhere they are subject to beingmoved fromone lo-
cation to another (Hossain and Leung, 2007).

If the topology of the network regularly changes, a path
through which data is routed on one occasion may not be available on
another. As a result, a WSN is typically deployed in the form of a mesh
topology (Iyengar and Brooks, 2016), an example of which is depicted
in Fig. 1.

This results in the ability of the WSN to route data between sensor
nodes by relaying data from node to node until the destination is suc-
cessfully reached, a technique often referred to as multi-hop communi-
cations or multi-hop routing, which allows all nodes in the network to
communicate not only with the sink node but also with each other.



Fig. 1. Mesh topology.
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2.1.2. Scalability
Scalability refers to the ability of the network to cope with an in-

creasing number of sensor nodes being added to the network over
time (Alazzawi et al., 2008). There are two primary features of WSNs
that enable them to adapt in response additional nodes being added
to the network and the greater volume of traffic that will pass through
the network as a result. Firstly, the mesh topology previously discussed
in Section 2.1.1 enables new sensor nodes to easily connect to theWSN
and configure themselves appropriately. Since all nodes in the network
are able to communicate with each other, this allows theoretically un-
limited range (Soparia and Bhatt, 2014).

Secondly, sensor networks can be programmed with specialized
protocols designed to cope with managing communication between
many sensor nodes. The ability of WSNs to scale makes them an advan-
tageous approach when compared to traditional beach monitoring
technologies, which are typically only able to monitor one location at
once, when in many cases it is highly desirable to be able to monitor
multiple simultaneously in order to provide a more complete view of
the site and the associated coastal processes.

2.1.3. Expandability
Expandability refers to the ability of the nodes in aWSN tohave their

functionality expanded to include additional features that were not in-
cluded originally. There are two ways a sensor node can be expanded,
which can broadly be defined as software-based expansion and
hardware-based expansion. Software based expansion involves pro-
gramming the node's controller unit to perform additional functions
in relation to how the device will respond in specific scenarios to data,
whether it be sensor data or network traffic. Hardware-based expansion
can be implemented in manyways; for example, expansion to improve
power efficiency might involve the addition of solar harvesting
capabilities.

In the context of this paper, a WSN may be deployed to determine
sediment transport initially, but it may be desirable to later add the
ability to monitor other parameters as well, such as temperature or
water levels, in order to provide a better range of data on which
decisions can be based. As such, a system that takes into account not
only the initial requirements, but future requirements as well, is highly
advantageous.

2.1.4. Non-intrusive
The ability to monitor locations in a non-intrusive manner makes

WSNs particularly suitable for monitoring conditions in areas that
might be adversely affected by excessive human presence (which
could negatively impact the validity of any data obtained). Considering
the application of monitoring sediment transport, the non-intrusive as-
pects of WSNs are particularly beneficial. Most beaches are important
recreational resources (Lucrezi et al., 2015), and therefore an intrusive
or obstructive method of data collection would likely have adverse ef-
fects in terms of less people visiting the beach. Not only could this im-
pact the local economies as a result of less visitors, but it could
potentially also impact the validity of the data, in the event that the pro-
cesses being monitored are influenced by the activities of beach-goers,
or by changes made to the beach to accommodate them (e.g. construc-
tion) (Burak et al., 2004; Davenport and Davenport, 2006; Phillips and
Jones, 2006). As such, it is highly desirable that coastal monitoring
equipment be able to operate in a manner that has as little impact as
possible on the coastal environment, both in terms of natural processes
and in terms of human activity.

2.2. Constraints

2.2.1. Energy
Energy efficiency is perhaps the most prevalent challenge in WSN

operations, due to the typically finite resources of sensor nodes. Al-
though the other constraints discussed in this section can cause signifi-
cant problems, all are worsened by the broader problem of limited
energy resources.

There are three tasks a sensor node carries out that consume energy:
sensing, processing, and transmitting. As sensor nodes are usually
battery-powered, available node energy is what determines the lifetime
and ultimately usefulness of a WSN, and therefore optimizing energy
consumption is a major area of WSN-related research (Anastasi et al.,
2009; Rault et al., 2014). In manyWSN deployments, such as those un-
derwater (Heidemann et al., 2006), replacing batteries is often imprac-
tical, in some cases impossible, and the WSN is effectively rendered
useless when the batteries are depleted. As such, efficient energy con-
sumption, whilst important in any deployment, must be a crucial con-
sideration of designing any battery-powered WSN that is deployed in
a location where energy cannot easily be replenished.

2.2.2. Bandwidth
A number of constraints are present in wireless networks as a result

of the available bandwidth being shared between all devices that are
within radio range of each other, since they all make use of the same
transmission medium. Node density, although a benefit in terms of en-
abling multi-hop routing, may also be a drawback in terms of band-
width availability, since the greater the node density, the less
bandwidth will be available for each individual node. This issue is
compounded by the fact that sensor nodes generally only have rather
small bandwidth amounts of bandwidth to utilize to begin with, due
to the energy constraints that were discussed Section 2.2.1. Therefore,
whilst the bandwidth of most typical wireless local area networks
(WLANs) can bemeasured inmegabits-per-second (mbps),WSNband-
width is generally measured in the order of kilobits-per-second (kbps).
With this in mind, it is crucial to utilize available bandwidth as effec-
tively as possible.

2.2.3. Security
Security is an important concern in any computer network, though

generally more in those that use wireless communication, since no
physical connection is required for an attacker to gain access. Whilst
the attacks that a WSN is vulnerable to are much the same as any
other wireless network, the problems are often exacerbated by the
broader problem of energy limitations, since the more complex a secu-
rity protocol themore processingwork a sensor nodewill need to do. As
a result, it may be necessary to make a compromise between security
and energy efficiency; which takes priority will likely depend on the
specific application of the WSN. If sensitive data is being collected (for
example in the case of military deployments), it might require
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encryption to prevent it being read in the event it was compromised. A
detailed discussion of WSN security is provided in (Chen et al., 2009).

2.2.4. Regulations
The regulations that apply to the design, deployment and monitor-

ing of devices in the coastal environment vary by country. In the
United Kingdom, many activities in the marine environment require a
licence, applications for which are considered according to the UK Ma-
rine Policy Statement (UK Government, 2011). The process of obtaining
licences can be lengthy depending on the information that is required as
part of the application process. For example, data on sediment analysis
may be required in support of an application, usually from within the
last three years (Marine Management Organisation, 2014). If such
data does not exist then the necessary sampling and analysis of sedi-
ments must be carried out before an application can be submitted,
delaying the process. As such, the Marine Management Organisation
(MMO) recommends consulting with them prior to submitting an ap-
plication, to ensure that requirements are understood in advance.

The Marine and Coastal Access Act (UK Parliament, 2009) specifies
several activities that are licensable, one of which is the construction, al-
teration or improvement of any works either in or over the sea or on or
under the sea bed, a category WSN deployments would fall under. The
basic regulatory expectations for floating marine devices are outlined
in a recent report from the Maritime and Coastguard Agency (2017),
in terms of design, hardware, installation, monitoring, and verification.

This demonstrates the importance of considering relevant regula-
tion not just at the deployment stage, but during the initial design and
construction stages as well. Therefore, consultation with the relevant
regulation and associated organisationsmust occur from first principles
right through to deployment.

2.2.5. Potential interference
Given the nature of the coastal environment, there is significant po-

tential for deployedmonitoring devices to be interferedwith,whether it
be by natural forces (e.g. wind/waves), wildlife, or human activities (e.g.
boats/diving). The regulations that were previously discussed in
Section 2.2.4 are largely informed by the potential interference that
could occur; for example, stipulating that the hardware utilised must
be certified to be of an appropriate standard and quality, and the re-
quirements that the device have the ability to be continuously moni-
tored so that an alert could be sent in the event of interference or
failure (Maritime and Coastguard Agency, 2017). Consequently, ensur-
ing compliance with the relevant regulations can contribute signifi-
cantly to alleviating the risks of interference.

Certain characteristics of WSNs also contribute to alleviating this
issue. In particular, their ability to monitor locations in a non-intrusive
way (as discussed in Section 2.1.4), make them less susceptible to inter-
ference because they are less likely to, for example, attract wildlife. Ad-
ditionally, sensor nodes are typically low-cost devices, so in the event of
a device failure due to interference, the cost of replacing the device
would be minimised (Oliveira and Rodrigues, 2011).

2.3. WSNs vs current methods

Themonitoring of the coastal zone is generally achieved bymeans of
a small number of expensive and high precision sensing devices, which
collect the relevant datawhichmust then bemanually downloaded and
analysed, although some suchdevices can be combinedwith long-range
communication networks,whichhas the benefit of allowing locations to
be monitored remotely (Oliveira and Rodrigues, 2011). This paper has
discussed in detail WSNs as a means to improve monitoring technolo-
gies, giving particular consideration to the limitations identified with
current methods that were stated in Section 1. Compared to traditional
monitoring methods, WSN technology has several advantages, which
are discussed in the remainder of this section.
Firstly,WSNs can be deployed in locations thatmay not be reachable
by researchers, for example underwater, thus enabling a better range of
data to be collected and a more complete understanding of a process,
such as erosion, to be established. Furthermore, since they can be de-
ployed permanently, they are particularly advantageous for the moni-
toring of areas where repeated visits would be potentially unsafe for
researchers.

In terms of reliability, WSNs are typically deployed in the form of a
mesh topology (Groth et al., 2005), in which all nodes are able to com-
municate directlywith each other, eliminating the single point of failure
that existswith traditional technologies. Additionally, themulti-hop na-
ture of this topology enables potentially unlimited communication
range, as more sensor nodes can be added to the network as required.

Finally, current coastal monitoring technologies, whilst providing
real-time data, typically require the researcher to be present to operate
the device and take measurements, with future measurements requir-
ing future visits. AWSN provides substantial economic benefits by com-
parison, since they enable data to be accessed in real-time without
repeated visits to the monitored site being necessary. Furthermore, lo-
gistics are greatly reduced to deployment of the network and occasional
maintenance (Polastre et al., 2004).

3. Previous work

The application ofWSNs tomonitoring sediment transport has been
investigated in a number of previous studies, a recent example being the
work of Pozzebon et al. (2018). However, there is limited literature
available in this area, andmuch like traditional techniques, these studies
have been largely limited to monitoring the visible beach, without con-
sideration for the submerged region of the coastal zone.

Examples ofWSN technology being applied to underwater sediment
transport are even more scarce. The primary example is previous work
also carried out by theUniversity ofWales Trinity SaintDavid (UWTSD),
which developed an underwater sensor network that deployed differ-
ential pressure sensors on the seabed (Che et al., 2009), known com-
mercially as Automated Sensing Technologies for Coastal Monitoring
(ASTEC). The sensor nodes were fixed in position and measured the
movement of sediment by determining the amount of sediment that
was settling on top of them. Data was gathered at two-hour intervals
and transferred to the sink node on the surface once a day. The sink
node would then transmit the collected data via the mobile phone net-
work to a computer for analysis (Wells et al., 2009).

The ASTEC project was successfully deployed and demonstrated
proof-of-concept, however, little useful data could be gathered due to
problems relating to energy consumption and associated issues with
deployment and maintenance. Our previous work (Watt et al., 2016)
therefore carried out a comparison between submerged and floating
WSN deployments for the purpose of monitoring underwater sediment
transport, which highlighted a number of advantages to using a floating
deployment. The findings of this are summarised in Table 1.

4. Floating sensor networks

Floating sensor networks combine echo sounding, the most com-
mon means of measuring ocean depth, with WSN technology, which
in combination with wave statistics and bathymetric data enable the
movement of sediments to be determined. In common with most
coastal monitoring programmes, the initial stage of applying this
method involves the establishment of a datum, a baselinemeasurement
against which future change can be measured. This should include cor-
relationwithwave statistics and bathymetric data in order to takewave
motion and the seabed's topographical features into account.

Depth of closure (DoC) is the depth at which there is little or nomo-
tion of sediments and accordingly, it is a point at which there would be
anaccretion of sediments due to their lack ofmotion (Kraus et al., 1998).
Therefore, a depth measurement taken at this point would be smaller



Table 1
Floating vs submerged deployments.

Criteria Underwater sensor
networks

Floating sensor
networks

Cost -Complex node design
-Advanced hardware
protection

Less complexity
required in transceiver
design and node
processing

Deployment/maintenance -Heavy and bulky due to
hardware protection
-Difficult to maintain once
deployed

Relatively easy both to
deploy and retrieve for
maintenance purposes.

Medium No optimal communication
medium

-No underwater
communication
necessary
-ZigBee, 6LoWPAN can
be used

Power supply -Complex DSP resulting in
higher power requirements
-Difficult to replenish
power

-Reduced
communication power
requirements
-Easier to
replace/recharge power
supply

Localization No firmly established
method.

Can be used with GPS to
accurately establish the
node's position.

Security Increased power
requirements, less power
available for security
protocols.

Can take advantage of
establish standards that
consider security, such
as ZigBee/6LoWPAN
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than one taken where sediments are still moving. This principle is illus-
trated in Fig. 2. By comparing this reading with the earlier established
baseline, it can be determinedwhether accretion or erosion is occurring.

5. Research gaps

The current state of knowledge surrounding each of the following
identified research gaps leaves the application of WSNs for monitoring
underwater sediment transport in need of more extensive research ef-
forts. This section presents a summary of research gaps that need to
be addressed in future research.

Firstly, there is currently nomethod of monitoring themovement of
sediments beneath the surface of the sea. This results in a lack of
Fig. 2. Floating sen
important data for coastal engineers to utilize in the development of
coastal management strategies. The characteristics of WSN technology
make them a very promising solution to the limitations identified
with current monitoring methods. However, examples of deploying
this technology for this purpose are limited. Whilst there have been re-
cent studies that investigate the use of WSNs for monitoring sediment
transport these, much like current methods, have been largely limited
to monitoring the visible beach and do not consider underwater
activity.

Previous work undertaken by UWTSD (ASTEC) developed an under-
water wireless sensor network (UWSN) to monitor sediment transport
on the seabed (Che et al., 2009). However, it was not able to collect sig-
nificant amounts of useful data, due to problems relating to energy con-
sumption as well as more general implications associated with
underwater deployments.

Floating WSN deployments have the potential to overcome most of
the problems that hindered the usefulness of the ASTEC deployment
(Watt et al., 2016). A floating deployment would measure the water
depth, and by correlating this with data on tide levels and the topogra-
phy of the seabed the change in sediment levels could be measured.
More research needs to be carried out to determine the feasibility of
this approach.

6. Conclusions and future work

This paper has discussed the application ofWSN technology tomon-
itoring underwater sediment transport, something that is not possible
using current monitoring methods. Although WSNs show considerable
promise in overcoming the limitations of current methods, the litera-
ture showing examples of them being deployed for this application is
sparse. This review suggests that there is a need for multi-disciplinary
study involving collaboration between the coastal engineering and
computer networking disciplines. Based on the research gaps identified
in Section 5, our futureworkwill focus upon the development of a novel
floatingwireless sensor network capable ofmeasuring themovement of
sediment. Initial testingwill be undertaken in a laboratory environment,
following which more extensive field trials can be undertaken in order
to test this approach in a real-world environment. Establishing a
method of monitoring the movement of sediments underwater, rather
than just on the visible beach, will enable coastal monitoring
programmes to better understand the coastal environment and the
sor network.



165A.J. Watt et al. / Science of the Total Environment 667 (2019) 160–165
associated processes, and in turn contribute to the development ofmore
effective coastal management strategies.
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