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Abstract—The monitoring of environmental parameters is
indispensable for controlling mosquito populations. The abundance
of mosquitoes mainly depends on climate conditions, weather and
water (i.e., physicochemical parameters). Traditional techniques for
immature mosquito surveillance are based on remote sensing and
weather stations as primary data sources for environmental
variables, as well as water samples which are collected in the field by
environmental health agents to characterize water quality impacts.
Such tools may lead to misidentifications, especially when
comprehensive surveillance is required. Innovative methods for
timely and continuous monitoring are crucial for improving the
mosquito surveillance system, thus, increasing the efficiency of
mosquitoes' abundance models and providing real-time prediction
of high-risk areas for mosquito infestation and breeding. Here, we
illustrate the design, implementation, and deployment of a novel
IoT-based environment monitoring system using a combination of
weather and water sensors with a real-time connection to the cloud
for data transmission in Madeira Island, Portugal. The study
provides an approach to monitoring some environmental
parameters, such as weather and water, that are related to mosquito
infestation at a fine spatiotemporal scale. Our study demonstrates
how a combination of sensor networks and clouds can be used to
create a smart and fully autonomous system to support mosquito
surveillance and enhance the decision-making of local
environmental agents.

Keywords—Internet of Things; IoT; Real-time Environmental
Monitoring; Physicochemical Parameters; Water Quality; Mosquito
Surveillance; Mosquito Breeding Sites; Ovitraps

I. INTRODUCTION

The emergence and successful applications of the Internet of
Things (IoT) make it permeate several fields and industries. The
movement towards IoT allowed automated methods of
monitoring and automatic data collection. The data generated by
IoT devices are considered heterogeneous and rapid; thus, it
usually requires some processing tasks and specific analysis
algorithms in order to detect situations of interest in real-time [1].
Advances in machine learning and cloud computing technologies
make the analysis, storage, and management of big data
achievable and easy to integrate [2].

Information on both: (1) exogenous climatic variables such as
temperature and humidity and (2) ecological factors impacting
mosquito biology, such as the physicochemical parameters of
breeding water, could provide a better understanding of mosquito
habitat. Therefore, a thorough knowledge of the drivers that

influence mosquitoes' habitat on eggs, larvae production and
development is of great importance in designing and formulating
integrated vector control strategies and intervention tools by
vector management programmes to combat vector-borne
diseases.

Weather conditions are deemed to be a significant factor that
impacts the presence and abundance of mosquitoes [3], [4], [5].
In addition, water quality parameters significantly influence
mosquito breeding, especially the Potential of Hydrogen (pH)
and Dissolved Oxygen (DO) [6], [7]. As such, having these
parameters at high resolution, such as properties-level, breeding
sites-level or ovitrap-level, might significantly impact the
accuracy of the monitoring system.

However, methods currently rely on large-scale data sources,
such as remote sensing and weather stations [8], where the
fluctuation in weather variables is not precise for a specific distant
location [9]. It also depends on equipment (i.e., portable
multiparameter) which provides instant values and requires
human input [10], [11], [12].

Considering that utilising automated sensor networks to
monitor the mosquito population (i.e., adult mosquitos) and the
surrounding environment, including weather and water, is a
powerful mechanism as a prevention tool to control mosquito
abundance, consequently, mosquito-borne diseases [13].
Acoustic sensors are valuable in detecting adult mosquitoes on
the fly by tracking and recording the frequency of the mosquito’s
wing-beat rate [14], [15]. However, controlling mosquitoes in the
early stages of their development cycle (i.e., immature stages)
might help better understand mosquito habitat preferences.

The work presented here shows the development of MOISS
(Mosquito Ovitrap IoT Sensing System), a novel environmental
sensing system for continuous ecological monitoring of mosquito
ovitraps which provides an ideal approach to evaluate the most
suitable mosquito habitat. The primary purpose of this paper is to
show the design, implementation and deployment of a real-time,
robust, and automatic IoT-based system to monitor the changes
and patterns of some environmental factors that relatively impact
mosquito infestation. This research work is considered unique of
its kind in utilising IoT technology in the field of weather and
water quality monitoring with respect to the development of
mosquito eggs and larvae on Madeira Island.

In this paper, we present the architecture of an autonomous
weather and water monitoring system, which is designed based
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on Arduino, weather sensors and water sensors, as well as using
mobile data networks to implement continuous data collection
from the mosquito ovitrap in the field. The proposed system is an
example of a generic platform that provides continuous
monitoring from multiple sensors that could be deployed in any
mosquito habitation. The system has been designed to operate
under different circumstances, such as in areas without power or
a Wi-Fi network (i.e., mountains).

The main contributions of this work include: (1) working with
environmental agents to identify the requirements of the
proposed system, (2) fully autonomous and unattended
environment monitoring unit for capturing and remotely
transmitting periodic data streams from mosquito ovitraps in the
field sites over long deployment times, (3) full technical details
on how the hardware has been designed and assembled, and (4)
the architecture of a modular software framework for
communication between sensors, devices, cloud services and
databases.

II. BACKGROUND AND RELATED WORK

A. Mosquito Surveillance

There are several approaches to control the proliferation of
mosquitoes at different stages of their life cycle (1) eggs, (2) pupa
and larvae, and (3) adult mosquitoes. One of the common and
traditional approaches to control mosquitoes’ eggs is the use of
oviposition traps (ovitraps) or egg traps (i.e., where mosquitoes
are laying their eggs), which have the advantage of being
sensitive to mosquito presence. However, it is considered
expensive to implement over a large scale owing to the laborious
setup [16], as well as the need for practitioners with a
considerable degree of training in using microscopy for accurate
egg counting [17].

Another effective control measure is the surveillance of the
mosquito in its immature stage (larvae and pupae), which is
visually evaluated by community health workers (CHWs);
through inspection of some mosquito ovitraps or sites that are
likely to be breeding sites, such as stagnated water in properties,
ponds, and so on. During these inspection visits, the health agents
collected some water samples for laboratory analysis, eliminated
these breeding habitats, and recorded all observations on paper-
based forms. This task is potentially error-prone and time-
consuming; at the same time, it does not provide remote, real-
time, or highly precise data [18].

Other techniques solely focus on adult mosquitoes, such as
trapping and mosquito sensors, which are critical in
understanding the mosquito population, distribution, and
dynamics across a specific geographic area. Mosquito adult traps
provide the number of mosquitoes based on the trap's location.
Still, this technique is considered expensive compared to
ovitraps, as well as it might include some other challenges [19].
Acoustic [14], [15] and optical sensors [20] have been used as
well to detect the adult mosquito by classifying the collected on-
field wingbeat frequency (WBF) into corresponding species [20].
However, capturing a clear wingbeat sound is a challenge in
itself. Moreover, the deployment of such devices has been found
to be impractical and vulnerable to open field conditions [21].

This method of identifying mosquitoes using sensor devices
also needs to be applied to a smarter scenario by considering
technological solutions, such as the IoT, which results in real-
time data collection, thus, timely analysis. Furthermore,
incorporating such sensory data with other multiple data sources,
such as environmental data (i.e., weather conditions and
physicochemical parameters of water), field surveillance
conducted by agents, and ovitraps into an effective data-driven
model for predicting mosquito population density is the ideal
mechanism for controlling the mosquitoes, and the diseases
caused by them [16].

B. The Impact of Climate on Mosquito Infestations

Research has placed great emphasis on the direct impact of
variation in climate variables on mosquito population dynamics.
Yet, this impact varies based on species (species-dependent) [22].
Among several climatic variables, two major variables have been
found to play a substantial role in the mosquito population:
temperature and rainfall. However, in a study conducted in Sao
Paulo, the temperature was linked to vector distributions of the
mosquito population, whereas at a different site in the same
region, rainfall was observed instead as the main influencer
during the same period [22]. The nature of this variation is owed
to either the species or the availability of the breeding sites [22].

Mosquitoes are one of the arthropods vectors, which are
poikilothermic ectotherms (i.e., internal body temperature tends
to fluctuate based on the temperature of the surrounding
environment) [23]. Thus, many research studies consistently
observe temperature as one of the most important abiotic factors
affecting mosquitoes' survival, movement, feeding, reproduction
and development. The temperature has been the focus of many
developed models to forecast and map the distribution of
mosquito species [22],[24].

The temperature significantly affects the viability of laid eggs
and the hatching time. The impact on hatching time is species-
dependent; for example, the eggs of Ae. Albopictus could tolerate
a lower temperature compared to Ae. Aegypti [23]. Furthermore,
the survival of immature mosquitos is subjected to temperature
variations at breeding sites; the increase in temperature yields a
decrease in the development time of immature stages [25].
Similarly, temperature also influences the mosquito adult stage,
where some mosquitoes survive and fly at a specific temperature
range; for example, the optimal temperature for de. Aegypti adult
to fly is at 21°C and Ae. Albopictus survives in a range of 15°C to
35°C [23].

Another climatic variable often used to determine mosquito
population dynamics is humidity. High humidity is associated
with low temperature, thus, low mosquito infestation. A notable
decrease in mosquito abundance has been specified when air
humidity is exceeds 79% [26]. The importance of humidity
impact on adult mosquito survival and egg development is much
the same as the significance of temperature [27]. For instance, in
the same temperature settings, a significant reduction occurs in
the number of larvae for those eggs laid at higher humidity
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Fig. 1 MOISS architecture. It depicts how data is continuously captured from ovitraps in the field and automatically uploaded to the cloud server.

compared to lower humidity. Similarly, significant high rates of
oviposition were observed at higher humidity [27], [28].

The overall results indicate that no consensus exists on the
assumptions and findings on the impact of climatic conditions
and breeding site characteristics on the development of
mosquitoes at various stages of their lifecycle. Furthermore, some
studies are conducted under controlled conditions (i.e.,
laboratory-based); thus, it is hard to assume the equivalent impact
of the environment on mosquito presence and development in
field settings [29]. The potential impact of seasonal and diurnal
fluctuations on climate variables under various field settings
requires consideration [26].

The inconsistency among studies is not limited to the climate
association or experiment setting but also the used climate data
sources. For example, some studies used direct surface
measurement, remote sensing, or interpolated weather station
datasets. The paucity and disparity of climate data, mosquito’s
immature development data and habitat characteristics, are likely
to cause some challenges in understanding the species
distribution as well as building robust relationship models. This
equivocal conclusion reveals a need for further investigations into
which studies are species-specific and context-specific [24].

C. The Impact of Ecological Factors on Mosquito Biology

Providing female mosquitoes with a suitable environment for
breeding, including stored and stagnant water, as well as having
a place to lay eggs (above the waterline) to grow and develop
through their water stages (egg, larval and pupal) will support the
abundance and prevalence of mosquito populations. Therefore, a
call for a more precise and comprehensive understanding of
mosquitoes’ habitat conditions is crucial. Water characteristics
are considered one of the principal factors of mosquito
proliferation, where the survival of mosquito eggs, pupa and
larvae depends on the chemical properties of the water. Research
emphasises the direct impact of water's physicochemical
parameters on mosquito immatures' presence or absence [29].

The temperature and the physicochemical parameters of the
water, including pH, Dissolved Oxygen (DO, mg/L), Total
Dissolved Solids (TDS, mg/L), and Electric Conductivity (EC,
uS/cm), affect the oviposition behaviour of female mosquitoes.
However, the influence of each variable varies based on the
mosquito species and the site settings.

Studies have found that water temperature influences the rate
of pathogen development (i.e., the extrinsic incubation period).
The water temperature is within the range of 23°C to 32°C offers
suitable habitat conditions for the developmental stages of the
mosquito [30], [11]. Some studies have highlighted that water
temperatures around 29°C provide the optimal conditions for egg,
larval, pupal and mosquito development [10].

The physicochemical properties of breeding water have been
identified as drivers that influence the density of mosquitoes. The
impact of each parameter often varies; this variation is context-
specific and species-specific. The pH and the DO have been
determined to be correlate positively with the larva density [31].
However, a negative correlation has been observed between
larvae density and other water parameters: salinity, TDS and
turbidity [12]. Neutral pH ranging between 6.8 and 7.2 is a
preferred breeding site by most mosquito species. Thus, outside
this range, the growth of mosquitoes is reduced and will show
higher mortality occurrence (i.e., pH below 4.5 or above 10) [11],
[32]. Besides, the ideal DO level ranges from 5.02 t07.82 mg/L
[307, [31].

Although pH and DO are the most critical parameters, some
studies emphasise the influence of salinity and conductivity on
some mosquito species. Some mosquitoes are salinity-tolerant
species where they can develop different strategies to adapt to
high salinity, such as Ae. Albopictus [32]. In the case of the
Anopheles mosquito, a significant association was identified
between the salinity and conductivity of the water and larvae
density [11]. For Ade. Aegypti, pH, DO and salinity were
determined to be the best predictors of abundance and presence
[33]. However, another study conducted in Colombia found that
Aedes aegypti immature infestation was negatively associated
with DO whereases positively associated with the TDS [34].

Finding consistent findings among several studies on specific
physicochemical parameters that significantly influence
mosquito breeding is quite challenging. These parameters vary
substantially in association with mosquito abundance and
presence. The nature of this variation is subject to several factors,
such as study areas, climate conditions, container characteristics,
etc. Therefore, timely and continuous monitoring of these
parameters in the field is crucial, as well as a microanalysis of the
chemical composition of field sites in association with the
specific context and species, which in turn yields a better
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understanding of the biology, ecology and development of
mosquitoes [29].

III. SYSTEM REQUIRMENTS

The primary goal of this project was to design and develop a
novel environmental sensing system that could continuously
monitor the habitat parameters that are highly related to the
presence of mosquitoes across a large area by collecting and
analysing weather and water physicochemical parameters.
Accordingly, the system requirements have been determined as
following.

The developed system needs to operate sufficiently (Roubust
and Realiable) to allow epidemiologists and meteorologists to
answer long-term questions about mosquito proliferation. This
implies that the proposed MOISS has to operate and collect data
continuously for at least several months to have adequate data for
the analysis. In addition, the hardware component requires robust
packaging to prevent any damage caused by overheating,
humidity, water damage, curious animals or vandalism.

The system needs to provide real-time and continuous data
gathering to provide sufficient data for building a near real-time
prediction models to support the environmental agents in
decision-making and determining the efficacy of mosquito
control strategies. As such, the system needs to constantly
monitor the environment and push the data when available to a
cloud server. The system always needs to have access to the
internet connection and power to realise autonomous monitoring.

Thus, a small and inexpensive Arduino-based controller with
a built-in SIM card was chosen as a solution for the data gathering
and connectivity. Plus, using the power supply at the deployment
sites (when available) or a solar-powered system (with batteries)
would guarantees uninterrupted power. However, accessing the
mobile network can still be quite challenging in some locations,
such as the mountains and forests with have less cellular
coverage.

IV. Mo0SQUITO OVITRAP IOT SENSING SYSTEM

The MOISS is comprised of various components, including
the core data capturing electronics based around an Arduino
MKR GSM 1400, two weather sensors, three water quality
sensors, a solar power system, an electrical enclosure and a

! https://docs.arduino.cc/hardware/mkr-gsm-1400

backend Node.js server that uses unstructured databases
(MongoDB) hosted by a third-party cloud service (Heroku). The
system uses a lightweight Message Queuing Telemetry Transport
(MQTT) protocol to exchange messages between the embedded
microcontroller and the cloud. Fig. 1 shows an overview of the
current system architecture divided into three layers; the
Perception layer includes five environmental sensors, the
network layers involve the mobile network and MQTT protocol
for communication, and the MongoDB Charts platform is the
application layer.

A. Hardware Design

The system unit is the core building block of the developed
system; it consists of (1) a small, embedded device (Arduino
microcontroller) with software that determines the connected
devices' behaviour, (2) an antenna for data communication and
(3) five environmental sensors to monitor and collect
environmental parameters (i.e., weather and water sensors). The
Arduino MKR GSM 1400 board' has been selected as the main
microcontroller board as it takes advantage of the cellular
network as a means to communicate, as well as the low power
consumption owing to the processor module (i.e., Arm Cortex
MO 32- bit SAMD21).

Two weather sensors were used to measure the weather
temperature, humidity, and air pressure. Three water sensors for
capturing physicochemical water, including PH sensor, measures
the acidity and alkalinity of the water, DO sensor, measures the
amount of oxygen (O2) dissolved per unit volume of water; and
the water temperature sensor. The pH and DO sensors interfaced
with the microcontroller using their respective Atlas EZO
circuit?. The remaining sensors were soldered to the PCB
prototype board; the PCB board was designed based on the circuit
architecture (Fig. 2). Weather sensors use serial communications
to report the data, whereas pH and DO wuse the 12C
communication protocol. Prior to deployment, the pH and DO
sensors were calibrated at 25°C to ensure correct and accurate
readings as per the vendor instructions. The system's design is
scalable to sustain the demand for additional sensors.

The system is designed to run using a solar-powered battery
or the main power supply if available at the deployment sites.
Like the work done here [35], we have used a similar schematic
of the solar power system. The 12V/24V solar charger regulator
controller is connected to a 20 W solar panel, a 12V 10Ah
Absorbent Glass Mat deep-cycle battery, and a 12V to 5V DC
converter, which powers the microcontroller (Arduino board).
The charge controller is also responsible for controlling and
regulating the voltage coming from the solar panel and battery
terminals to provide a steady 12V DC.

The enclosure box was designed to house and protect internal
electrical parts and components. The base and lid of the box are
manufactured from 3mm Medium Density Fiberboard (MDF)
using a CNC laser cutting machine which offers excellent
protection and insulation for deployment in an indoor
environment. Three holes were made in the side of the box to
accommodate the three water props, and a custom-made holder
was created using 3D printing to ensure a flexible movement of
the water probe sensors while placing or removing them on and

2 https://atlas-scientific.com
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Fig. 3 Components inside the electrical enclosure (10x10x4.6 cm)

from the trap. Four additional holes were added for the antenna,
a power supply and weather sensors. Fig. 3 shows the design of
the enclosure box for housing hardware components.

Table I summarises the specifications and cost of each
component. The total cost for one complete system is around
£900, and a 3G data plan is about £20 per month. The proposed
system is preferred over the other commercial options due to the
ease of use, reduced inferred costs, and fidelity of the data it could
provide. Unlike our system, most water sensors are portable,
requiring frequent routine field visits and manual sensors
providing instant readings. Other sensors are considered more
expensive? (for example, RS Hydro water quality products);
those sensors can store data into an embedded memory - which
might end up losing the data due to some field conditions - and
provide manual access to the data.

TABLE L SYSTEM NODE COST ANALYSIS
Components Important Specs/ Ranges Un;';-)(;’ost
Arduino MKR GSM MD21 Cortex®-MO0+ 32bit 75
1400 low power ARM MCU
Temperature, Humidity [-40°C - 80°C], 0-99.9% 3
(DHT22) RH
Temperature, Humidity, [-40°C - 85 °C], 0-100% 12
Air pressure (BME280) RH, 300-1100 hPa
Atlas Scientific PH 0.001 — 14.000 280.60
Sensor
Atlas Scientific Dissolved 0.01 - 100+ mg/L 15427
Oxygen Sensor
Solar Panel Kit 20 W solar panel, 12V/24V 45
charge regulator
Lucas Absorbent Glass
Mat deep-cycle battery 12V-10Ah 28

# Prices are subject to change based on the suppliers.

The developed system here offers timely reading, remote data
uploading and solar power. The system architecture is flexible for
adopting extra sensors in the same node, such as an acoustic
sensor for monitoring adult mosquitoes and large solar panels or
parallel solar panels in case more power is needed. Another
compatible and cost-effective solution for large-scale
implementation is to reduce the cost by having better energy
efficiency through Long Range (LoRa) technology that offers

3 https://www.rshydro.ie/

Fig. 4 The geographical distribution of ovitraps in Madeira Island

high performance, low power, and affordable connectivity to
send data in remote areas [36].

B. Sofiware Design

We developed an IoT-based environmental monitoring
system for monitoring the weather conditions and the water
quality in mosquito ovitrap. Our proposed system used a third-
party message broker (CloudMQTT): it implements the Message
Queuing Telemetry Transport (MQTT) protocol for remote
monitoring and message exchanging between an embedded
device, sensors, and the cloud. The broker supports data
publications from the system unit into topics via a network such
as 3G/4G networks; plus, it allows external clients to subscribe to
a specific topic running on the broker.

A server-side, which is written in JavaScript, is hosted on the
cloud (Heroku) to read the MQTT packet sent by the node, parse
it, and then store it into a cloud-based database (MongoDB) in
JSON (JavaScript Object Notation) format. The data packet
includes timestamps, Ovitrap location coordinates, system ID, air
temperature and humidity, and temperature, PH and DO of the
water. The system is designed to gather all parameters in one
message and in real-time periodically (every 15 minutes),
especially that we are not expecting a significant fluctuation in
the collected readings. The interval of logging data can be easily
adjusted on the microcontroller based on the needs. Another
cloud-based service, MongoDB Charts, is utilised for data
aggregating, visualising, and real-time analysis.

An automated notification system is implemented on the
server side to notify responsible clients each time the system fails
using secure email (Fig. 1). Notification emails can alert the client
of low battery voltage or failure in communication, data
transmission and internet connection. Hence, we can take proper
action by checking the availability of both the network and the
power.

V. SYSTEM DEPLOYMENT AND EVUALTION

A. Study Area

Our study is conducted on the Portuguese Island of Madeira,
located in the north-eastern Atlantic Ocean (32°30'N and
16°30'W), 900 km from mainland Portugal. A volcanic island,
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and a large part of the island is inhabited. Madeira is known for
its micro-climates and diverse ecology. The weather is always
mild; the highest during summer is 24°C, and the lower is 17°C,
while winter temperatures are lower by 4°C [37].

The strong socio-economic relations between Portugal and
South American countries, such as Brazil and Venezuela, have
put Madeira Island at considerable risk of importing vectors and
pathogens from these regions [38]. Moreover, studies found that
Ae. Aegypti from Madeira* is potentially capable of transmitting
viruses such as ZIKA, CHIKV and DENV. These findings
indicate the implications of mosquito surveillance for Madeira
Island [38]. The first reporting of de. Aegypti on Madeira was in
2005 in the island’s capital, Funchal. Since then, this mosquito
has been subsequently distributed throughout the island's
southern coast [37].

Fig. 5 Deployment of the MOISS system at the Natural History Museum

Our study aims to provide real-time and continuous
monitoring of weather conditions an d water quality around and
in mosquito ovitraps distributed across Funchal to understand the
potential impact of fluctuating in these variables on the
distribution of Ae. Aegypti population. Sensory data obtained by
the system will provide a solid basis for understanding mosquito
habitat favouring, thus, supporting decision-making regarding
disease prevention and control programs designed by the Madeira
Health Authorities. Fig. 4 illustrates the location and distribution
of mosquito ovitraps across the island.

B. System Deployment

A testing version of the MOISS has been configured and
deployed in the field since November 2021 at the Natural History
Museum of Funchal in Madeira Island, Portugal.

In this prototype version, three water sensors have been used
DS18B20 Waterproof Digital Thermometer for water
temperature and two sensors for pH and DO by Atlas Scientific.
The system was powered by the main power sources at the
museum. The three water probes were placed into the mosquito
ovitrap, consisting of a ten-litre black plastic bucket filled with
about 1.5 litres of tap water. The ovitrap has a red velvet-paper
band fixed on a plastic ruler to catch the mosquito eggs, as shown
in Fig. 5. The ovitrap has been placed at the entrance of the
museum garden, which is considered to be partially shaded, and
the system unit has been placed in a dry area to assure that the

4 https://www.iasaude.pt/Mosquito/

unit will not be exposed to any environmental conditions that
could cause damage.

The ovitrap is inspected weekly by one of the environmental
agents. During the routine inspection visit, the agent (i) changes
the velvet-red band, (ii) records the number of eggs counted by
using the binocular microscope and (ii) cleans and changes the
bucket's water. However, for experimental purposes, we have
asked the agent to follow the same strategy except for the weekly
water change. Instead, they are changing the bucket's water
biweekly for the sake of some variation in the data. The ground
truth annotations recorded weekly by the agents on immature
mosquitoes would be beneficial to understand the impact of
physicochemical characteristics of habitats on the density and
survival of mosquitoes' eggs and larvae.

A notable observation was that the pH and DO readings were
structurally stable over that period, ranging from 6.75-8.12 and
3.01- 4.7 mg/L, respectively; we infer that this may be due to the
water stagnation in the bucket (ovitrap). Thus, considering the
effect of the water flow is crucial. Therefore, a slight change to
the system's design is required to ensure the accuracy of the
collected parameters. Finally, we haven't observed any change in
the performance of the system unit or the sensors over this testing
period (since November 2021), and there was no need to
recalibrate the pH and DO sensors. The system was sufficiently
able to record and transmit data every 15 minutes remotely and
send a notification email in case of unexpected failures.

VI. DISCUSSION AND FUTURE WORK

In this work, we have introduced a continuous, independent
mosquito ovitrap monitoring system. The system proved to be
robust and versatile through successful pilot system deployment
in Madeira Island over the previous six months. The smart ovitrap
system has been designed for continuous environmental
monitoring across large areas; however, the power supply and
network are considered critical issues, particularly in the wild
areas.

Using a battery (such as a Lithium or Lead Acid battery)
would be the only viable method to power the system. Yet,
batteries have a limited lifespan and cannot stand for a long time;
plus, it is unlikely that researchers or environmental agents would
be able to physically visit the installed devices regularly after
deployment to replace the batteries. As such, solar panels are the
optimal solution to recharge the battery and keep the sensors
always powered. To this end, we designed our prototype of the
system where a battery with a solar panel could be used as an
alternative power source if required.

The mobile network could simply be unavailable at the site,
which is still one of the ongoing challenges, or the signal could
be poor or drop out for days for maintenance. As such, a micro-
SD card can be used to store measurement data from the nodes
when network connectivity is not available and then transmit the
data whenever the system is reconnected.

A cloud-based broker was selected rather than a local server
since it supports the setup of multiple broker instances, which
provides high performance in terms of the number of subscribers
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that a single broker can accommodate and the number of
connections, as well as support for connecting different sensors
deployed over a wide area. Furthermore, a cloud data platform
has been used to store published data from the sensors. Although
the volume of data collected through long-term continuous
system monitoring requires consideration, we have not
performed any remote analysis on the edge device (i.e.,edge-
computing) at the point of data capturing due to several bases.

Our system is designed to be a general tool that could
cooperate with other data, such as trap surveillance data collected
by environmental agents and mosquito acoustic detection data;
therefore, discarding some data could limit the analysis
approaches. Moreover, performing any kind of remote analysis
on the edge device would cause an increase in power
consumption, creating an issue when a solar power system is in
use.

According to the observations during the testing period, a
mini micro water pump will be added to the water bucket to
guarantee slight movements in the water, increasing the accuracy
of the readings. Sensors will be expanded to include the water
conductivity sensor, which reads the conductivity, total dissolved
solids (TDS) and salinity based on the literature that emphasises
the mosquito’s species-specific behaviour. Lastly, a waterproof
hardware enclosure needs to be adopted for outdoor deployment
to offer excellent protection, insulation, and corrosion resistance.

A large-scale deployment is planned to be conducted in late
July 2022 as a longitudinal study. This study will offer insights
into the technical and logistical challenges of running and
deploying such a system in the field and provide new insights into
the relationship between fluctuating in weather and water
variables and mosquito activity. The current plan is to select
twenty mosquito ovitraps across Funchal, representing a quarter
of the total number of ovitraps distributed in the capital (Fig. 4),
to deploy the production version of the MOISS system presented
here for running for at least six months period. Twenty ovitraps
were picked based on certain criteria such as location, logistic
challenges, and container characteristics. Environmental agents
will collect ground truth data from all selected ovitraps.

The data and insights delivered by the [oT ovitrap monitoring
system would be beneficial to many stakeholders, such as
epidemiologists, meteorologists and public health authorities and
will provide invaluable data for a mosquito’s modelling tools and
early warning systems. From a scientific perspective, the data
gathered through the IoT-based system would help in building
algorithms to predict the traps or areas of high risk of mosquito
infestation, which could guide the environmental agents in their
mosquito control efforts. It also contributes to our understanding
of the possible impact of fluctuations in the environmental
variables on mosquito presence and abundance.

The overarching goal of this work is to develop an early
warning system by combing several data sources. This includes
the involvement of more emergent technologies such as machine
learning and mobile applications alongside the IoT. Deep
machine learning algorithms will be developed to predict
mosquito hotspot areas based on environmental conditions data
(i.e., weather and water), adult mosquitoes’ acoustic data [14] and
data on immature mosquitoes. Currently, surveillance agents
record immature mosquito data using traditional paper-based

forms during routine surveillance visits. Therefore, a mobile
application for mosquito surveillance is required to replace paper-
based forms with real-time and digitised records in a central
database. The mobile data will be used as ground truth data on
immature mosquitoes and provide continuous iterative
improvement and validation for the prediction system. The
development of the Madeira surveillance app is a work in
progress.

VII. CONCLUSION

Mosquito surveillance poses significant challenges and
burdens on the inhabitants of tropical and subtropical regions.
Currently, existing surveillance methods and techniques are
characterized by substantial limitations. Data continuity,
adequacy, quality, and frequency are not usually sufficient for the
finest spatial analysis and modelling. In terms of applicability, it
is considered time-consuming and requires specific expertise.

This work outlined the architecture design, implementation
and deployment of an innovative ovitrap monitoring system that
leverages state-of-the-art IoT technologies for continuous
weather and water monitoring in mosquito ovitrap. The
implemented system is highly reliable and scalable (i.e., it can be
deployed at various site configurations), allowing large-scale
field studies. The cost of the system is significantly reasonable
when compared to existing alternatives.

The system has been successfully deployed and operated at
the Natural History Museum in Funchal, Madeira Island
providing the local surveillance agents with new means of
monitoring environmental conditions in and around the ovitraps.
The current plan for the system is to be expanded to cover twenty
different sites across Funchal for a large-scale field study.
Discussions and proposals have been concluded, and a further
twenty systems will be deployed in late July 2022 for six months
after some enhancements to be made based on the pilot
observations.

ACKNOWLEDGMENT

A special thanks to biologist Ysabel Gongalves for supporting
this work by counting eggs and larvae in the ovitrap. We thank
the Natural History Museum of Funchal City Hall and
IASAUDE, the regional health authority of Madeira Islands. This
research was funded by the Belmont Forum and supported in the
United Kingdom by UKRI NERC wunder the grant
NE/T013664/1. Equipment was funded by both UCL Institution
for Risk and Disaster Reduction and King Abdulaziz City for
Science and Technology (KACST). We thank the Space and
Aeronautics Research Institution at KACST for funding the PhD
research of the lead author in the UK.

REFERENCES

[1] D. Corral-Plaza, I. Medina-Bulo, G. Ortiz, and J. Boubeta-Puig, “A stream
processing architecture for heterogeneous data sources in the Internet of
Things,” Comput. Stand. Interfaces, vol. 70, p. 103426, Jun. 2020.

[2] K. Kaur, “A Survey on Internet of Things - Architecture, Applications, and
Future Trends,” ICSCCC 2018 - Ist Int. Conf. Secur. Cyber Comput.
Commun., pp. 581-583, 2018.

[3] J. Yasuoka and R. Levins, “Ecology of vector mosquitoes in Sri Lanka -
Suggestions for future mosquito control in rice ecosystems,” Southeast
Asian J. Trop. Med. Public Health, vol. 38, no. 4, pp. 646—657, Jul. 2007.

[4] J. Liu-Helmersson, A. Brinnstrom, M. O. Sewe, J. C. Semenza, and J.

Authorized licensed use limited to: b-on: Universidade de Lisboa Reitoria. Downloaded on September 18,2023 at 14:47:42 UTC from IEEE Xplore. Restrictions apply.



(5]

(6]

(7

(8]

(9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

(21]

Rocklov, “Estimating Past, Present, and Future Trends in the Global
Distribution and Abundance of the Arbovirus Vector Aedes aegypti Under
Climate Change Scenarios,” Front. Public Heal., vol. 7, no. JUN, p. 148,
Jun. 2019.

K. C. Poh et al., “The influence of weather and weather variability on
mosquito abundance and infection with West Nile virus in Harris County,
Texas, USA,” Sci. Total Environ., vol. 675, pp. 260-272, Jul. 2019.

A. Silberbush, Z. Abramsky, and 1. Tsurim, “Dissolved oxygen levels affect
the survival and developmental period of the mosquito Culex pipiens,” J.
Vector Ecol., vol. 40, no. 2, pp. 425-427, Dec. 2015.

G. L. S. Su, J. Cahigan, R. Mayo, R. Sasa, N. Solomon, and M. S. Mistica,
“Habitat variation and larval mosquito abundance in San Isidro River,
Laguna, Philippines,” J. Appl. Environ. Biol. Sci., 2016.

A. Musah et al., “An Evaluation of the OpenWeatherMap API versus
INMET Using Weather Data from Two Brazilian Cities: Recife and
Campina Grande,” Data 2022, Vol. 7, Page 106, vol. 7, no. 8, p. 106, Jul.
2022.

L. H. V. Franklinos, K. E. Jones, D. W. Redding, and 1. Abubakar, “The
effect of global change on mosquito-borne disease,” The Lancet Infectious
Diseases, vol. 19, no. 9. Lancet Publishing Group, pp. €302—e312, 01-Sep-
2019.

A. Bayona-Valderrama, T. Acevedo-Guerrero, and C. Artur, “Cities with
Mosquitoes: A Political Ecology of Aedes Aegypti’s Habitats,” Water
Altern., vol. 14, no. 1, pp. 186203, 2021.

B. Emidi, W. N. Kisinza, B. P. Mmbando, R. Malima, and F. W. Mosha,
“Effect of physicochemical parameters on Anopheles and Culex mosquito
larvae abundance in different breeding sites in a rural setting of Muheza,
Tanzania,” Parasites Vectors 2017 101, vol. 10, no. 1, pp. 1-12, Jun. 2017.

R. Gopalakrishnan, M. Das, I Baruah, V. Veer, and P. Dutta,
“Physicochemical characteristics of habitats in relation to the density of
container-breeding mosquitoes in Asom, India,” J. Vector Borne Dis., vol.
50, no. 3, pp. 215-219, 2013.

S. K. Sood and 1. Mahajan, “A Fog-Based Healthcare Framework for
Chikungunya,” IEEE Internet Things J., vol. 5, no. 2, pp. 794-801, Apr.
2018.

D. Vasconcelos, N. Nunes, M. Ribeiro, C. Prandi, and A. Rogers,
“LOCOMOBIS: A low-cost acoustic-based sensing system to monitor and
classify mosquitoes,” in 2019 16th IEEE Annual Consumer
Communications and Networking Conference, CCNC 2019, 2019.

D. Vasconcelos et al., “Counting Mosquitoes in the Wild: An Internet of
Things Approach,” Proc. Conf. Inf. Technol. Soc. Good.

B. Caputo and M. Manica, “Mosquito surveillance and disease outbreak risk
models to inform mosquito-control operations in Europe,” Current opinion
in insect science, vol. 39. NLM (Medline), pp. 101-108, 01-Jun-2020.

N. D. A. D. Wijegunawardana, Y. L. N. Silva Gunawardene, T. G. A. N.
Chandrasena, R. S. Dassanayake, N. W. B. A. L. Udayanga, and W.
Abeyewickreme, “Evaluation of the Effects of Aedes Vector Indices and
Climatic Factors on Dengue Incidence in Gampaha District, Sri Lanka,”
Biomed Res. Int., vol. 2019, 2019.

A. Aldosery et al., “MEWAR: Development of a Cross-Platform Mobile
Application and Web Dashboard System for Real-Time Mosquito
Surveillance in Northeast Brazil,” Front. Public Heal., vol. 9, p. 754072,
Oct. 2021.

F. Bartumeus, A. Oltra, and J. R. B. Palmer, “Citizen Science: A Gateway
for Innovation in Disease-Carrying Mosquito Management?,” Trends in
Parasitology, vol. 34, no. 9. Elsevier Ltd, pp. 727-729, 01-Sep-2018.

1. Potamitis and L. Rigakis, “Novel Noise-Robust Optoacoustic Sensors to
Identify Insects Through Wingbeats,” IEEE Sens. J., vol. 15, no. 8, pp.
46214631, Aug. 2015.

D. A. A. Santos, J. J. P. C. Rodrigues, V. Furtado, K. Saleem, and V.
Korotaev, “Automated electronic approaches for detecting disease vectors

mosquitoes through the wing-beat frequency,” J. Clean. Prod., vol. 217, pp.
767775, Apr. 2019.

[22]

[23]

[24]

(25]

[26]

[27]

[28]

[29]

[30]

(31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

A. B. B. Wilke, A. R. Medeiros-Sousa, W. Ceretti-Junior, and M. T.
Marrelli, “Mosquito populations dynamics associated with climate
variations,” Acta Trop., vol. 166, pp. 343-350, Feb. 2017.

R. Bellone and A. B. Failloux, “The Role of Temperature in Shaping
Mosquito-Borne Viruses Transmission,” Front. Microbiol., vol. 11, p. 2388,
Sep. 2020.

0. J. Brady et al., “Modelling adult Aedes aegypti and Aedes albopictus
survival at different temperatures in laboratory and field settings,” Parasites
and Vectors, vol. 6, no. 1, Dec. 2013.

A. T. Ciota, A. C. Matacchiero, A. M. Kilpatrick, and L. D. Kramer, “The
Effect of Temperature on Life History Traits of Culex Mosquitoes,” J. Med.
Entomol., vol. 51, no. 1, p. 55, Jan. 2014.

D. A. Da Cruz Ferreira et al., “Meteorological variables and mosquito
monitoring are good predictors for infestation trends of Aedes aegypti, the
vector of dengue, chikungunya and Zika,” Parasites and Vectors, vol. 10,
no. 1, pp. 1-11, Feb. 2017.

E. Arruda Pedrosa de Almeida Costa, E. Maria de Mendonga Santos, J.
Cavalcanti Correia, and C. Maria Ribeiro de Albuquerque, “Impact of small
variations in temperature and humidity on the reproductive activity and
survival of Aedes aegypti (Diptera, Culicidae),” Rev. Bras. Entomol., vol.
54, no. 3, pp. 488-493, 2010.

D. V. Canyon, J. L. K. Hii, and R. Miiller, “Adaptation of Aedes aegypti
(Diptera: Culicidae) oviposition behavior in response to humidity and diet,”
J. Insect Physiol., vol. 45, no. 10, pp. 959-964, Oct. 1999.

S. H. Nikookar ez al., “Correlation between mosquito larval density and their
habitat physicochemical characteristics in Mazandaran Province, northern
Iran,” PLoS Negl. Trop. Dis., vol. 11, no. 8, p. e€0005835, Aug. 2017.

N. Hidayah and D. Rahmawati, “Bio-physicochemical markers of the Aedes
aegypti breeding water in endemic and non-endemic area,” Artic. Int. J.
Public Heal. Sci., vol. 8, no. 2, pp. 151-157, 2019.

S. K. Ghosh, D. Podder, A. K. Panja, and S. Mukherjee, “In target areas
where human mosquito-borne diseases are diagnosed, the inclusion of the
pre-adult mosquito aquatic niches parameters will improve the integrated
mosquito control program,” PLoS Negl. Trop. Dis., vol. 14, no. 8, p.
€0008605, Aug. 2020.

L. C. Multini et al., “The Influence of the pH and Salinity of Water in
Breeding Sites on the Occurrence and Community Composition of
Immature Mosquitoes in the Green Belt of the City of Sao Paulo, Brazil,”
Insects 2021, Vol. 12, Page 797, vol. 12, no. 9, p. 797, Sep. 2021.

A. R. Medeiros-Sousa et al., “Influence of water’s physical and chemical
parameters on mosquito (Diptera: Culicidae) assemblages in larval habitats
in urban parks of Sao Paulo, Brazil,” Acta Trop., vol. 205, p. 105394, May
2020.

H. J. Overgaard et al., “A cross-sectional survey of Aedes aegypti immature
abundance in urban and rural household containers in central Colombia,”
Parasites and Vectors, vol. 10, no. 1, pp. 1-12, Jul. 2017.

S. S. Sethi, R. M. Ewers, N. S. Jones, C. D. L. Orme, and L. Picinali,
“Robust, real-time and autonomous monitoring of ecosystems with an open,
low-cost, networked device,” Methods Ecol. Evol., vol. 9, no. 12, pp. 2383—
2387, Dec. 2018.

M. Radeta, M. Ribeiro, D. Vasconcelos, H. Noronha, and N. J. Nunes,
“LoRaquatica: Studying Range and Location Estimation using LoRa and
IoT in Aquatic Sensing,” 2020 IEEE Int. Conf. Pervasive Comput. Commun.
Work. PerCom Work. 2020, Mar. 2020.

A. M. Carvalho and J. M. Brandao, “Geologia do Arquipélago da Madeira,”
Museu Nacional de Historia Natural da Universidade de Lisboa, 1919.
[Online]. Available: http://ovga.centrosciencia.azores.gov.pt/ovga/livro-
geologia-do-arquipélago-da-madeira. [Accessed: 01-Jun-2022].

G. Seixas et al., “Origin and expansion of the mosquito Aedes aegypti in
Madeira Island (Portugal),” Sci. Reports 2019 91, vol. 9, no. 1, pp. 1-13,
Feb. 2019.

Authorized licensed use limited to: b-on: Universidade de Lisboa Reitoria. Downloaded on September 18,2023 at 14:47:42 UTC from IEEE Xplore. Restrictions apply.



		2023-06-19T12:41:50-0400
	Preflight Ticket Signature




