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Abstract: Although water quality has extensively improved over the last decade, recreational uses of
the canal network in Amsterdam are limited by variations in water quality associated with stormwater
runoff and episodic harmful algal blooms. The current systems for monitoring water quality are
based on a stationary network of sampling points, offline testing methods, and online measurements
of conventional water quality parameters on board a boat that continuously navigates the urban
canal network. Here we describe the development and deployment of online algal sensors on board
the boat, including a prototype LED-induced fluorescence instrument for algal identification and
quantification. We demonstrate that by using only a single patrol vessel, we are able to achieve enough
sampling coverage to observe spatiotemporal heterogeneity of algal and chemical water quality
within the canal network. The data provide encouraging evidence that opportunistic measurements
from a small number of mobile platforms can enable high-resolution mapping and can be used to
improve the monitoring of water quality across the city compared to the current network of fixed
sampling locations. We also discuss the challenges of operating water quality sensors for long-term
autonomous monitoring.

Keywords: environmental sensing; water quality monitoring; mobile sensing; wireless sensor networks;
chemical sensors; in situ spectrofluorometer

1. Introduction

Recreational water environments can offer ecological, economic, and human health
benefits to cities [1]. For these benefits to be realized, water resource managers must ensure
that the water is safe and healthy for public use. Several conditions can arise in water
environments that render them unsafe for recreational use including (but not limited to)
unsafe levels of chemical contaminants, pathogens, harmful algal blooms (HABs), and fecal
contamination [2–4]. There are several adverse health outcomes attributed to contaminated
recreational water exposure, including gastroenteritis (GE) and fever, as well as skin, ear,
and eye irritations. In fecal-contaminated water, exposure can lead to more severe illnesses
associated with the transmission of pathogens, such as hepatitis, meningoencephalitis, and
typhoid fever [5]. Several common cyanobacteria genera (Microcystis, Anabaena, Planktothrix,
Oscillatoria, Nostoc, and Gloeotrichia) are known to produce neuro- and hepatotoxins, which
have deleterious effects on the nervous system and liver, respectively [6]. Both local and
international health and environmental agencies have developed guidelines for what
constitutes safe conditions for human recreation [5,7,8]. To ensure adherence to these
guidelines, there is a general need to increase the frequency of measurements and reduce
latency in the reporting of water quality data on a system-wide scale.
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The city of Amsterdam is known for its dense network of canals. While these water-
ways are not classified as official European bathing sites and therefore need not adhere to
the EU Bathing Water Directive [8], they are often used for recreational swimming including
a number of high-profile organized/permitted events. Most of the time, water quality in
the River Amstel and the canal zone meets high quality standards as applied in official
swimming locations [9] (Ouboter, pers. comm.). In recent years, recreational use of the
canal network in Amsterdam has been limited by degradations in water quality associated
with stormwater runoff and episodic HABs [2,10]. For example, in 2018 Amsterdam’s
annual City Swim event was cancelled due to unsafe levels of Escherichia coli. Additionally,
the years 2012 and 2016 saw blooms of a potentially harmful cyanobacteria, Microcystis,
with measured cell densities of 40,000 cells mL−1 (unpublished data). The guideline set
by the World Health Organization (WHO) classifies a harmful bloom as recreational water
with cyanobacterial cell densities ≥ 20,000 cells mL−1 [5]. These recent Microcystis blooms,
however, were not reported to have been of a toxin-producing strain (toxin-producing
strains are generally only identifiable through PCR methods [6]). The local water authority,
Waternet, currently monitors the water chemistry and algal community within the canals
and surrounding rivers through a network of fixed sampling stations, offline measure-
ments, and online measurements of conventional parameters such as conductivity and
dissolved oxygen on board a boat [11]. However, eutrophication [12,13] and changes in
weather patterns (associated with climate change) contribute to increasingly favorable
bloom conditions [14,15]. Amsterdam, in particular, struggles with high nutrient levels in
its surface water system due to anthropogenic sources, such as sewage leaks and overflows,
as well as inputs from nutrient-rich groundwater seepage [16–18].

Online monitoring of the algal community can provide a better understanding of
the water quality and ecosystem health [19] and potentially provide advance warning
of impending algal bloom events. Community composition is routinely measured by
manual cell identification (to the genus and even species level) and enumeration using
light microscopy (a labor-intensive process) or lab-based particle imaging systems such
as FlowCAM [20]. While there has been substantial development of field-deployable
imaging flow cytometry [21,22], the instruments remain expensive and the authors are not
aware of any applications where they have been deployed unattended over extended time
periods (weeks–months).

Fluorescence spectroscopy has proven useful for continuous, in situ monitoring of
algal pigments [23,24]. Furthermore, LED-based fluorescence sensors are often low-cost
and small enough to be easily transported and deployed in the field. Typically, these
sensors consist of a single excitation light source and a photodetector sensitive to a narrow
bandwidth of emission wavelengths [25,26]. This enables observation of fluorescence from
a single photosynthetic pigment contained in algal cells, such as chlorophyll, phycocyanin,
or phycoerythrin. For example, to measure chlorophyll fluorescence several commercial
off-the-shelf fluorescence probes contain a single LED with a peak wavelength of approxi-
mately 470 nm and a photodetector screened by a narrow-band optical filter with a central
wavelength near 680 nm. These wavelengths correspond to the peak absorption and fluo-
rescence emission wavelengths of chlorophyll, respectively. If one is only concerned with
monitoring a single algal class with unique absorption and fluorescence profiles, then
sensors with single excitation sources will often suffice. However, if one is interested in
monitoring multiple algal classes simultaneously via fluorescence, multiple wavelengths
must be used for excitation sources and emission detectors. To this end, instruments with
several excitation sources in conjunction with either a photodetector or photospectrome-
ter have been employed to measure fluorescence from multiple photosynthetic pigments
in mixed field samples [23–29]. The data collected from such instruments can provide
information on the abundance of the major classes of algae, such as Chlorophyta (green
algae), Cyanophyceae (cyanobacteria), Bacillariophyceae (diatoms), and Rhodophyta (red algae).
For example, Ng et al. [24] demonstrated the effectiveness of a prototype instrument in
performing taxonomic discrimination of algae in mixed field samples, suggesting that
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fluorescence spectroscopy can be practical and effective for field-deployable monitoring of
algal community composition and detection of HABs.

Previous field surveys of algae in the Amsterdam canals have shown that a high
degree of spatial and temporal variability exists in the diversity and abundance of the major
algal classes. The city’s existing network of stationary monitoring sites and intermittent
field surveys are unable to fully capture this variability (Ouboter, pers. comm.). Mobile
environmental monitoring offers an efficient way to achieve high spatiotemporal coverage
of a sampling region [30]. Many studies have employed dedicated vehicles to perform
environmental measurements for short-term field campaigns [31–35]. Oceanographers
commonly perform field campaigns on large cruise vessels. However, such measurement
campaigns require a dedicated vessel, large support staff, and frequent oversight of equip-
ment [21]. An alternative strategy, employed in this research, uses an autonomous sensing
system deployed on a patrol vessel that operates throughout the sampling region. This
opportunistic mobile monitoring offers the benefit that the vessel is already in service and
does not have to be brought online solely for a field campaign. This method leverages the
vessel’s existing spatiotemporal coverage to opportunistically collect measurements across
a city as it goes about its operational duties. For this method to be practical for a given
study, the prospective measurement device must be minimally disruptive to the vessel
operations and be able to function unattended for extended periods of time. Such an ap-
proach has been utilized by the FerryBox project over the last 15 years. The FerryBox project
uses “ships-of-opportunity” including ferries, cargo ships, and research vessels to deploy
sensors and instruments to opportunistically measure physical, chemical, and biological
parameters in coastal and marine environments [36,37]. The current study differs from
the FerryBox project as it targets spatiotemporal phenomena occurring on a much smaller
physical scale, utilizing much smaller vessels operating within an urban environment. In
these respects, the current study is more closely related to the City Scanner project that
measures street-level atmospheric conditions across the urban environment by deploying
sensors on municipal trash trucks [38].

The aim of this study is to demonstrate the feasibility and utility of opportunistic
mobile sensing of water quality in urban waterways. By employing a multi-excitation
LED fluorescence spectrometer side-by-side with a multi-parameter water quality probe,
we attempt to monitor the dynamics of the three most abundant algal groups present in
the Amsterdam canals: green algae, cyanobacteria, and diatoms. We demonstrate that
by using only a single pre-existing municipal utility boat, we are able to achieve enough
sampling coverage to observe spatiotemporal heterogeneity of several water quality param-
eters within the canal network. The data provide encouraging evidence that opportunistic
measurements from a small number of mobile platforms can enable high-resolution map-
ping and can be used to improve modeling and the control of water quality across the
city. The challenges associated with operating water quality sensors autonomously and
continuously over long durations are also discussed.

2. Materials and Methods
2.1. Study Area Description

The study was conducted in the canals and surrounding surface waters of Amsterdam.
Amsterdam is a densely populated urbanized city in the western part of the Netherlands.
The water level and quality in Amsterdam are artificially controlled/regulated using a
combination of pumping stations, adjustable weirs, and culverts [16]. The southern area
of the greater Amsterdam area holds a large number of polders and reclaimed lakes,
some of which are several meters below mean sea level (MSL). The regional water system,
referred to as the “Boezem”, consists of a series of storage and discharge canals. The ma-
jor surface water constituents of the Boezem include the Amstel and Vecht Rivers, the
Amsterdam–Rhine Canal, the IJ, and the North Sea Canal. The Boezem is used as a tempo-
rary storage basin and to transport water to and from the polders [39]. During periods of
excess water (i.e., high precipitation), water is pumped from the polders to the Boezem and
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makes its way to the main rivers. During periods of low precipitation, the Boezem supplies
water to the polders [40]. The Boezem connects the greater Amsterdam water system
to a branch of the Rhine River, Lek River (upstream), and the North Sea (downstream).
In order to push back saline water from the North Sea Canal, the Boezem is frequently
flushed with freshwater from the Rhine River. The salinity of the Boezem for the most part
mirrors that of its major input, the Rhine River. However, there is also a relationship with
precipitation. Salt intrusion from the sea through surface waters as well as saline seepage
through ground water into lower-lying polders, also have a role in modulating the salinity
of the Boezem [11,39].

2.2. Measurement Platform and Sampling Protocol

The water vessel chosen for this study was a pre-existing municipal utility boat
(Figure 1a). The boat has a diverse set of operational duties which require it to traverse the
Amsterdam canal network frequently through a myriad of different routes and schedules.
The boat is low enough to navigate nearly every canal in the network. Additionally,
through its association with the municipality, it has elevated access to canal regions which
are generally closed to the public. These attributes enable it to navigate the canal network
in its near entirety. Two algal sensors were integrated together within the hull of the
boat for 3 months from 3 June 2019 to 9 September 2019. Both sensors were integrated
parallel and upstream of the boat’s engine as part of the engine cooling system. The engine
cooling system pumps water from <1 m below the ship’s hull. Just after the water intake,
a separate small hose pump pumps a part of the intake water through both the sensors, after
which the water flows to the outlet pipe of the cooling circuit (Figure 1b,c and Figure 2).
The deployment vessel presented several constraints. For example, the vessel was unable
to change the water sampling depth, which may have prevented the study from collecting
samples at the optimal depth for some algal groups [41]. Another constraint which the
vessel presented was its speed of travel. In an ideal sampling scenario, the boat would
complete each measurement at a single location. However, due to the combination of
the vessel’s speed, the sensors’ sampling duration and frequency, and the flow-through
nature of the water sampling configuration, each measurement corresponded to a spatially
averaged data point.

The first sensor, a commercial In-Situ Aqua TROLL multi-parameter sonde, was
configured with probes for measuring conductivity, temperature, dissolved oxygen, and
phycocyanin. The phycocyanin probe measures fluorescence with an excitation wavelength
of 590 nm and detection wavelength range of 640 nm to 690 nm. The sensor reports
phycocyanin in both concentration (µg/L) and relative fluorescence units (RFU). The Aqua
TROLL’s sampling frequency is one measurement every two seconds.

A prototype multi-excitation fluorescence spectrometer, LEDIF [42] (purchased from
Ecosen Solutions Pte. Ltd., Singapore), was used for measuring the fluorescence of the
major photosynthetic pigments of algal classes which have been historically observed
in Amsterdam field surveys. LEDIF can be configured with up to six excitation LEDs
with wavelengths selected based on an application’s target fluorophores. To measure
fluorescence from the photosynthetic pigments of interest, the LEDIF was configured with
six LEDs of the following wavelengths: 375 nm, 405 nm, 525 nm, 595 nm, 605 nm, and
780 nm. The LEDs were aligned at an angle of 90◦ to the axis of light collection. To
measure absorbance spectra, a broadband light source emitting light in the range of 185 nm
to 1100 nm was coupled through an optical fiber and collimating lens to illuminate the
flow cell along an axis aligned at 180◦ to the same light collection system that was used
for fluorescence-based measurements. The light from the flow cell was collected using a
USB4000 spectrometer (Ocean Optics). The spectrometer measures light intensity across
the spectrum from 200 to 850 nm and was configured with an integration time of 10 s.
The LEDIF’s sampling frequency is one measurement every two minutes.
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The LEDIF device was customized/ruggedized for this study by repackaging it into
an IP66-rated enclosure with similarly rated bulkhead electrical connectors. Additionally,
the control of the instrument was automated for continuous unattended operation. LEDIF
was originally designed to interface with a desktop computer or laptop and be operated by
a trained technician. For the purposes of this study, LEDIF had to be able to be operated
autonomously for months on end. This was accomplished using a Raspberry Pi 3, which
connected to LEDIF via Ethernet and automated the operational commands traditionally
entered by a technician. A GPS was integrated into LEDIF for the tracking of latitude,
longitude, time, speed, and heading. A 4G LTE cellular modem was also integrated
into LEDIF to provide network connectivity for the real-time transfer of measurement
data and operational metadata. The network connectivity also allowed for over-the-air
firmware updates.

2.3. Internet of Things (IoT) Data Architecture

To enable real-time operational monitoring and transmission of measurement data
from the deployed LEDIF, an IoT cloud-based data architecture was developed (Figure 2).
This was achieved through cellular network connectivity and a REST API implemented in
Python using Django REST Framework. The API was used on the LEDIF end to upload
fluorescence measurement data and operational metadata. Once uploaded, the data was
stored in a MySQL database. The stored data could then be queried using the same REST
API and analyzed in a Jupyter Notebook using Python. This enabled researchers to perform
data analysis in Cambridge, MA, as the sensor deployment was ongoing in Amsterdam.
A cloud server was used to host the REST API and database. LEDIF’s network connectivity
also enabled the deployment of over-the-air (OTA) firmware updates while the sensor was
deployed in the field.

2.4. Instrument Calibrations

The fluorescence response of the LEDIF device was calibrated for two major algal
classes prior to the field deployment. The calibrations were conducted according to the
protocol described in Ng. et al. [24]. Algal cells of Chlorella sp. and Microcystis sp. were
procured from Carolina Biological and stored in an incubator under an ambient temperature
of 22 ◦C and light exposure of 3230 Lux. Cell concentrations were determined using a Guava
Technologies easyCyte 12HT flow cytometer. The genera of algae and range of cell densities
used in the calibrations were selected based on observations from previous algal surveys
in Amsterdam (unpublished data, Waternet). Calibration samples were prepared using
deionized water and subjected to magnetic stirring for around 20 min to prepare a uniform
solution. For all measurements, an integration time of 10 s was used for the USB4000
spectrometer. The calibrations involving Chlorella sp. were excited with 405 nm light, and
the resulting fluorescence signal was integrated from 640 nm to 690 nm, while those for
the Microcystis sp. samples used excitation at 595 nm, and the resulting fluorescence signal
was integrated from 640 nm to 690 nm. An external pump was used to continuously flow a
sample through the flow cell of the LEDIF during a calibration measurement.

2.5. Spatial Segmentation

For an investigation into the spatial heterogeneity of the various measurement param-
eters, the study region was segmented into smaller subregions and canal segments based
on knowledge of the local hydrological system and with regards to geographically relevant
canal regions. For example, the Amstel was segmented into subregions, as it is known
to have several significant hydrogeologic and transportation functions which affect the
entirety of the canal network. Likewise, the Kostverlorenvaart is another relevant canal
situated in Amsterdam-West and connects the Schinkel to the IJ. The boundaries of the
segmentation were drawn using ArcGIS and spatial patterns were analyzed using custom
software written in Python.
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3. Results
3.1. Instrument Calibration

Figure 3 shows the results of the LEDIF calibrations. Both algal species exhibit a
strong linear correlation with cell concentration. For Chlorella sp., the fluorescence re-
sponse is an order of magnitude more sensitive to increases in cell concentration relative to
Microcystis sp.
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3.2. Spatiotemporal Sampling Coverage

Figure 4a summarizes the spatial coverage of the patrol vessel over the deployment
period. The boat traversed nearly every canal in the Amsterdam canal network. The results
of the spatial segmentation can be seen for the greater Amsterdam area as well as a sub-canal
segmentation for the Kostverlorenvaart in Figure 4b,c, respectively. The vessel’s spatial
visitation frequency for each major segmented region is represented in the histogram in
Figure 5b. The most frequently sampled segment was the IJ (as the patrol vessel docked on
the north side of the river), followed by the Kostverlorenvaart, Amstel River, and central
canal network. The vessel’s temporal visitation pattern for each major segmented region
is represented in the day of the week and time of day heatmap in Figure 5a. The vessel
exhibited distinct temporal visitation patterns for each of the segmented regions. For
example, the IJ river was visited most frequently early to mid-day during mid-week,
while the central canals were visited most frequently in the late afternoon to evening
during the weekends. Figure 6 displays a calendar heatmap of the distance traveled by
the boat. It should be noted that there was a three-week period in July where the sensors
were disconnected from the power system due to a water leak that affected the engine
cooling system. This time period is witnessed by the record in Figure 6 showing zero
distance travelled.
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3.3. Spatial Patterns of Water Quality Parameters

Figure 7 summarizes the spatial variability in conductivity observed across the system
of waterways. Freshwater conditions (conductivity: ~1000–1500 µS/cm) prevail upstream
in the Amstel River and upper reaches of the Kostverlorenvaart (shown in more detail in
Figure 8), while most of the canals would be classified as brackish (1500–10,000 µS/cm).
The conductivity in the IJ river often exceeds the maximum range of the conductivity sensor
(~10,000 µS/cm; Figure 7c). At the sub-canal scale, spatial differences in conductance are
clearly seen across a ~4 km stretch of the Kostverlorenvaart canal (Figure 8).
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ity for each segmented region; (c) overlaid histograms of conductivity for each segmented region;
(d) violin plot of conductivity for the segmented areas.
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regions. (a) heatmap of Kostverlorenvaart conductivity with segmented regions outlined; (b) overlaid
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segmented region; (d) violin plot of conductivity for the segmented areas.

Figure 9 summarizes the interpretation of green algae cell density from the LEDIF
device, based on the pre-deployment lab calibrations (Figure 3a), over a three-week period.
It should be noted that we did not detect fluorescence associated with blue-green algae
(cf. Microcystis, Figure 3b) based on LED excitation at 595nm during this test period.
The highest concentrations of green algae (8000–10,000 cells mL−1) occur upstream in the
Amstel River and decline markedly at locations within the central canal system. Lower
concentrations of green algae are found in the Kostverlorenvaart and the IJ river. While
the data are broadly consistent with prior expectations (from the local water management
team) of green algae distributions, the lower sampling frequency limits the reported spatial
resolution, while biofouling of the LEDIF device limited the interpretation of temporal
patterns in the data (time series Figure 9c).
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Figure 9. City-wide spatial pattern of green algae (cells/mL in equivalent cells of Chlorella sp.) within
each segmented region. (a) City-wide heatmap of green algae with segmented regions outlined;
(b) overlaid timeseries of green algae for each segmented region; (c) overlaid histograms of green
algae for each segmented region; (d) violin plot of green algae for the segmented areas.

3.4. Deployment Challenges

There are numerous challenges associated with the remote, long-term deployment of
an autonomous sensing system. The research team had limited access to the utility vessel
during the deployment. While the LEDIF device successfully transferred measurement
data and operational logs in real time over the entire three-month deployment period, there
was an extended idle period of three weeks caused by water leaking from the connection to
the Aqua TROLL probe. The sensors were disconnected during this period to ensure no
loss of water for the engine cooling system. A second more significant problem related to a
progressive loss of fluorescence signals from the LEDIF device (after about three weeks of
continuous operation). We have subsequently found that this was due to biofouling of the
quartz optical windows inside the flow cell.

Remote deployment and limited access to the patrol vessel meant that these problems
could not be addressed effectively. Interventions to clean the flow cell were only possible
after a six-week delay and were unable to restore the LEDIF device.

4. Discussion and Conclusions

In this study, we have demonstrated that by using only a single pre-existing municipal
utility boat, we are able to achieve enough sampling coverage to observe spatiotemporal
heterogeneity of multiple water quality parameters including algae within Amsterdam’s
canal network. However, there are some limitations of this study that restrict the scope
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of interpretation and the conclusions that can be drawn. While some of the encountered
limitations are inherent to the deployment technique of opportunistic mobile sensing, others
relate to the selected measurement techniques and core technology of the deployed LEDIF
sensor suite. Even with these noted limitations, however, the knowledge generated from
this initial proof-of-concept deployment demonstrates that opportunistic mobile sensing is
a feasible and effective deployment technique for environmental sensors. Future work is
underway to build upon this study and overcome some of the discussed limitations.

Interpretation of the achieved spatiotemporal sampling coverage requires considera-
tion of the uniqueness of the temporal coverage for each segmented city region. If large
temporal heterogeneities exist in the measured parameters, the different regions may be
incommensurable when analyzing spatial heterogeneities. It was shown that the vessel
visits each city region with unique temporal patterns both in terms of the time of day and
the day of the week (Figure 5). For certain analyses, it would likely be beneficial to only
compare data between spatial regions for measurements taken on the same day or at the
same time of day. This is a limitation partially inherent in having only a single measurement
vessel; the boat can only be at one place at one time. By utilizing multiple deployment
vessels, temporal overlap between regions will be more likely, leading to a more relevant
and sound comparison.

For conductivity, there are consistent temporal trends within each segmented city
region and no discernible changes between these segments (cf. Figures 7 and 8). This
enabled the parameter to be used as a valid test case for investigating the ability to observe
spatial heterogeneity between city regions. The observed pattern of increasing conductivity
from south (toward the Rhine) to north (toward the North Sea) as well as the observed
range of conductivity, both agreed with historical hydrogeological studies of the area.
The case of conductivity demonstrates that the selected deployment vessel achieves a
sufficiently high spatiotemporal resolution to uncover spatiotemporal heterogeneities of
water quality parameters. However, for certain parameters, smaller heterogeneities may
exist, requiring more frequent monitoring to fully elucidate differences across space and
time. There is potential for a logistical optimization to determine the least amount of
measurement vessels and/or measurement frequency to effectively monitor patterns of the
relevant water quality parameters.

While this study sheds light on the spatial distribution of green algae in the Amsterdam
canals, much remains to be investigated in order to fully characterize the dynamics of the
algal community. Limitations exist for the interpretation of the observed green algal cell
densities as measured by the LEDIF instrument. Firstly, the cell densities are reported in
equivalent cells of Chlorella sp. It is known that the surface waters of Amsterdam contain a
diverse community of green algae genera. However, it is not known if the linear relationship
between fluorescence and cell density is comparable for the green algal assemblage in the
measured surface water. Furthermore, while chlorophyll is less prevalent in other algal
classes, such as diatoms or cyanobacteria, it is possible that a portion of the measured
fluorescence can be attributed to them. Finally, there is likely extracellular chlorophyll in
the surface water whose contribution to the fluorescence signal is unknown. Despite these
limitations, there is evidence of observed spatial patterns corresponding with fluorescence
from chlorophyll-containing green algae. Further analysis is required to further uncover the
spatial and temporal patterns of other major algal classes and relate them to the physical
and chemical system behavior. Future studies would benefit by combining high-frequency
mobile fluorescence measurements with periodic multimodal ground-truth measurements
of algae, such as cell identification and enumeration via flow cytometry, and HPLC analysis
of both intra- and extracellular photosynthetic pigments. Calibrations involving a wider
variety of algal genera, as well as calibration with algal mixtures, would further strengthen
the utility of mobile fluorescence measurements.

This initial proof-of-concept deployment generated significant knowledge about the
challenges associated with opportunistic mobile sensing field campaigns. Working with and
coordinating across municipal utilities comes with its challenges, especially when it requires
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them to operate outside of the normal scope of their day-to-day duties. Relationships must
be fostered, and communication must be clear and concise. This is especially true when
working across language barriers. This non-technical challenge should not be understated
when considering municipal vehicles for opportunistic mobile sensing deployments.

The measurement techniques and instruments of our deployed sensor suite were
chosen in part to meet the requirement of being minimally invasive to the vessel’s normal
operations. While multiple measurement techniques exist that would provide much more
insight into the water chemistry and algal dynamics, such as HPLC or flow cytometry, these
instruments remain expensive, large, and difficult to operate unattended for months at a
time. Finally, real-time network connectivity proved extremely useful for the monitoring of
sensor health during the ongoing deployment. Future studies involved in deploying sensors
in remote or unserviceable regions should consider integrating an IoT data architecture for
the transmission of sensor data and operational metadata. Due to the significant amount of
engineering involved in developing such a data architecture, it should not be considered as
an afterthought or an add-on to a sensor, rather it should be considered as a requirement
early in the design phase.

Work is currently underway to improve and build on the techniques and lessons
learned in this study. Future deployments plan to leverage autonomous boats as deploy-
ment vessels, which can be deployed in both opportunistic and dedicated sensing modes.
Such autonomous boats are already being developed for the canals of Amsterdam to serve
a variety of purposes [43]. Chang et al. have recently demonstrated a prototype of a multi-
functional miniature autonomous vessel that can collect a water sample (when triggered
by anomalous pH measured online) and can detect and collect floating garbage [44]. By
deploying water quality sensors on multiple vessels, future studies can hope to achieve
even greater spatiotemporal sampling coverage than presented here. Significant engineer-
ing effort has already gone into developing the next generation of the LEDIF instrument.
The main improvement includes the use of a broadband UV-VIS light source in conjunction
with a monochromator, which will enable the collection of high-resolution fluorescence
excitation–emission matrices (EEMs). Such an instrument will enable a deeper investigation
of complex mixtures of multiple algal classes.

The next-generation LEDIF instrument has been designed to be more resistant and
resilient to biofouling through material selection and design choices that make it more
easily serviceable. Finally, effort is being dedicated for the design to follow best practices
for flow-through sample handling systems [45]. For example, the future sensor suite will
have the ability to take a periodic blank measurement and be able to hold a water sample
during the collection of a full EEM.

The data from future field deployments will be integrated into the development and
evaluation of Waternet’s predictive water quality models. Ultimately, when mobile moni-
toring is combined with stationary and offline monitoring using higher-fidelity analytical
techniques, as well as predictive models, a more comprehensive understanding of the water
system will emerge.
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