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Zusammenfassung

Der Schutz und die nachhaltige Nutzung mariner Ressourcen erfordern eine bessere Kennt-
nis über die Prozesse und Wechselwirkungen mariner Ökosysteme. Derzeitige Methoden,
die in der angewandten Forschung zum Einsatz kommen, reichen nicht aus, um die Hetero-
genität und Dynamik mariner Ökosysteme in ihrer Komplexität angemessen zu erfassen.
Eine große ingenieurwissenschaftliche Herausforderung besteht darin, geeignete Methoden
und Messverfahren für ein ganzheitliches In-situ-Monitoring mit entsprechend erhöhter
räumlicher und zeitlicher Auflösung bereitzustellen.

Innerhalb dieser Dissertation werden die grundlegenden Herausforderung bei der mess-
technischen Erfassung komplexer, ökosystemarer Prozesse aufgezeigt. Auf Grundlage
dieser Betrachtung wird ein Theorem zur ganzheitlichen Erfassung ökosystemarer Zu-
standsgrößen abgeleitet, welches mit Object Specific Exposure (OSE) bezeichnet wird.

Darauf aufbauend beschreibt die vorliegende Dissertation einen technologischen Ansatz
zur Überwachung von Prozessen in komplexen Ökosystemen unter Verwendung eines op-
tischen Sensorsystems für mobile Monitoringanwendungen. Dazu wurde ein Messsystem
entwickelt, welches ausgehend vom Messprinzip einer optischen Transmissionsbestimmung
im Durchlichtverfahren eine schnelle In-situ-Bestimmung von Wasserqualitätsparametern
zulässt. Im vorliegenden Fall handelt es sich dabei um eine Messung der Transmission
im UV-Bereich der elektromagnetischen Strahlung zur Abschätzung des Gehalts an Chro-
mophoric dissolved organic carbon (CDOM) und einer Transmissionsmessung im IR-Bereich
zur Trübungskorrektur.

Im Rahmen dieser Arbeit wurde ein grundlegendes Sensorkonzept formuliert, welches
aufgrund der modularen und service-orientierten Architektur auf andere Anwendungsfälle
übertragbar ist. Durch die enge Verzahnung der Sensorentwicklung mit der nachfolgenden
Datenprozessierung wird zudem eine Inwertsetzung in naher Echtzeit ermöglicht.

Der Funktionsnachweis des Sensorsystems wurde anhand von Laboruntersuchungen er-
bracht. Anhand zweier mobiler Monitoringanwendungen entlang der Warnow bei Ros-
tock wurde zudem gezeigt, wie der vorgestellte technologische Ansatz dazu beiträgt, den
Informationsgehalt von im Feld erhobenen Sensordaten zu erhöhen und gleichzeitig den
Aufwand für den Anwender auf der Grundlage des OSE-Theorems zu reduzieren.
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Abstract

The protection and sustainable use of marine resources require a better understanding of
oceans and marine ecosystems. Current methods used in applied research and scientific
surveys are not sufficient to address the heterogeneity and dynamics of marine ecosystems
appropriately. A major challenge is to provide methods for a holistic in-situ monitoring
and long-term observation technologies with increased spatio-temporal resolution.

This dissertation investigates the dynamic monitoring of processes in complex ecosys-
tems by using an optical sensor based measurement system. To address this problem, a
fast method that includes the usage of data derived by mobile sensors is proposed. A
sensor concept is formulated and a prototypical demonstrator is developed for the fast
in-situ determination of optical properties of aquatic environments. The basic feasibility
is investigated with a laboratory and field study. The field study is based on two mea-
surement surveys using a canoe and a sailboat on the Warnow along the urban area of
Rostock and proves the basic suitability of the system.

In addition to the development of an adaptive optical sensor system, this thesis intro-
duces a holistic sampling theorem, the object specific exposure (OSE). On the basis of the
OSE sampling theorem, a methodological approach for holistic environmental monitoring
is postulated and the significance of contextualization for an improved understanding of
spatio-temporal monitoring data is explained.

In summary, this dissertation presents a fundamental sensor development according to
the OSE sampling theorem from an ocean engineering perspective. It provides a fast
method based on a service-oriented optical sensor system that allows reliable statements
regarding the state of aquatic (eco-) systems with feasible sensor effort during the field
measurement. The technological approach presented in this thesis helps to increase the
informative value of sensor data while reducing the effort for the user based on the under-
lying OSE sampling theorem.
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1. Motivation

Around 70 % of the Earth’s surface is covered by water. Despite ongoing technological
progress in monitoring and exploration technologies, large parts, especially marine and
coastal waters, are scarcely researched or surveyed by an appropriate monitoring so far
(Isoyama et al., 2017; Chapman, 1996). Since the impact of global change or the intensive
use of natural resources show different effects on different scales, the demand for a better
understanding of aquatic ecosystems and marine resources is considerably high. The main
challenge is that there is still a lack of sufficient data. The provision of a methodolog-
ical tool for a more data-driven development of monitoring strategies and goal-oriented
modeling is therefore the essential objective of this work.
The appearance of annual algae blooms in the Baltic Sea is a recent example of how

difficult it is to understand heterogeneous environmental systems and their dynamics. An
adequate monitoring of such phenomena represents an engineering scientific challenge.
The question is not only how such phenomena arise, but also how they can be measured
in terms of their large spatial extent and temporal variance (see Figure 1.1).

Figure 1.1.: Satellite image of a ship crossing an algae storm in the Baltic Sea. Copernicus
Sentinel data (2015)/ESA, CC BY-SA 3.0 IGO.

Since the 1960s there have been regular measuring programs for hydrographic data col-
lection, e.g. for the Baltic Sea, which are carried out by scientific and state institutions.
Regarding the given example, the annually collected data allow a description of the sit-
uation of the central Baltic Sea basins at the time of the survey. In terms of temporal
and spatial coverage, the data is insufficient, which is often the case particularly in highly
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dynamic areas such as river estuaries or close to the access to the North Sea. Therefore,
the data collected so far by scientific surveys, measuring buoys or measuring stations are
not sufficient to adequately reflect the situation over a larger area.

1.1. Problem Description

To this day, data collection in the sea is very complex – and correspondingly expensive,
because fast deployable measurement systems and adaptive methods are missing. More-
over, commercially available systems offer only limited possibilities for modification and
adaptation. The availability of spatially and temporally high-resolved data is low. In most
cases, monitoring data is limited to a few points, which are usually scientific measuring
stations. While the Earth’s surface can be surveyed by remote sensing approaches (e.g.
satellites for environmental observation, Copernicus program of the ESA), the correspond-
ing data are missing in water layers below the optical penetration depth (von Schuckmann
et al., 2016). In addition, satellite overflights only take place at intervals of several days
and optical sensors used on satellites only provide usable results on cloudless days. A
consistent monitoring of dynamic processes is not possible in this way. In particular, this
applies to the adequate coverage of spatio-temporal scales, e.g. monitoring from local to
regional scales.
With regard to the example of the Baltic Sea, it should also be noted that the largest

environmental impacts on marine ecosystem of marginal seas such as the Baltic Sea are
dominated by land-based sources. For example, the sources located in the Baltic Sea
catchment area, are responsible for more than 90 % of the nutrient input into the sea
(HELCOM, 2018). These are mainly rivers but also diffuse sources such as the input
of polluted groundwater. Even large-scaled monitoring campaigns as described above
are not suitable for an adequate monitoring of the important areas such as estuaries or
rivers. Remote sensing methods are also unsuitable here due to the limited temporal
and spatial resolution. Therefore, technologies are needed that enable a consistent in-situ
monitoring of these areas with adequate temporal and spatial resolution to bridge the data
gap between local and regional scales.

1.2. Situation Description

In the field of aquatic monitoring, key indicators have been established to describe, report
and monitor such changes by means of laboratory analytical methods, remote sensing as
well as in-situ sensors. The collection of water samples on site in combination with sub-
sequent laboratory analysis provides highly accurate results, however, the procedure is
complex and rather cost-intensive. Another factor is that such sampling of large-scaled
areas is methodologically demanding and time-consuming, which leads to delays between
sampling and the final results of the analysis. As a consequence, the overall data density in
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many cases is not sufficient to give an holistic representation of ecosystem characteristics
neither in temporal nor spatial resolution. Here, in-situ sensors and mobile monitoring
technologies are increasingly used to achieve a better resolution. Therefore, new engineer-
ing approaches are under investigation to implement efficient on-site monitoring systems
that can provide sensor readings as actionable information for decision making close to
real time.
It is an often recognized problem in applied research that it is currently not possible

or only possible with enormous effort to capture large-scaled processes by using standard
methods. One example is the Clockwork Ocean1 project, in which an international team
of scientists led by the German Helmholtz Centre Geesthacht is trying to investigate the
phenomenon of ocean vortices. Within the project, ocean vortices are being measured with
extensive scientific effort using research vessels as well as towed and autonomous systems as
sensor platforms in combination with remote sensing by satellites, airplanes and a research
zeppelin. A preliminary result is given in Figure 1.2, where colored temperature gradients
along transects are highlighted. Here, the demand for in-situ data with correspondingly
high resolution becomes clear since remote sensing methods are representative of the water
surface but not of the water body. Today, the in-situ data density is not sufficient to
appropriately capture the dynamics as well as the spatial and temporal variance.

Figure 1.2.: Clockwork Ocean - Monitoring of Baltic swirls by remote sensing and in-situ
sensors (contains modified Copernicus Sentinel data (2016)/HZG, CC BY-SA
3.0 IGO).

1.3. Goal

This dissertation investigates the dynamic monitoring of processes in complex ecosystems
by using an optical sensor based measurement system. To address this problem, a fast
method that includes the usage of data derived from mobile sensors is proposed to address

1 www.uhrwerk-ozean.de
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this problem. A sensor concept is to be formulated and a prototypical demonstrator is
to be developed for the determination of optical properties of water. The basic feasibility
will be shown with the help of a laboratory and a field study.
In summary, this dissertation aims to show a fundamental sensor development according

to a sampling theorem from an ocean engineering perspective. The goal is to provide a
system that allows reliable statements regarding the state of complex (eco-) systems with
manageable sensor effort. Therefore, the aim is to increase the informative value of sensor
data while reducing the effort for the user based on an underlying sampling theorem.

1.4. Requirements

In order to observe and understand complex processes as mentioned above, methods are
needed that can provide reliable in-situ data for decision making in an adequate man-
ner of time and effort. Here, sufficient sensor systems are not yet available. A decisive
contribution to overcome this lack is seen in the development of an optical sensor probe,
which is small in size, light-weight and field-applicable as a preliminary for local scaled
in-situ data acquisition. Sensors for aquatic monitoring are exposed to high stresses and
must therefore meet high demands. Consequently, an appropriate sensor probe should be
pressure-tolerant to save weight and at the same time protect the electronic components
from water ingress. In order to achieve a holistic sampling, the sensor probe should also
have peripheral pressure and temperature sensors and should be configurable via a soft-
ware interface. If these criteria are summarized, it becomes clear that the development of
a sensor should be preceded by the introduction of a holistic sensor concept. In addition,
integrated services such as an automated calibration routine or sensitivity adaption would
significantly increase the system’s field capability and the validity of the data. Moreover,
an appropriate sensor concept should be modular in order to be able to change wavelength
ranges in perspective, for example.

1.5. Expected Results

As a result, this dissertation will demonstrate the fundamental feasibility and the added
scientific value of a holistic monitoring concept. A novel and adaptive sensor probe for
fast monitoring of turbidity and dissolved organic matter is to be developed according
to the method of requirements engineering to fulfill the demands for being used in ad-
hoc monitoring applications. Finally, the availability of an evaluated method enables
the formulation of reliable statements based on mobile and stationary measurements and
provides an approach for contextualized monitoring of processes in nature. It is also
intended to enable the monitoring of areas that cannot be monitored appropriately or
only with difficulty using conventional methods. Another expected result is to create the
technological basis to enable predictive environmental monitoring strategies in future.
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1.6. Target Parameters - Turbidity and the Amount of Dissolved
Organic Matter

Within this thesis, two water quality parameters are of paramount importance, chro-
mophoric dissolved organic matter (CDOM) and turbidity. For better clearance, the
meaning of these parameters in the field of environmental research as well as the charac-
teristics will be briefly described.

Chromophoric Dissolved Organic Matter

Dissolved organic matter (DOM) is a broad classification for organic molecules of different
origin and composition in aquatic systems. It is a sensitive indicator of the aquatic system
health. DOM is of crucial importance for the sustainability of life functions of the high
level organisms since a high increase in the DOM content can lead to eutrophication with
serious consequences for ecosystem stability (Mostofa et al., 2013).
Anthropogenic influences can cause significant organic loads to enter surface waters,

which can lead to intensive bacterial conversion processes, e.g. increased oxygen con-
sumption (Kolka et al., 2008). Chromophoric Dissolved Organic Matter (CDOM) also
known as yellow substances or gelbstoffe is an important subcategory of DOM. It is the
light-absorbing fraction of the pool of dissolved organic matter and results mainly from
the degradation of terrestrial and aquatic plant material. CDOM plays an important role
in the global biogeochemical carbon cycle due to its production and consumption by phy-
toplankton and bacteria (Harvey et al., 2015). CDOM can have a significant effect on
biological activity in aquatic systems since the absorption of CDOM affects the color of
water and influences the underwater light field. In other words, the absorption of CDOM
means that less radiation is available for photosynthesis, which has a significant effect on
aquatic ecosystems (Lübben et al., 2009).

Turbidity

Turbidity represents the clearness of the water, as affected by suspended solids. The more
turbid a water is, the less light there is available for photosynthesis (Bass et al., 1995). Tur-
bidity is effecting the aquatic fauna, but also fish abundance and distribution. Moreover,
turbidity is often related to nutrient richness, which is highly influencing an ecosystem
(Chapman, 1996). Furthermore, knowledge of turbidity is important to enable appropri-
ate corrective measures when working with optical measuring instruments in general (see
Section 6).
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2. Thesis Structure

This thesis is divided into several parts due to the complexity of the subject. The parts
build on each other, hence the structure of the work is briefly explained in the following.

Part I In the Introduction part to this thesis, a general definition of the problem space is
carried out. The motivation and also the objectives of the work are presented and
the structure of the work is explained.

Part II In Part Sensing as a Service, a fundamental, systems-theoretical consideration
of scientific environmental observation is carried out. The challenges of cross-scale
monitoring are highlighted and a holistic sampling theorem, the Object Specific Ex-
posure (OSE), is formulated. In addition, theoretical approaches for a predictive
environmental monitoring are derived.

Part III The thesis part Water Quality Assessment provides a basic and comprehensive
consideration of optical in-situ methods for determining water quality. Based on this
consideration, the optoelectronic requirements for the sensor system are made.

Part IV The part System Development comprehensively describes the development of the
sensor system starting from the underlying measurement conversion up to the inte-
gration into a sensor system according to the OSE sampling theorem.

Part V Within part System Assessment, a comprehensive system evaluation is carried out
on the basis of laboratory tests to characterize the sensor and system performance.

Part VI Within the framework of the Case Study, the demonstration is made of how a
mobile monitoring can be carried out with the help of the developed sensor system
and how information can be derived in near real time according to the OSE sampling
theorem.

Part VII Within the Discussion part of the work, a closed and thorough discussion of all
aspects is carried out. A fundamental discourse is presented to the reader starting
with the scientific evaluation of the OSE sampling theorem and the assessment of
the developed sensor system up to the debate on the case study.

Part VIII In the last part Conclusion and Outlook of the dissertation a summary of the
results is given. In addition, central requirements for further work are formulated
and concrete approaches are named, such as the DEEP-SEA project, which emerged
from this dissertation.
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Part II.

Sensing as a Service – Towards Holistic Paradigms
in Environmental In-situ Monitoring
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3. Environmental Monitoring and Observation - A Matter of
Space and Time

Besides the development of a field-capable sensor probe for the determination of optical
properties of water, a major part of this work is dedicated to the conception and implemen-
tation of a new sampling strategy. Processes in nature and especially in aquatic, coastal
or oceanic environments are highly variable in terms of time and space. Therefore, the
measuring task of a service-oriented sensor system consists not only in the acquisition of a
physical state variable, e.g. the content of dissolved organic matter, but also in the connec-
tion with spatio-temporal references. Based on this, it becomes clear that the assessment
of water quality is also a function of the location, the time and the surrounding conditions.
In practice, this is leading to major logistical challenges regarding the monitoring of such
processes and places enormous demands on the research infrastructure.

3.1. Temporal Aspects of Environmental Data Acquisition

A basic method in the field of environmental monitoring is the collection of data as a time
series at a defined location and with a fixed sampling rate T with t1 = T, t2 = 2T and
t3 = 3T as illustrated in Figure 3.1.

t

CDOM

t1 t2 t3

CDOM(t2) = CDOM(t3)

Figure 3.1.: Time series – Exemplary sampling data of temporal varying concentration.

In order to record environmental processes and their temporal change, the sampling
rate must be selected according to the rate of change of the phenomenon as it can be
described by the Shannon sampling theorem (Jerri, 1977). In relation to the specific case,
this means that to accurately monitor the variable, it must be sampled at a rate greater
than twice the highest frequency component of the variable. The illustrated case in Figure
3.1 reveals that the selected sampling rate T is prone to misinterpretation since the sudden
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increase of the measured variable, here the concentration of dissolved organic matter, was
not recorded between t2 and t3. Processes in nature can have a periodic dynamic, e.g.
day-night-cycle or tides. However, in most cases the dynamic is not known, too complex
to predict or simply non-periodic. Therefore, it should be noted that a major challenge in
environmental monitoring is the appropriate recording of non-periodic or chaotic events.

3.2. Spatial Aspects of Environmental Data Acquisition

Besides the temporal aspect, it is above all the spatial reference that is important during
the collection and analysis of environmental data. In addition to the spatial reference that
corresponds to a geo-coordinate system, environmental observation can also be interpreted
according to other assignments, e.g. along a coastal line or river courses. Figure 3.2 shows
how the spatial distribution of sampling points can lead to different interpretations of
environmental data.
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water column
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Figure 3.2.: Spatial aspects in collecting environmental data and their impact on data
interpretation (adapted from (Chapman, 1996)).

For example, if water samples are taken along a river course (see Figure 3.2a), the data
obtained should be interpreted as a function of the distance or river sections (see Figure
3.2d). A similar dependency arises when water samples are taken from different depths
of a water body (3.2b). The data obtained are interpreted as vertical profiles and thus
as a function of the water depth (3.2e). If these two approaches are combined with each
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other and, for example, several profiled water samples are taken along a transect (3.2c), a
two-dimensional dependency on both water depth and distance arises (3.2f).

3.3. Spatio-temporal Aspects of Environmental Data Acquisition

Since the collection of environmental data is time-discrete and space-discrete, problems
arise when recording spatially distributed and temporally variable processes using different
sampling strategies as shown below in Figure 3.3.
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Figure 3.3.: Spatio-temporal aspect of environmental data acquisition, where multi-scalar
data sources have to be taken into account. The illustration contains exem-
plary data and is adapted from Schima et al. (2017).

Due to the fact that processes in nature are linked to each other, an adequate monitor-
ing must be adapted to these circumstances. From an engineering perspective, this is a
problem of multi-scale data sources. A stationary sensor has two variable scales, the time
t and the corresponding measured variable, e.g. the content of dissolved organic matter
(DOM) represented by the concentration CDOM. At the same time, remote sensing data,
e.g. from satellites, can be seen as spatial data that represent a varying measured value
at a given time, e.g. ocean color in relation to longitude and latitude. In case of mobile
sensor data collection, the measuring system must both record the change in the measured
variable over time and guarantee the spatial referencing of the measurement. What is not
shown in Figure 3.3, is the requirement that especially aquatic monitoring must also take
into account the corresponding sampling water depth. Here, it should be emphasized that
optical methods of remote sensing are limited to the optical penetration depth into the wa-
ter body, which depends on a variety of different conditions. These interrelationships are
a major reason why a cross-scale environmental monitoring is still the subject of ongoing
research.
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4. Towards a Comprehensive Sampling Theorem for
Monitoring Applications

On the basis of the mentioned spatio-temporal aspects it is possible to assign phenomena
observed in the environment to spatially and temporally changing state variables, e.g.
DOM concentration CDOM, and to render them in a mathematically describable way. For
this purpose, the effect of a state variable is abstracted and referred to as Exposure. This
is important for the development of adaptive sensor systems as presented in this thesis.

4.1. Object Specific Exposure (OSE)

Assuming the case of a stationary measurement of DOM concentration CDOM over a
defined period of time ∆t = ti − t0, the following basic assumption about the temporal
Exposure results in

temporal Exposure =
∫ ti

t0
CDOM(t) dt. (4.1)

If a mobile data collection of the DOM concentration CDOM is now assumed, the expression
expands with the number of the variable scales as the spatial references ∆x = xi − x0,
∆y = yi − y0 and ∆z = zi − z0 also change due to the movement.

spatio–temporal Exposure =
∫ xi

x0

∫ yi

y0

∫ zi

z0

∫ ti

t0
CDOM(t, x, y, z) dt dx dy dz (4.2)

It becomes clear that this leads to a description of a highly specific spatio-temporal Expo-
sure, e.g. for an object that is assigned and contextualized to the particular sampling.
In addition, if the assignment to a context is made (e.g. to known industrial activi-

ties), the measured variables can be better compared and therefore generalized. This is an
important requirement for transferring observation data to models and moreover, for pro-
viding actionable information for decision making (Schima et al., 2017). This assignment
also applies to the usage or deployment of a mobile sensor, which leads to a fundamental
sampling theorem creating the basis of this thesis, the Object Specific Exposure (OSE) as
shown in Figure 4.1.
When applied to a sensor system, compliance with the OSE theorem means that mea-

sured values are always collected in the correct space and time reference, similar to a
measurement protocol. This allows to compare a measurement with a-priori information
and moreover, to interpret it in a holistic way. For the development of a monitoring strat-
egy, this also means that the sensor system must be able to determine such relations and
references autonomously or at least provide functions to handle user input.
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Figure 4.1.: The object specific exposure (OSE) is the change of a state variable within a
certain time and space assigned to a given context (Schima et al., 2017).

4.2. Predictive Object Specific Exposure (POSE)

Regarding the given example of the contextualized recording of the DOM concentration,
the sampling theorem introduced above can be extended by a predictive component. This
can be achieved by using a sufficient amount of observations as a knowledge basis derived
by e.g. long-term monitoring. This could be the case, for example, if a river section has
been instrumented with the corresponding sensors to determine the DOM concentration
CDOM but in addition, the flow information, e.g. in form of a flow pattern, is given
as shown in Figure 4.2a. The flow pattern is illustrated by grey arrows indicating the
direction of flow.
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(a) Exemplary case of a river segment with known flow
pattern where the DOM concentration CDOM could be
approximated (predicted) based on measured sensor
values (S1, S2, S3) used as input parameters. The
blue color gradient describes a DOM plume.
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(b) An abstract modeling scheme as topo-
logical structure to ensure predictive
monitoring based on a Markov chain.
p{Si} describes the probability whether
a change of state occurs in the next time
step.

Figure 4.2.: Modeling scheme of a predictive monitoring approach by using a-priori infor-
mation such as a flow pattern and time series for state estimation.

By knowing the flow pattern of the river segment, forecasts can be made to approximate
the Exposure. The illustration in Figure 4.2a shows three sensor nodes that record the
DOM concentration CDOM over time at different sampling locations based on the OSE
theorem. According to the flow pattern, it is quite clear that sensor node S2 will be



14 4. Towards a Comprehensive Sampling Theorem for Monitoring Applications

exposed to less stress than sensor node S3. Moreover, if the flow velocity is constant,
even a quantitative prediction based on a model calculation (e.g. Gaussian Plume) can be
made where the readings of sensor node S1 are used as input or starting condition of the
calculation (prediction).
For predictive monitoring, an appropriate topological structure can be defined that maps

the relationship between the individual nodes or sampling locations. Here, a structure
similar to a Bayesian network or Markov chain is reasonable, which also permits probability
considerations (see Fig. 4.2b). p{Si} describes the probability whether a change of state
occurs in the next time step for a specific node or for an adjacent sensor node.
For the implementation of the hardware, it is important to define an abstract scheme

for providing a reasonable framework. Within this framework the sensor nodes can be
identified and structured according to location, time, exposure, context or to previously
observed events. The topological structure can also be extended to a construct similar to a
Markov chain. In the case of environmental monitoring, time-synchronous data acquisition
must be guaranteed for all sensor stations or considered sensor nodes. In case of an event,
the change in the state variable of a single sensor can be used to predict the state of
a sensor node next to it or the upcoming state of the particular node. Thus it can be
determined that by knowing the context and peripheral process variables, the OSE can be
better interpreted. However, also predictive statements can be derived leading to a further
theorem, the Predictive Object Specific Exposure (POSE). Here again, the exposure will
be contextualized in relation to the time and location. As described in the example above,
the POSE theorem also recognizes a-priori information about processes and dynamics as
shown in Figure 4.3.

Figure 4.3.: The predictive object specific exposure (POSE) determines the influence of
a state variable within a certain time and space assigned to a given context
and derives predictions based on the assessment of peripheral processes and
a-priori information (adapted from Schima et al. (2017)).
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Part III.

Water Quality Assessment - Potentials and
Challenges of Optical In-situ Measurements
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5. The Assessment of Water Quality

Before the technological challenges and engineering findings of this work will be described,
a more general discussion of the assessment of water quality and the related scientific-
physical fundamentals is given. They form the underlying measurement principle of the
sensor system.
It is undisputed that water is one of the most important prerequisites for life. Sea and

coastal waters in particular are subject to competing forms of use and interests such as
transportation and logistics, fishing and aquaculture, marine mining, energy production,
tourism or recreation (OECD, 2016). In parallel, the growth of the world’s population
combined with an increasing urbanization are leading to major social, economic and eco-
logical challenges (World Economic Forum, 2016). For these reasons there are numerous
approaches and methods to assess the water quality.
In dependence of the survey or monitoring purpose, methods and measurement tech-

niques which are used to determine water quality are varying (Chapman, 1996). In other
words, different parameters and a-priori information are taken into account for the moni-
toring and assessment of aquatic ecosystems. These can be satellites for global observation
of the sea surface as well as modern research vessels, autonomous operating platforms or
equipment carriers on the surface of the sea, in water bodies or on the seabed (Kreuzer
and Solowjow, 2018; Zerr et al., 2016; von Schuckmann et al., 2016; Moore et al., 2009).

5.1. Potential of Optical Measurement Principles

Sensors and sensor systems that allow in-situ measurements are of particular interest, as
they provide direct information about the status of the aquatic body. In addition, optical
in-situ sensors represent a fast and simple to use technology for the determination of
water quality. In dependence on the wavelength as well as the experimental setup, a large
number of parameters can be determined. Even though sensor systems are commercially
available, that can perform stationary as well as mobile measurements, their functionality
is limited in terms of data handling and user interactions (Venkatesan et al., 2018). Most
commercially available systems require extensive user knowledge. One of the reasons for
this is that in most cases solely sensor probes and not sensor systems, e.g. in combination
with loggers or addition processing units, are offered by the manufacturers. The sensors
are usually closed systems and it is rarely possible to make adjustments or to implement an
adaptive sensor behavior. How such a sensor behavior could be achieved will be explained
in the next section on the basis of the underlying optical measurement principles.
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5.2. Optical Characteristics of Water

Since natural waters are a composition of pure water and a varying mixture of dissolved
substances and particulate matter, different optical and electro-chemical properties, de-
pending on the composition of dilutes and particles, can be observed (Moore et al., 2009).
Based on this phenomena, different analytical methods can be found which are used in lab-
oratory and field applications for water quality assessment (Moore et al., 2009; Chapman,
1996). Especially optical measuring principles are often used since solutes and particulates
in water lead to changes in the optical characteristics and appearance of water. But, the
optical properties of natural waters show a high dynamic due to spatio-temporal varia-
tions. This is also the reason why the qualitative and quantitative estimation of water
remains to be a challenging task, especially under field conditions (Bass et al., 1995).
To differentiate the optical properties of water, it is advisable to initially consider the

electromagnetic wave spectrum and the different interactions with water, that can be
observed. As Figure 5.1 illustrates, the electromagnetic wave spectrum can be divided
into different areas according to the wavelength, whereas wavelength ranges with similar
properties are grouped into categories.

10−5 10−4 10−3 10−2 10−1 100 101 102 103 104 105 106 107 108 109

Wavelength λ in µm

γ-ray X-ray Ultra violet Visible light
Infrared Micro wave Radio wave

Figure 5.1.: The electromagnetic spectrum as a representation of the wavelength range λ
of the electromagnetic radiation.

The energy E of a photon with the frequency ν is defined as shown in equation 5.1,
whereas h is Planck’s constant, c the speed of light in vacuum and λ the wavelength.

E = h · ν = h · c
λ

(5.1)

Ordered according to decreasing frequency ν and thus increasing wavelength λ, the
short-wave and thus high-energy gamma rays are located at the beginning of the spec-
trum. The different bands of the spectrum show different characteristics and interact
differently with matter. The frequency and therefore the energy of the photon defines how
molecules are excited and which molecules can be excited at all (Bass et al., 1995). This
is due to the phenomena that if a photon with the frequency ν and the energy E hits
a molecule, the molecule can be changed from a stable ground state to an excited state
(photon excitation). This applies to water molecules as well as to dissolved compounds
and particular matter in the water column (Mobley, 1995). Since the electrons of an atom
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cannot reach arbitrary energy levels, discrete energy levels can be observed due to photon
excitation. The discrete energy amount required to reach these levels differs from element
to element and is therefore a characteristic of different substances. For these substances,
the internal molecular energy is the sum of electronic energy, vibration energy and rota-
tional energy. This means when energy is irradiated onto a molecule, different changes in
state can occur depending on the amount of energy in the radiation. This effect can be
used, e.g. to identify substances and their amount in a given water sample. In the context
of the present work, the ultraviolet (UV), visible (VIS) and infrared (IR) ranges of the
electromagnetic spectrum are of primary interest. The proportion of light visible to the
human eye is between λ = 380 nm and λ = 780 nm. As shown in Figure 5.2, it is common
to assign the range between λ = 400 nm and λ = 700 nm to the visible range (VIS). Light
of a longer wavelength is assigned to infrared radiation (IR) up to λ = 1 mm. Whereas
UV radiation is assigned to the range between λ = 190 nm and λ = 400 nm (Preisendorfer,
1976).

200 250 300 350 400 450 500 550 600 650 700 750 800 850 900

← UV IR →← VIS →

Wavelength λ in nm

Figure 5.2.: The UV-VIS-IR spectrum of the electromagnetic spectrum.

For the analysis of aqueous samples, a variety of techniques and methods for determi-
nation and quantification can be found in different wavelength ranges, but the underlying
principles are quite similar. As described above, electrons can be stimulated by light to
reach higher energy states, which is mostly the case within the UV range. Also the propor-
tion of molecular vibration can be increased (IR range) as well as the molecular rotation,
which is true for IR radiation with high wavelengths and microwaves. In the UV range
of light, the proportion of induced vibration and rotational energy is lower than the elec-
tronic proportion (Bass et al., 1995). Regarding the contribution to energy transmission
due to the photon excitation, several close located energy levels are usually excited. This
leads to an attenuation in the spectral lines of the absorbed light quanta. Normally, an
absorption band is formed consisting of a number of closely located lines in the spectrum.
If light is passing through a liquid medium, these lines overlap due to the free structure
of the molecules, creating a continuous absorption spectrum as a characteristic of each
element (Ozaki and Kawata, 2015).

5.3. Inherent Optical Properties

Based on these considerations, some fundamental observations regarding the optical prop-
erties of water can be made. In dependence on the wavelength and the system arrangement,
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different optical appearance of water can be observed. This is in particular due to the fact
that light, when passing through the medium, can either be absorbed, scattered (deflected)
or transmitted without being disturbed at all. Therefore, a basic differentiation regarding
the optical characteristic can be made between apparent optical properties (AOP) and
inherent optical properties (IOP), such as attenuation, absorption or scattering and back
scattering (Preisendorfer, 1976). In the context of this work, only the inherent properties
of water are to be considered, from which the apparent properties can be determined, e.g.
by knowing the incident radiation field. In order to describe the different phenomena in
detail, a simplified illustration is given in Figure 5.3. In the given example, the beam
paths of incident light through a defined volume of clear water are to be examined.

δx

Φa(λ) Φt(λ)Φi(λ)

Φs(ψi, λ)

δV

ψi

Figure 5.3.: Simplified geometry of a defined volume of water to define inherent optical
properties and path ways of light (adapted from Bass et al. (1995)).

To describe the light field in the water shown in Figure 5.3, it is necessary to introduce
some definitions first. In this context, the spectral radiant power Φ is the power that
can be either emitted, transmitted or absorbed in the form of radiation. The unit of the
radiant power Φ is W. The radiant power Φ can also be related to the wavelength λ,
which leads to the spectral power Φ(λ) or spectral flux with the unit W nm−1 (Bass et al.,
1995). Based on this assumption, different beam paths of a monochromatic collimated
light beam Φi(λ) through an aqueous medium with the volume dV and the thickness dx
can be considered as shown in Figure 5.3. Assuming the simplified case that the incident
light passes through the aqueous medium unhindered leads to the assumption that the
amount of incident radiant power Φi(λ) is equal to the amount of transmitted radiant
power Φt(λ). In the case of 100 % transmission, the formal correlation is as follows:

Φi(λ) = Φt(λ) (5.2)

Another aspect that should be taken into account is the scattering of light. Light scattering
changes the direction of photon transport by angles of ψi and disperses it when penetrating
a sample as shown in Figure 5.3. However, the wavelength of the light does not change.
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Taking into account the scattered light Φs(ψi, λ) and the transmission Φt(λ), the following
formal relationship results in

Φi(λ) = Φs(ψi, λ) + Φt(λ). (5.3)

In addition, there is the possibility that light is being absorbed (Φa(λ)) and the radiant
energy is converted into light of different wavelength or chemical energy. This leads to the
following relation.

Φi(λ) = Φa(λ) + Φs(ψi, λ) + Φt(λ) (5.4)

Based on this assumption it is now possible to quantify the absorptance, scattering and
therefore, the transmission of a given water sample. The spectral absorptance A(λ) is the
fraction of incident spectral power Φi(λ) that is absorbed within the volume dV .

A(λ) = Φa(λ)
Φi(λ) (5.5)

Similarly, the spectral scatterance B(λ) is the fractional part of the incident spectral power
Φi(λ) that is scattered out of the beam.

B(λ) = Φs(ψi, λ)
Φi(λ) (5.6)

The same applies to the spectral transmittance T (λ), which is the fractional part of the
incident spectral power Φi(λ) that is neither scattered nor absorbed.

T (λ) = Φt(λ)
Φi(λ) = Φi(λ)− Φa(λ)− Φs(ψi, λ)

Φi(λ) (5.7)

According to equation 5.4, all fractional parts of the incident spectral power Φi(λ) can be
summarized.

A(λ) +B(λ) + T (λ) = 1 (5.8)

The attenuation C(λ) can be expressed as a quotient of the difference between the incident
spectral power Φi(λ) and the portion of the spectral power Φt(λ) that passes through the
water volume dV to the incident spectral power Φi(λ) (Prien, 1999).

C(λ) = Φi(λ)− Φt(λ)
Φi(λ) = 1− Φt(λ)

Φi(λ) (5.9)

Common inherent optical properties in hydrological optics are the spectral absorption
coefficient a(λ) and the scattering coefficient b(λ), which express the spectral absorption
A(λ) and the scattering B(λ) per distance unit δx in the medium. For the spectral
absorption coefficient the following expression can be found.

a(λ) = lim
δx→0

A(λ)
δx

(5.10)

Similarly, the following relationship results for the scatter coefficient b(λ).

b(λ) = lim
δx→0

B(λ)
δx

(5.11)
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Finally, this consideration leads to the following expression for the attenuation coefficient.

c(λ) = lim
δx→0

C(λ)
δx

= a(λ) + b(λ) (5.12)

In terms of the technical application of the above described phenomena another considera-
tion should be taken into account. As mentioned by Bass et al. (1995) and Mobley (1995)
it should be noted that there is a difference between the quantity absorptance Φa(λ) and
the optical density D(λ), which is also called absorbance or attenuation (see eq. 5.22).

D(λ) = log10
Φi(λ)

Φs(ψi, λ) + Φt(λ) = − log10 [1−A(λ)] (5.13)

Regarding the present work D(λ) is also the measurable quantity that can be estimated
using a laboratory photometer or spectrophotometer (Bass et al., 1995).
In all these considerations, it should be noted that these processes are wavelength-

specific. This means that light of different wavelengths can be absorbed, scattered or
transmitted differently. Moreover, these processes can be influenced by temperature, pres-
sure and the mixture of different constituents in the water sample (Bass et al., 1995).

5.4. Beer-Lambert Law

The Beer-Lambert-Bouguer Law is fundamental for working with UV/VIS absorption
spectroscopy. The law states that radiation Φi(λ) that passes through a given isotropic
medium at a specified path length δx loses intensity due to the absorbing properties of
the medium with a given concentration C (see Figure 5.4).

x

Φ

Φi(λ)

Φt(λ)

0 ∆x d

Figure 5.4.: Radiation when passing through an aquatic medium with the concentration
C and the thickness ∆x loses intensity due to the absorbing properties of the
medium (simplified illustration of the Beer-Lambert Law).

The absorbed part of the incident light Φi(λ) is proportional to the thickness of the
irradiated medium d or to the path length dx (Bass et al., 1995).
Based on this consideration, the following proportionality can be formulated.

dΦ ∝ −Φ(x) C dx (5.14)
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The negative sign takes into account that Φ decreases. Now, a proportionality constant,
the extinction coefficient αλ,mol, is introduced and the result is as follows.

dΦ = −αλ,mol Φ C dx (5.15)

By rearranging equation 5.15 to Φ the following expression results.

− dΦ
Φ = αλ,mol C dx (5.16)

Integrating both sides and solving for Φ for a material of thickness d gives

−
Φt(λ)∫

Φi(λ)

1
Φ dΦ = αλ,mol C

d∫
0

dx (5.17)

and finally

− [ln(Φt(λ))− ln(Φi(λ))] = αλ,mol C d (5.18)

− ln
(Φt(λ)

Φi(λ)

)
= αλ,mol C d (5.19)

The extinction is defined by the decadic logarithm. Therefore, the extinction coefficient
ελ,mol is introduced.

ελ,mol = log10(e)αλ,mol ≈ 0.434 αλ,mol (5.20)

Since the extinction coefficient ελ,mol is a measure for the conversion of radiant energy
into heat and chemical energy, it can be numerically regarded equal to the proportion of
energy absorbed by a light beam per unit distance in an absorbing medium. With ελ,mol

integrated into equation 5.19 the following expression results.

− log10

(Φt(λ)
Φi(λ)

)
= ελ,mol C d = Eλ (5.21)

Finally, the usual form of the Beer-Lambert Law is obtained by applying the logarithm
power rule.

Eλ = log10

(Φi(λ)
Φt(λ)

)
= ελ,mol C d (5.22)

Based on eq. 5.22 it can be deduced that the extinction coefficient ελ,mol significantly
influences the measuring range. Many organic molecules have very high values for ελ,mol

allowing the determination of very low concentrations, which forms the basis of spectropho-
tometry. The extinction coefficient ελ,mol is a wavelength-dependent substance constant
but is also depending on the ambient measuring conditions. This means that the tem-
perature ϑ, the pressure p or the pH value as well as other parameters can influence
the absorption behavior. The Beer-Lambert Law only applies to absorption spectrom-
etry in the range of Ultraviolet radiation (UV)/Visible light (VIS), Infrared radiation
(IR) and atomic absorption spectroscopy. In addition, it only applies to the application
of monochromatic light (peak wavelength). This means that the light absorption in the
sample may be measured with electromagnetic radiation of a discrete wavelength.
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5.5. Properties of Natural and Optically Complex Waters

As already mentioned, natural waters appear as a mixture of different dissolved substances
and particulate matter. In nature, different processes can influence this composition and
therefore, the water quality varies (Moore et al., 2009; Mobley, 1995; Preisendorfer, 1976).
Regarding the optical determination of water quality this can lead to challenging phenom-
ena since the perceptible attenuation of dissolved and particulate matter is wavelength-
dependent. In case of organic loads in turbid waters, methods are needed to distinguish
between the different parameters. Figure 5.5 may help to illustrate this effect based
on water samples with changing concentration of chromophoric dissolved organic matter
(CDOM) and different turbidity values.
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0.25 conc.Φi(λ)

Φt(λ)

(a) Low CDOM concentration & low turbidity.
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(b) High CDOM concentration & low turbidity.
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(c) Low CDOM concentration & high turbidity.
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(d) High CDOM concentration & high turbidity.

Figure 5.5.: Differences in attenuation behavior of four different water samples with chang-
ing CDOM concentration and turbidity.

Since the attenuation is a wavelength-dependent substance constant (see previous sec-
tion), it can be challenging to distinguish between the measured signals (transmittance)
at different wavelengths. Figure 5.5a shows that a monochromatic, collimated light beam
Φi(λ) passing through a non-turbid sample of water with low CDOM concentration is
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being slightly absorbed due to the processes described above. If the light beam is passing
through a non-turbid water sample with a higher CDOM concentration, the amount of
transmitted light Φt(λ) will decrease (see Figure 5.5b). In these cases the change in attenu-
ation due to the CDOM concentration can clearly be distinguished using the corresponding
attenuation wavelength.

Assuming that the water sample that is to be tested shows a significantly increased
turbidity, the measurement leads to a misinterpretation (compare 5.5c and 5.5d). In this
case, the high turbidity can result in misinterpretation for both the low and the high
CDOM concentration (apparently) being assigned to the same low transmittance value
for the corresponding wavelength. In laboratory analytical practice, water samples are
therefore filtered before the measurement begins (see DIN 38404-3 (2005)). Related to the
application of an optical in-situ sensor in the field, this is not possible. For this reason,
reference measurements in other wavelength ranges, e.g. ranges where CDOM shows no
attenuation, must be carried out for the interpretation of the measured values (turbidity
compensation).

5.5.1. Transmittance Spectrum of a Natural Water Sample

For a better understanding, it is useful to contemplate at a transmittance spectrum for
a natural water sample, as it can be determined e.g. with a laboratory photometer.
Therefore, a transmittance spectrum of a water sample from λ = 300 nm to λ = 900 nm
with a step width of ∆λ = 2 nm is shown in Figure 5.6.
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Figure 5.6.: Transmittance spectrum of a water sample.

The sample referred to as Reference was purified water. The water sample was taken
from a boat dock in the city of Rostock and was not filtered before the measurement. Due
to the wavelength-dependence of the attenuation, different values for the transmittance
can be observed. The transmittance spectrum shows a strong signal reduction, especially
in the UV range below λ < 400 nm, which can be related to organic loads within the water
sample (Mostofa et al., 2013). Another aspect that becomes obvious is that the turbidity
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of the given sample leads to a loss in intensity in the entire wavelength range. This effect
can be used to derive a method for turbidity compensation.

5.5.2. Extinction Spectrum of a Natural Water Sample

Based on the measured transmittance, the attenuation (extinction) can be calculated
according to equation 5.22, which leads to the attenuation spectrum for the given water
sample as shown in Figure 5.7. In applied research it is common to use the attenuation
as a representation of the absorption properties of a given water sample.
The extinction of a water sample at λ = 860 nm is considered to be a measure for

turbidity, which is mainly caused by particulate material (DIN EN ISO 7027, 2000). The
pigments of phytoplankton and other organic material do not absorb light of wavelengths
larger than λ > 700 nm. Therefore, they do not influence this turbidity value.
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Figure 5.7.: Absorption or attenuation spectrum of a water samples.

The difference between the extinctions at e.g. λ = 360 nm and λ = 860 nm correlates
with the yellow matter content, which is mainly formed by dissolved organic matter (e.g.
humic substances). From a chemical perspective, in particular conjugated double bonds
absorb best in ring systems with p-electrons, such as phenol groups and heterocycles
(Chapman, 1996). This absorption in the near UV is therefore also called chromophoric
dissolved organic matter (CDOM).
Both parameters, turbidity and chromophoric dissolved organic matter, can be measured

quickly, automatically and cost-effectively. Therefore, both parameters are used as target
values for the sensor system to be developed within the scope of this thesis.
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6. In-situ Determination of Optical Properties

By knowing the optical characteristics of water and its dilutes and particles, optical in-situ
measurements of the transmittance, respectively attenuation, at particular wavelengths
can be used to derive information about water quality directly in the field. With respect
to the peak wavelength being used for transmittance (absorption) determination, optical
laboratory and in-situ sensor systems are based on similar analytic methods. For the
determination of CDOM and turbidity, two wavelength areas are of particular interest.
To this end, measurements in the UV and IR range of the electromagnetic spectrum are
taken into account in particular as shown in Figure 6.1.
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Figure 6.1.: Absorption spectrum of a given water sample and areas of interest for optical
water quality assessment based on a literature review (see Table 6.1).

As can be seen in Figure 6.1, there are no narrow absorption bands within the extinc-
tion spectrum of a natural aqueous sample but larger absorption regions over an entire
wavelength range. A literature review reveals that different wavelengths and wavelength
ranges are used to optically determine turbidity and the content of CDOM. The colored
areas in Figure 6.1 represent the wavelength being used in applied research.
Especially for CDOM, there is no uniform definition at which peak wavelength the

measurement has to be carried out. One reason for this is that substances summarized as
DOM or CDOM comprise a large number of molecular structures that lead to the formation
of several absorption bands over a very wide spectral range, as illustrated in Figure 6.1.
For this reason, a literature review reveals different information on the wavelength at
which the spectral attenuation is correlated with the content of CDOM ranging from
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λ ≈ 325 nm to λ ≈ 440 nm. Table 6.1 provides an overview of the wavelength used
for CDOM estimation and the corresponding references. Turbidity as a measure of the
decrease in the transparency of an aqueous media due to undissolved particulate matter is
measured in the near IR range. The wavelengths used for attenuation measurement due to
turbidity range from λ ≈ 700 nm to λ ≈ 870 nm. In contrast to the optical determination
of CDOM, there is a specification for the measurement of turbidity, which is regulated in
DIN EN ISO 7027 (2000).

Table 6.1.: Literature review on wavelengths used for in-situ CDOM and turbidity deter-
mination.

Wavelengths used for CDOM measurements (attenuation)
λ in nm Reference

325 D’Sa and Kim (2017)
337 Green and Blough (1994)
350 Meler et al. (2016); Nelson and Siegel (2002); Kirk (1994)
355 Green and Blough (1994)
370 Niu et al. (2014); Röttgers and Doerffer (2007)
375 Meler et al. (2016)
400 Meler et al. (2016); Miller et al. (2002)
412 Joshi et al. (2017); Johannessen et al. (2003)
442 Röttgers and Doerffer (2007)
443 D’Sa and Kim (2017); Kheireddine et al. (2018); Hoge et al. (1995)
440 Das et al. (2017)

Wavelengths used for turbidity measurements (attenuation)
λ in nm Reference

700 D’Sa and Kim (2017); Green and Blough (1994)
750 Green and Blough (1994)
860 DIN EN ISO 7027 (2000)
870 Hussain et al. (2016)

6.1. In-situ Measurement of Optical Properties

Compared to laboratory analytical methods, in-situ sensors offer the great advantage that
they can directly measure in the medium (in-situ) and provide the measured value very
fast. But there are some peculiarities to consider when using in-situ methods. First, it is
important to mention that a distinction is made between scattered light and transmitted
light measurement, e.g. for turbidity and CDOM estimation. For the present work,



28 6. In-situ Determination of Optical Properties

though, only transmitted light measurement is of importance as this technique is normally
used inside an attenumeter in the field or inside a laboratory photometer.
The underlying measurement setup is rather simple. An emitter generates electromag-

netic radiation of a certain wavelength, which then penetrates an aqueous medium and
hits a detector on the opposite side. While for laboratory applications cuvettes filled with
the water sample are placed between emitter and detector, in-situ sensors have opposing
optical windows. The space in between is in exchange with the surrounding water col-
umn. This optical path then forms the measuring path for determining the transmission
or rather attenuation of the water and its ingredients. A schematic drawing is given in
Figure 6.2.

Emitter
Φi(λ)

Detector
Φt(λ)

path length d

Sensor probe

Figure 6.2.: Principle of an in-situ transmission sensor probe (attenumeter).

6.2. Limitations of Optical In-situ Measurement

In-situ sensors are exposed to harsh environmental conditions resulting in limitations for
the later application. The main limiting factors are briefly explained below.

Environmental Impacts In addition to changing temperature conditions, high pressure
loads and varying salinity pose major challenges for the successful use of in-situ mea-
surement technology. When optical measurement technology is used, these changing
environmental conditions have an influence on the optical density of the aqueous
medium and thus on the measurement itself. Strong currents, sediment loads or
varying ambient light can also influence the quality of the measurement.

Bio Fouling A significant limitation for the use of optical in-situ measurement technology
is biofouling which is the undesired deposition of substances or organisms from the
water phase on surfaces.

Optical Path Length According to the Beer-Lambert Law, the attenuation is directly
proportional to the optical path length as shown in Section 5.4. A change in the
path length will result in a change in the measured signal. Since the extinction Eλ

is an exponential function, changing the path length can lead to a change in the
measurement resolution.

Emitter Characteristics With regard to the measurement quality, optoelectronic prop-
erties of the emitter are also important. According to the Beer-Lambert Law, a
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low incident radiant power Φi(λ) leads to a low transmitted radiant power Φt(λ)
independent of how much is absorbed in the medium.

Detector Characteristics The detector is a another critical unit, since the sensitivity (re-
spectively Φt(λ)) and spectral resolution (wavelengths) have a decisive influence on
the quality of how the corresponding measured value can be determined.

6.3. Optical In-situ Sensors for Water Quality Assessment

Optical sensor technology for aquatic media includes a wide range of instruments and
methods that are used to measure the relevant parameters for condition recording, report-
ing and monitoring. Besides singular components also complex systems such as in-situ
sensors, surface measuring systems, underwater stations or remote-controlled underwater
vehicles and drift bodies are used (Zerr et al., 2016; Moore et al., 2009). The broad per-
spective of this section does not allow to fully describe all sensors that are used or might
be potentially useful for applications in the field of aquatic monitoring. Nevertheless, a
brief review helps to identify the advantages and drawbacks of current systems and the
possibilities for the future. Since most of the commercially available in-situ sensors for
turbidity and dissolved organic matter detection are based on fluorescence measurements
and not transmittance, only a few system are more wide-spread in use in applied research
or industrial applications. Table A.1 in the Appendix gives an overview of common sensor
systems and their basic specifications.

6.4. Demands for Aquatic Monitoring in Research

Today, the monitoring of fresh water ecosystems, coastal waters and oceans is changing due
to automatically operating sensor and data transmission systems that can quickly provide
information about acute environmental changes. Improved hardware and software systems
are now enabling advanced possibilities to control, configure and use measuring systems
more wide-spread and autonomously. Unfortunately, service-oriented systems, which can
be easily modified to meet case or user specific demands are only rarely available and not
yet established in applied research (Zerr et al., 2016; Murphy et al., 2015b). Engineering
research in this area concentrates on the development of adaptive sensor technology as well
as the design, development and construction of autonomous systems capable of measuring
water parameters and constituents without being limited by scale or system boundaries.
Here, findings from other research areas such as electronics and informatics are playing a
key role (Isoyama et al., 2017; Kang et al., 2017; Murphy et al., 2015a; Zhuiykov, 2012).
Research questions and demands on future measurement systems will refer to autonomous
sensors and the creation of interfaces in order to be able to transfer sensor data into
service-oriented information systems for decision making and management.
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Part IV.

System Development
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7. Preliminary Consideration

The harsh environmental conditions expected in practical use pose major engineering chal-
lenges regarding the development of the proposed sensor probe since varying temperature
and pressure loads, mechanical shocks and rough handling can have a significant influence
on the measurement quality. To this end, a complex system design was established, which
will be described within the following chapter.

7.1. Application Requirements

The design of an appropriate sensor for modern environmental monitoring applications
should consider a rough handling during practical use as well as the need for usable
interfaces and sophisticated, service-oriented hardware as a minimum standard. In most
cases, monitoring tasks and applications are limited in terms of the available equipment,
time and expenditures, which makes it difficult to establish a holistic monitoring approach.
Another disadvantage is caused by the fact that commercial systems allow only minor
adjustments by the user. This means that users have to find cumbersome workarounds
in order to meet the specific measurement requirements. As mentioned in Section 1.4
of the introduction, the fundamental requirements for the proposed sensor probe can be
summarized as follows:

Optical probe for CDOM and turbidity measurement A fast deployable and easy to use
sensor probe is needed to derive spatio-temporal in-situ data close to real time. In or-
der to achieve an appropriate accuracy and repeatability for the detection of turbidity
and the amount of chromophoric dissolved organic matter, an optical measurement
set-up must be found in the range as mentioned in Section 6 (see Figure 6.1). For
this reason, the specification is made to measure the attenuation (transmittance)
for CDOM approximation at peak wavelength of λPeak = 370 nm and turbidity at a
peak wavelength of λPeak = 850 nm (Röttgers and Doerffer, 2007).

Modular system architecture The internal hardware of the sensor probe consist of several
functional parts separated by specific tasks, e.g. a communication unit, emitter unit,
detector unit and pressure/temperature unit. For this reason, an internal bus is
needed for interfacing each module. For a simplified assembly, each module has the
same geometric dimensions. Later, the single modules can be stacked on top of each
other and integrated into the sensor housing.



32 7. Preliminary Consideration

Small sized, light-weight sensor probe The size of the sensor probe is a crucial aspect,
as installation in the field or integration in instrument carrier systems depends on
it. Moreover, a small sized and light-weight sensor probe reduces the methodological
effort during field measurements and allows applications in shallow waters as well as
in coastal or marine areas enabling scale-overlapping monitoring approaches.

Pressure tolerant sensor probe Pressure tolerant systems (PTS) consist of pressure-stable,
electronic components or entire assemblies cast with incompressible, electrically non-
conductive elastomers or other grouting. This ensures that the cast components are
embedded in the grouting leading to pressure-, water- and corrosion-resistant sys-
tems of small size and low weight.

Integrated services To allow a service-oriented software customization of the hardware,
only components were used which can be digitally addressed and configured. This
also enables the opportunity for an assisted sensor configuration and calibration.
Hence, changes in system behavior and data acquisition can be achieved by software
commands leading to an adaptive sensor system.

Often mentioned limitations of existing sensors and sensor systems are the low interoper-
ability and high purchase costs. In addition, many sensor systems have large dimensions
and a high specific weight of several kilograms (see Table A.1), which can be challenging for
the field application. Besides this, most commercially available systems are pre-configured
by the manufacturers and do not provide sufficient services for the user to easily modify
and use the sensor during field measurements in an appropriate manner (Waldmann et al.,
2010). Therefore, a service-oriented sensor architecture forms the basic design rule for the
development of the sensor probe. During the design phase, the system development was
first focused on the hardware implementation of the underlying measurement principles
and later continued with an appropriate integration into a practicable sensor probe proto-
type. As a consequence, the sensor prototype presented in this thesis allows a multitude
of different operating modes, which can be configured by software commands.

7.2. Sensing as a Service – Towards a Service-oriented System
Architecture

As mentioned before, a major goal of this work is to present a fast and service-oriented
method for in-situ turbidity and CDOM monitoring. Therefore, an easy deployable and
simple to use sensor probe for field application was developed. The conceptional framework
of the design and development process is called sensing as a service. It was used as
an underlying design rule leading to functional assemblies and elements that represent
enclosed subsystems. The individual modules can thus be regarded as independently
functioning groups according to their task or purpose. This also ensures that the functional
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parts can be rearranged and changed during the assembly leading to a modular system
design.

7.2.1. Communication Protocols and Interfaces

In order to ensure a service-oriented architecture, special emphasis was laid on the defini-
tion of appropriate interfaces and protocols. On the PCB and circuit level, the so called
inter-integrated circuit standard I2C is being used. I2C has established in recent years
as a very common communication protocol to interface peripheral devices with a micro
controller. It is designed as a master-slave bus and works with a four wire connection (vcc,
SDA, SCL, GND) using an address space of 7 bits, which allows up to 112 nodes such as
temperature or pressure sensors on a single bus by specification (see Figure 7.1).

I2C Master

Top Side Unit

I2C Slave 1 I2C Slave 2 I2C Slave n

Sensor Probe

SDA
SCL

Figure 7.1.: Schematic drawing of the I2C bus.

7.2.2. Electronic Parts and Printed Circuit Boards

In addition to optical properties regarding the basic measurement principle, aspects such
as component size, pressure sensitivity or software protocols and interfaces, e.g. I2C
support, were important criteria for the selection of electronic components. The printed
circuit boards were designed in order to accommodate the optoelectronic and electronic
components in the smallest possible installation space. Moreover, separate circuit boards
were designed according to each functional subgroup of the sensor probe leading to modular
subsystems. The circuit boards were developed using the software Autodesk EAGLE1.
Starting from development of a schematic circuit, the final (physical) printed circuit board
layouts can be designed, routed and finally produced with low expenditure of time and
with a quality comparable to industrial products.

7.2.3. 3D Printed Parts for Applied Research

Rapid prototyping and additive manufacturing processes such as 3D printing have acceler-
ated the development processes and innovation cycles of prototype system developments.
For the development of the sensor probe presented in this thesis, a FFF 3D printer2 was
1 Autodesk EAGLE, version 9.0.1, Autodesk, Inc., USA
2 Raise 3D N2 Plus Dual Extruder, Raise3D, Inc., USA
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used for the production of the sensor housing and other parts. The printer specification
is given in Table A.5 in the Appendix. By using different 3D printing filament material,
a variety of component properties of the printed parts can be achieved.

7.2.4. Pressure Tolerant Hardware Design for Underwater Systems

Pressure tolerant systems (PTS) for electronic assemblies have been researched for several
decades. Especially for marine and aquatic monitoring applications, various investigations
and projects addressing this technological approach can be found (Christ and Wernli, 2014;
Kampmann et al., 2012; McBride and Scholfield, 2007; Thiede et al., 2009; Barnes and
Gennari, 1976). PTS represent an approach to accommodate electronic components in a
small space, with low weight gain and low cost. PTS can be described as systems that
can withstand an increased external pressure p ≥ 1 bar without the need for pressure
hulls. In the field of ocean engineering, several procedures for the production of PTS have
been established. According to Kampmann et al. (2012), PTS are divided into two main
groups, the fluid compensated pressure tolerant systems (FPTS) and the casted pressure
tolerant systems (CPTS). Regarding FPTS, the electronic modules are installed in a hous-
ing with at least one deformable outer wall or an additional pressure compensator. The
container is filled with an inert and electrically non-conductive liquid without leaving any
gas inclusions. Here, the liquid should have a similar or lower compressibility than water.
Substances used for FPTS are above all inert oils. Using casted pressure tolerant systems
CPTS, the electronic assemblies are embedded in a solid material with the aid of a potting
mold. The cast or encapsulation material completely encloses the assembly without leav-
ing any gas inclusions. For the processing of the encapsulation, two-component plastics are
particularly suitable for this purpose. The cast materials are commonly differentiated ac-
cording to their Shore hardness. Epoxy resins and polyurethane (PUR) are among others
most frequently used in CPTS. These potting materials can also absorb other mechanical
loads and thus make the CPTS more resistant. In addition, it is possible to integrate the
cast into existing structures for materials with a high Shore hardness. However, trapped
gas bubbles under high external pressures destabilize the encapsulation, which can lead
to cracks and ultimately to the destruction of the CPTS. Especially for plastics based
on epoxy resins, strong internal stresses can arise due to shrinkage of the material while
curing. These internal stresses must be counteracted with suitable precautions during the
cast process in order to reduce the loads on the electronic modules.
Low Shore hardness can be achieved with silicone material, wax or related plastics.

With these encapsulation materials, the ambient pressure is evenly transferred to the
components. Another advantage of the soft casting materials is the reversibility and self-
healing of the cast since damaged parts of the cast close automatically under renewed
pressure load.
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8. Development of an Adaptive Sensor Probe

In addition to the requirement to develop an adaptive and service-oriented sensor system,
it is also important to accommodate the required functionalities in the smallest possible
space to ensure a practicable design for the field application. Based on the considerations
described above, an optical sensor probe was developed. The underlying engineering
scientific considerations and findings will be described in detail in the following.

8.1. A Sensor Probe Made of Sensors

The sensor probe represents a result of multitude particular and functional electronic
units (modules) equipped with integrated circuit (IC) components. This approach allows
automated measurements due to software available micro services provided by the IC’s. A
stable and service-oriented system performance was achieved in particular by dividing the
sensor into functional elements. The development of the sensor probe was based on the
OSE sampling theorem as mentioned in Section 4.1. In general, the system architecture of
the sensor probe can be depicted as a modeling scheme to illustrate the essential functions
of the individual modules as shown in Figure 8.1.

UV Sensor IR Sensor
Detector Unit

UV LED IR LED
Emitter Unit

Pressure Temperature
Pressure & Temperature Unit

I2C Bus

3.3 V Supply

5 V Supply
Communication Unit

Cable
Umbilical

Φi(λ)

Φt(λ)

Φi(λ)

Φt(λ)

Sensor Probe

Figure 8.1.: Abstracted modeling scheme of the sensor probe.
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8.2. Electronic Sensor Modules

Based on the underlying measuring principle (see Beer-Lambert Law in Section 5.4) and
taking into account the requirements of the measuring task (OSE sampling theorem in
Section 4.1), the development of the electronic assemblies was carried out according to a
service-oriented architecture (see Figure 8.1).

8.2.1. Communication Unit

Interference-free signal transmission with low noise and signal degradation over longer
cable lengths represents an engineering challenge, especially for sensor systems in the field
of marine technology. The challenge is to avoid data loss and to find a communication
protocol that works efficiently and without major time delays. Since the developed sensor
is to be integrated into a system based on a microcontroller, the choice of an appropriate
communication protocol is limited in terms of complexity and resource availability. For
communication between a microcontroller and peripheral integrated circuits (IC’s), the
I2C protocol mentioned in Section 7.2.1 represents a fast and simple solution. But I2C
is not specified for longer distance or cable communication. To overcome this limitation,
an I2C buffer IC (P82B961) is used to create a bidirectional and logic interface between
the mentioned I2C-bus and a bus configuration capable enough to allow long distance
communication up to 250 m cable length. The communication board also serves to regulate
the 12 V supply voltage coming from the topside unit to 3.3 V and 5 V on the sensor
level. The communication unit required the largest number of electronic components
and installation space (see schematic A.1 in the Appendix). For this reason, the board
dimensions and footprint as shown in Figure 8.2 were adopted for the following units.

2.8 cm

1.
78

cm

I2C buffer

Figure 8.2.: Assembled communication unit (PCB). The contacts for the cable connection
to the topside unit (12 V, SCLB, SDAB, GND) are located at the left hand
side of the board, whereas the contacts for the stack assembly of the electronic
sensor modules (from board to board) are located on the bottom side (GND,
SCL, SDA, 5 V, 3.3 V).

1 P82B96, Dual bidirectional bus buffer, NXP N.V., Netherlands.
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8.2.2. Emitter Unit

The emitter board accommodates the light sources with the corresponding excitation
wavelengths as defined earlier in Section 7.1 for turbidity measurement (IR LED2 with a
peak wavelength of λPeak = 850 nm) and CDOM determination (UV LED3 with a peak
wavelength of λPeak = 370 nm). Originally, the LP552314 is designed as a 9-channel LED
driver for generating light effects for mobile devices. The LED driver circuit allows to
change the settings for the operation of the LED’s such as the adjustment of a constant
forward current in the range of ILED = 0 mA . . . 25.5 mA or to do a pulse width modulation
(PWM) from 0 % . . . 100 % duty cycle. A highly efficient charging pump enables LED
operation over a large voltage range (±0.3 V to power supply voltage, here 3.3 V). It
is also possible to monitor characteristic performance parameters, e.g. the voltage drop
ULED over an LED, during operation by software commands via I2C interface. Another
advantage of the LED driver IC is the internal temperature measurement, which allows
to monitor the board temperature ϑPCB as an important process variable during the
measurement. The final PCB design of the electronic module is shown in Figure 8.3.

2.8 cm

1.
78

cm

IR LED

LED driver

UV LED

Figure 8.3.: Assembled emitter unit (PCB) with UV LED, IR LED and LED driver IC.

The associated circuit to the emitter unit is given in Figure A.2 in the Appendix.
For the future sensor system, the emitting unit provides several functions at the same
time. Thanks to the possibility of setting a constant forward current ILED, the inten-
sity of the emitted light can be adjusted. If the operating point is set by the constant
current adjustment, pulse width modulation can be used to vary the luminous flux from
0 % . . . 100 %. This enables very dynamic control of the LED’s and ensures constant light
emission characteristics, which is important for repeatable measurements. Thanks to the
internal temperature measurement, it is also possible to identify any dependencies or to
carry out an immediate temperature compensation. In Chapter 13 this issue is discussed
in more detail and examined by experimental investigation as well as the evaluation of the
optoelectronic properties.

2 SFH 4651, high power IR LED, OSRAM Opto Semiconductors GmbH, Germany
3 VLMU1610-365-135, mid power UV LED, Vishay Intertechnology, Inc., USA
4 LP55231, 9-channel LED driver, Texas Instruments Inc., USA
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8.2.3. Detector Unit

The detector unit consists of two light-to-digital converter elements (light sensors), which
are sensitive in the UV5 and VIS-NIR6 range according to the emission spectra of the
used LED’s and the measurement requirement analysis (see Section 7.1). Both integrated
circuits are accessible via I2C interface and provide integrated micro services. Each light
sensor incorporates a photodiode, amplifiers and analog-to-digital circuits into a single
chip. This allows the adjustment of the integration time of the light sensors via software
commands and therefore a change in the detector intensity. An increase in the integration
time has the effect that even a low transmitted light intensity can be detected. The
schematic is given in Figure A.3 in the Appendix.

2.8 cm

1.
78

cm

UV detector

IR detector

Figure 8.4.: Assembled detector unit (PCB) with UV and IR light sensor.

8.2.4. Pressure and Temperature Unit

The pressure and temperature unit is important to place the sensor readings in the correct
context according to the OSE sampling theorem. For this purpose an I2C accessible pres-
sure sensor7 is used to measure the ambient pressure up to 14 bar and water temperature
with 24 bit resolution (±0.2 mbar, < 0.01 ◦C). The assembled pressure board can be seen
in Figure 8.5 below. The schematic is given in Figure A.4 in the Appendix.

2.8 cm

1.
78

cm Pressure sensor

Figure 8.5.: Assembled pressure and temperature unit (PCB).

5 VEML6070, UV light sensor, Vishay Intertechnology, Inc., USA
6 TSL2561, VIS-NIR light, sensor, Texas Advanced Optoelectronic Solutions Inc., USA
7 MS5803-14BA, Measurement Specialties, Inc., TE Connectivity Ltd., USA
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8.3. Enclosure Components and Peripherals

Basically, a suitable sensor enclosure provides mechanical protection against external in-
fluences and ensures safe installation of the electronics inside. Therefore, the design of
the housing depends on the practical use. Sensor weight, size, the form factor and the
possibility of a quick and easy assembly in the field are essential quality features, apart
from the measurement quality of the sensor. The sensor probe presented within this thesis
was developed with the aim of being as small as possible and reduced to the essentials.

8.3.1. 3D-printed Enclosure Components

The whole housing of the sensor probe is made of 3D-printed parts. The advantage of this
manufacturing process can be found in the very short time span between the designing and
the making of a functional prototype. Innovative filament materials also make it possible
to produce mechanically resilient or optically transparent parts.

Sensor Probe Housing

The sensor housing was printed using black PETG filament8 (Z-PETG). The thermoplastic
material is based on modified polyethylene terephthalate glycol (PETG), which makes it
highly resistant to chemicals such as salts, acids, alkalis, and solvents. The filament
withstands UV light and is also resistant to oils and greasy substances, which makes it a
suitable material for the prototype sensor housing. Due to the precise 3D printing, the
individual components could be manufactured very precisely. The component thickness
of the hull is therefore only 1.2 mm.

Optical Window

Regarding optical sensor system development, one of the greatest challenges is to ensure
an appropriate optical pathway that represents the measurement path (see Section 6). In
a transmission measurement or attenuation measurement, this path generally consists of
two opposite optical windows and the aquatic media in between. In conventional systems,
optical windows are made of glass or quartz glass. Plastics cannot be used for deep UV
applications below λ < 320 nm, as absorption effects by the material itself can occur.
For the manufacturing of the optical window of the presented sensor probe a translucent
filament9 is used (Z-Glass). The material is resistant to scratches, UV light and chemicals
and guarantees accurate 3D printed models with low shrinkage. The optical windows are
very thin, so that the layer thickness of the printed material is only 0.4 mm.

8 Z-PETG Filament, Zortrax S.A., Poland
9 Z-Glass, Zortrax S.A., Olsztyn, Poland
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8.3.2. Cast

In order to obtain a pressure tolerant system, the electronic components were encapsu-
lated as described in Section 7.2.4. The particular challenge is to find a cast material
that bonds well with the circuit boards, electronic components and the cable insulation
material. In addition, the cast material must be resistant to seawater and optically clear
to not interfere with the measurement. To this end, transparent polyurethane resin10 is
a recommended and suitable material for casting optical components. The resin has a
water white transparency, which makes it ideal for the intended application. Moreover, it
is resistant to UV radiation, acids and alkalis as well as water and organic growth.

8.3.3. Cable and Connectors

For power supply and data transmission, a shielded cable11 is used. The cable specification
can be found in Table A.3 in the Appendix. When encapsulating the electronics, it must
be ensured that there is a permanent and tight connection between the cable insulation
material and the casting material. The cable jacket material is S–PVC, so the hardener
of the PU based cast material can establish a stable and permanent bond. In addition
to the choice of a cable, a connector to the topside unit is particularly important for an
efficient field application and comfortable handling. It is necessary to not only ensure
that signals are transmitted without loss, but also to provide sufficient protection against
weather conditions and moisture penetration. The used connector12 is IP67 rated and
therefore classified to be dust tight and protected against contact. It is also ensured that
no water will penetrate unless the connector is not submerged deeper than 1 m and longer
than 30 min.

8.4. Full Assembly of Optical Sensor Probe

Based on the modular system architecture and the task-oriented development of the sub-
modules, all components can be assembled into an interlocking overall sensor probe design.
The result is a miniaturized, modularized and thus standardized sensor probe, which also
provides an interface via the selected I2C protocol. This allows later adaptations and con-
figurations of the sensing properties and system behavior by software commands without
the need to make physical changes on the sensor level. Figure 8.6 shows both the stacked
electronic submodules and the fully assembled sensor probe. For assembly the electronic
modules are interconnected, cable connections soldered to the contacts and the resulting
electronic skeleton is installed in the sensor housing before the interior is cast with translu-
cent PU. The assembled sensor probe has dimensions of 50 × 50 × 35 mm and a mass of
about 120 g (without cable).

10 UR5634, Polyurethane Resin, Electrolube
11 LifYDY, 4 × 0.1 mm2, Miniature control cable, Kabeltronik Arthur Volland GmbH, Germany
12 SAL8 RSC4, SAL M8x1, CONEC GmbH, Germany
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(a) Stacked electronic circuit boards, which are
casted in transparent PU inside the probe.
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(b) Fully assembled sensor probe with printed en-
closure and printed optical window.

Figure 8.6.: Fully assembled sensor probe (3D printed) and inside view of the stacked
electronic units.

Figure 8.7 shows the sensor probe installed at the artificial reef of Nienhagen in the Baltic
Sea (Rostock, Germany) at a water depth of 11 m during a field test in 2018. Due to the
cable clamps integrated into the sensor housing, installation in the field is easy and fast.
The strain relief and cable gland avoid excessive tensile forces acting on the cable.

Figure 8.7.: Sensor probe installed in a water depth of 11 m during a measurement at the
artificial reef of Nienhagen, Baltic Sea, Germany (54.174790, 11.943515).
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9. Development of a Service-Oriented Sensor System

In addition to the development of a sensor probe, the process and system integration as
well as the provision of a user environment represent an essential component in the imple-
mentation of a holistic monitoring method. In this context, the OSE sampling theorem as
mentioned in Section 4.1 once again forms the basis of the development. Therefore, the
service-oriented architecture of the sensor system will be described in the following.

9.1. System Architecture

As shown in Figure 9.1, the system architecture follows the requirements formulated in
Section 7.1 with regard to the choice of components. One of the most important com-
ponents is the microcontroller. It provides the interfaces connecting the sensor system to
the peripherals. These include the GPS for position determination, the SD card unit for
data storage as well as the communication unit for data transfer via Bluetooth or WiFi.
In addition, a stable voltage supply is guaranteed by appropriate voltage regulators. This
offers the possibility to operate the system either via a 5 V standard USB interface or via
a voltage source between 12 V . . . 35 V direct current.
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Integr. Time
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Sampling Rate

Set Values
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Temperature

Pressure
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Get Time

Get Position
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Store Data
SD Card

12 . . . 35 V

Via USB
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Data Transfer

Topside UnitSensor Probe

Figure 9.1.: Schematic drawing of the hardware architecture of the sensor system consist-
ing of the Sensor Probe and the Topside Unit.
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9.1.1. Top Side Unit

The components used in the topside unit and their significance for the overall functionality
of the sensor system are briefly explained below.

Microcontroller

The microcontroller1 is the central part of the measuring system. All peripherals are
connected to the microcontroller via interfaces (I2C, UART, SPI). The entire program
sequence, all routines and protocols are controlled and organized by the firmware running
on the microcontroller. All sensor data are retrieved, bundled and processed with the help
of the microcontroller and finally provided via a UART interface.

Controlling Unit

To ensure stable communication between the topside unit and the sensor probe and to
provide a service-oriented power supply for the system, a circuit board was developed that
can be simply plugged into the microcontroller as shown in Figure 9.2.

Figure 9.2.: Image of the top side unit plugged into the microcontroller.

The controlling unit is the counterpart to the communication unit of the sensor probe.
Here the transmission signal is also modified in order to be able to use longer cable lengths
via the I2C protocol without suffering signal loss (see Section 8.2.1).

GPS Module

With the GPS module2 a geolocalization is carried out and also the system time synchro-
nization is accomplished over the time system of the navigation satellites (GPS time).
For the underlying OSE sampling theorem, the conditions of time and geolocalization are
fulfilled.
1 Mega2560 Board(ST1026), 4016139159881, Iduino
2 NEO-6, u-blox 6 GPS Module, u-blox AG, Switzerland
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Micro SD Card Memory Shield Module

For data storage a micro SD card module is used, which allows reading and writing data
to micro SD cards via an SPI interface and corresponding file system drivers from the
microcontroller system. The module is based on a chip3, which contains high speed CMOS
logic hex non-inverting buffers.

WiFi and Bluetooth Communication

Data transmission and communication can take place via a Bluetooth or WiFi connection.
The WiFi variant was preferred for the experiments, so that the sensor data could be sent
directly to a server via a gateway for further processing, visualization and storage.

Housing

For the housing, a ready made enclosure4 was used. The enclosure is classified to be dust
tight and provides a complete protection against contact. It is also ensured that no water
penetrates the housing as long as the enclosure is not immersed deeper than 1 m and for
more than 30 min (IP67 standard).

Connectors and Switches

For easy and safe use in the field, the topside unit has two connectors for power supply5

and data transmission6 to the sensor as well as a waterproof button7 to turn the system
on and off. The switch-on button has an illuminated LED ring that lights up briefly as
soon as a measurement is completed for user feedback.

9.2. Software Development

Within the software development, a program code (firmware) was evolved based on the
used hardware. It can access the various services of the individual modules and inte-
grated circuits and integrate them into a comprehensive sensor system providing a service-
oriented, modular and therefore adaptive system functionality.

9.2.1. The Program Code

All system functions are called via the program code running on the microcontroller. The
code is developed within the Arduino IDE programming environment and is based on a

3 CD74HC4050, Texas Instruments Inc., USA
4 TG ABS Enclosure, IP 67, 202 × 122 × 75 mm, 10100801, Spelsberg, Germany
5 SAL8 FK30, SAL M8x1, CONEC GmbH, Germany
6 SAL8 FK40, SAL M8x1, CONEC GmbH, Germany
7 Metal On/Off Switch, 482, Adafruit Industries, LLC, USA
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sketch. Programming is done in the Arduino programming language which is similar to C
or C++.
The complete source code is given in Listing A.1 in the Appendix. The source code con-

tains more than 550 lines, therefore only aspects of essential importance will be explained
here. The program code can be separated into two parts, an initialization part and a
loop. Before initialization libraries are loaded which provide special functions by simple
to use system calls, e.g. GPS queries. The respective authors are named in the source
code. In this connection, the I2C.h library is of particular importance. The standard
library implemented by default via the Arduino IDE has the disadvantage that in case
of a defective I2C slave, the entire program stops working due to an endless loop. This
is because no runtime check is implemented by default. The library used and referenced
in the source code solves this problem, which is beneficial to system stability. Another
important library is the ArduinoJson.h library. It allows to create a complete JSON
string, which will be explained in detail in Section 9.2.2.
During initialization all interfaces and system constants are configured. Afterwards, the

system enters the program routine (loop).
With each program cycle, a GPS query is made via a function call. In case a valid GPS

signal is received, it is used to perform the geolocalization as well as to synchronize the
system time with the GPS time. Regarding the OSE sampling theorem, the requirement
for a location and time reference is therefore partially fulfilled. The requirement of the
time synchronization of data acquisition is achieved by the fact that measurements are
only carried out at certain, recurring times. In the present program example, this is
the case every full minute and 30 seconds afterwards for every single sensor system, e.g.
12:05:00 and 12:05:30 UTC time. Finally, a closed measurement series is recorded via a
single call as shown in Listing 9.1. All parameters that influence both the configuration
of the emitters and the detectors are passed during the function call.

Listing 9.1: Function call to gather a closed measurement series
131//createJSON ( in t I_IR , i n t I_UV, i n t PWM_IR, i n t PWM_UV, i n t

LOG_EN_IR, i n t LOG_EN_UV, i n t GAIN_IR, i n t ITIME_IR , i n t
ITIME_UV) {

132createJSON (255 , 255 , 255 , 255 , 0 , 0 , 0 , 1 , 2) ;

This function call leads to a collection of commands which configure the respective mea-
surement conversions according to the passed parameters and finally read the results from
the registers (see Listing A.1, lines 176 – 230). This allows a variety of settings to be made
in order to adjust the measurement range or the resolution of each measurement. To il-
lustrate how flexible the user is in the choice of parameters for measurement conversion,
Table 9.1 contains all the variables, their options and the corresponding results due to the
emitter and detector behavior for the UV and IR channel. This may be comfortable for
software users, but the key advantage is that the system can be easily automated. With



46 9. Development of a Service-Oriented Sensor System

a single function call, the entire system behavior can be adjusted and finally modulated.
The emitter intensities can be automatically set and the integration time of the detectors
can be gradually adapted.

Table 9.1.: Software commands, settings and ranges.

Variable Setting Result Description

I_IR 0 . . . 255 ILED = 0 mA . . . 25.5 mA set forward current IR LED
I_UV 0 . . . 255 ILED = 0 mA . . . 25.5 mA set forward current UV LED
PWM_IR 0 . . . 255 Φi(λ) = 0 % . . . 100 % set intensity IR LED
PWM_UV 0 . . . 255 Φi(λ) = 0 % . . . 100 % set intensity UV LED
LOG_EN_IR 0 . . . 1 - set logarithmic or linear dimming
LOG_EN_UV 0 . . . 1 - set logarithmic or linear dimming
GAIN_IR 0, 1 gain: 1×, 16× set gain IR light sensor
ITIME_IR 0, 1, 2 13 ms, 101 ms, 402 ms set integration time IR light sensor
ITIME_UV 0, 1, 2, 3 125 ms, 250 ms, 500 ms, 1000 ms set integration time UV light sensor

9.2.2. Data Handling

A central component of every sensor and monitoring system besides the data acquisition is
the data handling. For many commercially available systems, the manufacturer is defining
the protocol that provides the sensor data and measurement results via a certain interface.
This often results in a time-consuming and complex subsequent post-processing. Hence,
a sufficient data format would be advantageous, which is easy for the user to understand
and machine-readable for fast post-processing of the data.
For the development of web-based applications and the Internet of Things, a data format

called JavaScript Object Notation (JSON) has become strongly established in recent years,
which is suitable for becoming a future standard in environmental monitoring applications.
JSON is a compact data format in an easily readable text form for exchanging data
between applications. It is used to transfer and store structured data and serves as a data
format for serialization. Especially for web applications and mobile apps it is often used
in conjunction with JavaScript, Ajax or WebSockets to transfer data between the client
and the server.
Disadvantages compared to the binary format can be found in the larger amount of data

and the fact that a string has to be processed.
In Listing 9.2 an exemplary JSON string message is given to show the basic structure

of the output as a result of a single measurement acquired by the sensor system. Since the
data can be nested as required, an array of arbitrary objects is possible. An object is a
set of "name":value pairs. Each "name" is followed by a colon followed by the value.
Single "name":value pairs are separated by a comma.
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Therefore, each measurement corresponds to a JSON object. The individual fields
can also be used for an unique assignment. This refers both to the individual sensor
system ("id") and to the time ("timeStamp"), the geolocalization ("latitude" and
"longitude") or as in this case, the water depth via the attribute "pressure".
Since this applies to all sensor systems, the simultaneous use of several systems is pos-

sible. This enables the post-process to be easily implemented and scaled. As a result, this
fulfills an essential requirement for the monitoring to be developed according to the OSE
sampling theorem (see Section 4.1). The meta information contained in the JSON object
is important for tracking the reliability of the measurement results and the system status
of the measurement system.

Listing 9.2: JSON String format for data transmission of a single measurement.
1{

2"id":"DOC0001", //Sensor ID

3"timeStamp": "2018-04-05T06:13:10", //Time UTC format

4"latitude": 53.842163, //GPS position

5"longitude": 7.496899, //...

6"satellites": 6, //n. of satellites

7"fixAge": 13552, //age of GPS fix

8"gpsValid": true, //gps available?

9"IR_VAL_CH0": 13337, //VIS detector value

10"IR_VAL_CH1": 9176, //IR detector value

11"IR_I_TIME": 1, //Integration time setting (IR detector)

12"IR_GAIN": 0, //Gain IR light sensor (IR detector)

13"IR_I": 125, //forward current (IR LED)

14"IR_PWM": 125, //set PWM value (IR LED)

15"IR_U": 70, //forward voltage (IR LED)

16"UV_VAL": 163.00, //UV detector value

17"UV_I_TIME": 3, //Integration time setting (UV detector)

18"UV_I": 125, //forward current (UV LED)

19"UV_PWM": 125, //set PWM value (UV LED)

20"UV_U": 112, //forward voltage (UV LED)

21"pressure": 10033, //pressure=10033/10=1003.3 mbar

22"temperature": 1741, //temperature =1741/100=17.41 degC

23"VDD_U": 158, //e.g. Vdd=158x0.03-1.478=3.262V

24"Vout_U": 199, //voltage of charging pump

25"PCB_temperature": 16 //temperature on PCB

26},
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Part V.

System Assessment
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10. Materials and Methods

In preparation for the system evaluation, the tools and measuring instruments used are
explained below. Subsequently, the test setups and experiments with which the later
laboratory tests were carried out are described.

10.1. Measuring Devices

Digital Multimeter A digital multimeter1 was used for voltage, current, resistance and
electrical continuity measurements. Via the serial interface of the multimeter it is
possible to carry out computer-aided automated measurements. Table A.6 in the
Appendix lists the specifications, resolution and accuracy of the different measure-
ment modes of the multimeter.

Spectrometer Two spectrometers for the UV/VIS range2 and the VIS/NIR range3 were
used to evaluate the spectral characteristics of the LED’s installed in the sensor
system. A collimator lens4, a curved optical lens, was used to paralyze the light that
enters the spectrometer via an optical fiber patch cord5. See Table A.8 and A.9 in
the Appendix for further information.

Photometer A laboratory UV/VIS spectral photometer6 with a reference beam path and
exchangeable cuvets was used for the laboratory analytical comparison measure-
ments of the sensor system. Measurements can be done within a wavelength range
of λ = 190 nm . . . 1100 nm and a step width of 1 nm. Further specifications are given
in Table A.7 in the Appendix.

Measuring Computer A notebook7 was used for automation and data recording during
the experiments. MATLAB8 was used to communicate with the measuring devices
(multimeter, spectrometer) and the sensor system via serial interfaces, to start mea-
surement routines as well as to record, process and store the respective data.

1 Voltcraft VC-830 DMM, Conrad Electronic SE, Germany
2 USB 2000+ UV-VIS, λUV/VIS = 174.86 nm . . . 889.95 nm, Ocean Optics, Inc., USA
3 USB 2000+ VIS-NIR, λV IS/NIR = 369.89 nm . . . 1053.8 nm,Ocean Optics, Inc., USA
4 Collimating Lense, Ocean Optics, Inc., USA
5 P100-1-UV-VIS, Ocean Optics, Inc., USA
6 Cadas 200, HACH LANGE GMBH, Germany
7 MacBook Air, macOS High Sierra, 10.13.6 (17G65), 1,6 GHz Intel Core i5, 8 GB 1600 MHz DDR3,
Apple Inc., USA

8 MATLAB, R2017a, 64-bit (maci64), The MathWorks Inc., USA
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10.2. Experimental Test Setups

In order to investigate the properties of the developed sensor system, different experimental
test setups were developed, which will be briefly explained in the following.

LED and LED Driver Test Setup

In the presented sensor system, the LP55231 LED driver IC controls the forward current
ILED of each LED. In addition, the voltage ULED dropping via the LED, the supply volt-
age UDD or the forward current ILED can be measured. In order to use these internally
measured values as a status monitoring during the field application, the reliability and
accuracy of the LED driver internal analog to digital conversion are experimentally inves-
tigated by using a digital multimeter. Figure 10.1 shows an exemplary drawing for the IR
LED test setup. The behavior of the UV LED was examined in the same manner.

R3/D9 A V

IR LEDGND

LP55231
LED driver IC

V Voltmeter

A Ammeter

Figure 10.1.: Exemplary drawing of the LED driver (LP55231) test circuit.

LED Spectral Test Setup

For the experimental investigation of the emission spectra of the used LED’s, a spectrome-
ter was integrated into the test setup. Both the measurement system and the spectrometer
were connected to a computer via a serial interface. With the help of a MATLAB script,
the operating conditions of the LED were modified and the respective spectral character-
istics recorded due to a changing ILED or PWM signal.

R3/D9

IR LEDGND

LP55231
LED driver IC Spectrometer

Figure 10.2.: Schematic drawing of the LED spectral test circuit using a spectrometer.
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Pressure Dependence Test Setup

To examine the functionality of the sensor system under pressure load, pressure tank ex-
periments were carried out. In this way it is to be examined whether a pressure dependence
can be determined. Since the cable length for the prototype is limited to about 250 m due
to the signal conditioning, pressure tests up to a pressure of about pmax ≈ 40 bar are
reasonable. To conduct the pressure tank tests, it was necessary to implement a pressure-
compensated connector in order to transmit the sensor signal through the tank jacket.
The cover of the pressure tank is then closed, the tank is vented and manually pressurized
using a manual pressure pump. The sensor probe has an internal pressure sensor. For the
test, this was replaced by a sensor with a nominal pressure range up to 30 bar but can
withstand pressure peaks up to 50 bar. Figure 10.3 shows a schematic drawing of the test
setup.

Sensor
Probe

Pressure
ConnectorManual

Pressure Pump
Topside
Unit

Figure 10.3.: Schematic drawing of pressure dependence test setup.

Temperature Dependence Test Setup

In order to investigate the temperature dependence of the sensor system, an experimental
setup with a temperature-controlled water tank was realized in which the sensor probe
was inserted. In this way, the temperature characteristics of the overall system were
determined in a temperature range of about 8 ◦C . . . 25 ◦C.

Sensor
Probe

Topside
Unit

Figure 10.4.: Schematic drawing of the temperature dependence test setup.
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11. Optoelectronic Characterization of Sensor Components

As the Beer-Lambert-Bouguer Law stated, the quality of the measurement is significantly
influenced by the spectral properties of the emitter and the detector.

11.1. Electronic Characterization of the Emitter Unit

Before examining the spectral properties of the UV and IR LED, the stability and setting
accuracy of the LED driver IC were examined. Since the LP55231 controls the forward
current ILED through the LED and also measures the voltage ULED dropping via the LED,
both the quality of the constant current setting and the measurement of the voltage drop
were evaluated (see Figure 10.1). First, the forward voltage ULED across the IR LED
were measured with a digital multimeter (DMM) and compared to the values determined
internally by the LP55231 LED driver IC. The outcomes of the comparison are shown
below in Figure 11.1, where the multimeter measurements were plotted against the LED
driver IC measurements. The linear regression analysis leads to a formal relationship of y =
0.9277x+ 0.1258 with a determination of R2 = 0.9687 and a linear correlation coefficient
of ρX,Y = 0.9842. Considering the results, it becomes apparent that the measurement
of the voltage ULED using the digital multimeter is about 0.13 V larger than the internal
voltage measurement.
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Figure 11.1.: Comparison of forward voltage ULED of the IR LED measured by LED driver
IC and external digital multimeter (DMM).
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The quality of the internal constant current control was also investigated. Constant
current control is particularly important for the operation of LED’s, since the relationship
between the forward current ILED and forward voltage drop ULED across an LED is ex-
ponential (see Figure 11.3). To this end, the forward current ILED were measured using a
digital multimeter and compared to the values set internally by the LP55231 LED driver
IC (see circuit drawing in Figure 10.1). Figure 11.2 below contains the digital multimeter
(DMM) readings of ILED plotted against the LED driver IC measurements. The linear
regression analysis of the data gives a formal relationship of y = 1.001x + 0.0287 with a
determination of R2 = 0.9999 and a linear correlation coefficient of ρX,Y = 0.9999. A
comparison of the value pairs shows that there are no major deviations between the for-
ward current set with LP55231 LED driver IC and the forward current ILED measured
externally (±0.03 mA).
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Figure 11.2.: Comparison of forward current ILED measured by LED driver IC and external
digital multimeter (DMM).

As mentioned above, LED’s have an exponentially increasing current-voltage character-
istic. The luminous flux (respectively the emitting light intensity) is almost proportional
to the operating current. The forward voltage ULED is set by operation under a constant
current ILED. The supply via a constant current source is therefore important for a defined
luminous intensity and represents a basic prerequisite for the desired measuring principle.
Figure 11.3 respectively shows the current-voltage characteristic of the IR LED in steps

of 0.1 mA in the range from ILED = 0 mA . . . 25.5 mA. The entire range that can be set via
the constant current control of the LED driver IC is covered. In addition, the voltage drop
ULED was also measured externally using a multimeter (see Figure 11.3). It becomes clear
that the sampling of the multimeter shows a higher resolution than the internal voltage
measurement of the LP55231 LED driver IC.
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Figure 11.3.: Current-voltage characteristic of the IR LED.

Figure 11.4 shows the current-voltage characteristic of the UV LED. Again, the entire
available range of constant current control from ILED = 0 mA . . . 25.5 mA is examined in
steps of 0.1 mA and the resulting voltage ULED is plotted against the forward current ILED.
The UV LED shows a lower dynamic, so that an increase of the current ILED in the range
ILED > 7.5 mA does not result in a change of the forward voltage ULED.
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Figure 11.4.: Current-voltage characteristic of the UV LED

11.2. Spectral Characterization of the Emitter Unit

In addition to the electronic properties, the spectral characteristics of the LED’s used
as light sources are of particular importance for the measurement (see Beer-Lambert-
Bouguer Law in Section 5.4). For this reason, a spectral analysis of the used components
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is essential in order to describe, characterize and finally evaluate the measurement system
in its entirety. Figure 11.5 gives an overview of the wavelength ranges that are important
for the measurement system. It shows both the emission spectra of the LED’s and the
normalized spectral sensitivity of the light-to-digital converters (light sensors). It should
be noted that the representation in Figure 11.5 is not to scale, but suitable to clarify
the wavelength ranges. A key finding of this simple analysis is that the used LED’s
have appropriate peak wavelengths and sufficiently narrow emission spectra to match the
spectral sensitivities of the light sensors and the requirements formulated in Section 7.1.
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Figure 11.5.: Overview of the wavelength ranges relevant for determining turbidity and
CDOM content. Shown are the wavelength ranges (colored) relevant for the
optical determination of turbidity (IR range) and CDOM (UV range) using
attenuation (transmission measurements), the emission spectra of the UV
LED and IR LED as well as the spectral sensitivity range of the light-to-
digital converters used (UV and IR sensor).

As described in Section 8.2.2, the intensity of the LED’s can be changed both in terms of
adjusting the forward current ILED or the PWM value. In order to gain insights into these
effects, the emission spectra for different forward current ILED settings were measured.
Here again, a spectrometer was used to gather the spectral emission of each LED.
The results of the spectral characteristics of the UV LED are given in Figure 11.6 below.

Results for 5 different forward current settings in the range of ILED = 2.5 mA . . . 12.5 mA
are shown for reference. For better comparability, all values were normalized to the max-
imum value of the highest measured intensity (ILED = 12.5 mA). As the diagram shows,
the curves for a forward current ILED ≥ 7.5 mA are congruent. This corresponds to the
behavior already mentioned for current-voltage characteristic analysis of the UV LED (see
Figure 11.4).
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Figure 11.6.: Emission spectra of the UV LED normalized to maximum intensity due to
changing forward current ILED (PWM was set to 125).

Based on the same experimental setup, the IR LED was evaluated as well. The results
are shown in Figure 11.7 below. As with the current-voltage characteristic analysis (see
Figure 11.3), there is a very fine gradation between the constant current settings ILED

and the corresponding intensity. The peak wavelength is not influenced by changes in the
forward current.
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Figure 11.7.: Emission spectra of the IR LED normalized to maximum intensity due to
changing forward current ILED (PWM was set to 125).

In addition to adjusting the intensity of the LED by means of forward current control,
it is also possible to use pulse width modulation (PWM) for this purpose. The spectral
characteristics due to changes in the PWM settings were also investigated. As shown in
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Figure 11.8 and Figure 11.9, 5 PWM settings were selected and the emission spectra were
compared. It appears that the change of the PWM setting allows a very fine adjustment
of the intensity of both the UV LED and the IR LED. The peak wavelengths are not
influenced by changes in the PWM setting.
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Figure 11.8.: Spectral emission of the UV LED normalized to maximum intensity due to
changing PWM. For this test forward current was set to ILED = 12.5 mA.
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Figure 11.9.: Spectral emission of the IR LED normalized to maximum intensity due to
changing PWM. For this test forward current was set to ILED = 2.5 mA.
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11.3. Current-PWM Modulation of the Sensor Probe

Based on the optoelectronic description of the emitter unit, it is possible to examine
the overall sensor system feasibility. The Beer-Lambert Law states that for attenuation
determination a known amount of incident spectral radiant power Φi(λ) is compared to
the spectral radiant power Φt(λ) transmitted through an aquatic sample volume (see
Section 5.4). The incident spectral radiant power Φi(λ) can be influenced by changing
the forward current ILED drawn through the LED or the duty cycle (PWM) as shown in
the previous section (see Section 11.2). Changes in temperature ϑ or ambient pressure
p can also influence the spectral radiant power of the LED but regarding the laboratory
tests, the temperature is assumed to be constant. Thus, the following formal description
is considered as the assumption for the investigation of the emitter site under laboratory
conditions:

Φi(λ) = f

(
PWM, ILED, ��7

const.
ϑ , ���

const.
p

)
(11.1)

On the detector side, the measured value for the transmitted spectral radiant power
Φt(λ) is seen as a function of the incident spectral radiant power Φi(λ) and the optical
water properties. The value can be changed by modifications in gain or integration time
tI, e.g. to increase the sensor resolution. Other dependencies can be found in a changing
temperature ϑ, ambient pressure p or a changing incidence angle ψi. For laboratory analy-
sis, these influencing variables are assumed to be constant. Based on these considerations
a formal expression can be made as follows:

Φt(λ) = f

(
PWM, ILED, ��7

const.
ϑ , ���

const.
p ,���

const.
ψi ,��7

const.
tI

)
. (11.2)

In order to examine the measuring range, the sensor probe was placed in a dark-
ened basin with distilled water. During the experiment, the water had a temperature
of ϑ = 16 ◦C. The forward current was gradually changed in the range from ILED =
0 mA . . . 25.5 mA and the PWM setting in the range from 0 % . . . 100 % duty cycle. For
each setting, the corresponding detector signal of the UV and IR channel were recorded.
Figure 11.10 shows the results of the current-PWM modulation of the UV channel. The

experiment showed that for a forward current ILED > 12.5 mA no change in the system
characteristics due the current-PWM modulation is achieved. Overall, the color gradient
illustrates that a fine adjustment of the measuring range is possible by changing the PWM
and forward current setting. Here, the measuring range is the interaction between available
incident radiant power and transmitted radiation that can be registered at the detector.
In contrast to this, the investigation of the IR channel shows that a much larger dynamic

range can be retrieved as given in Figure 11.11, where a clear gradation in the color
gradient of the representation is shown for the entire adjustable range of the current-
PWM modulation.
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Figure 11.10.: Current-PWM modulation of the UV LED and the corresponding detector
signal of the UV light sensor.
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Figure 11.11.: Current-PWM modulation of the IR LED and the corresponding detector
signal of the IR light sensor.
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For clarification, the results of the current-PWMmodulation for selected forward current
settings from ILED = 5 mA to ILED = 25 mA are shown separately. Figure 11.12 contains
the data for the UV channel. As mentioned already, currents greater than ILED > 12.5 mA
do not lead to any significant change in the detector signal. In the case of IR channel
as shown in Figure 11.13, it becomes apparent that there is a greater dynamic range
achievable, although the curves are not as strictly linear as for the UV channel.
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Figure 11.12.: Current-PWM modulation of the UV LED for selected forward currents
ILED and the corresponding detector signal of the UV light sensor.
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Figure 11.13.: Current-PWMmodulation of the IR LED for selected forward currents ILED

and the corresponding detector signal of the IR light sensor.
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11.4. Repeatability Assessment

In order to investigate the signal stability, the sensor probe was positioned in a closed water
tank to exclude ambient light influences. The system behavior was observed for 1 h with a
sampling rate of 0.1 Hz. Figure 11.14 shows the measured values of the UV and IR channels
as well as the water temperature. To illustrate the distribution, a histogram and the mean
average value are provided. As a result, it appears that there is a skew distribution for
the UV detector signals. In contrast, the IR detector signals show a rather homogeneous
distribution around the mean value. The water temperature has slightly decreased by
0.15 ◦C during the experiment.
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Figure 11.14.: Investigation of the system stability of the sensor system in submerged state
over a period of 1 h and a set sampling rate of 0.1 Hz.

In Table 11.1 the results of the statistical analysis of the measurement stability test are
listed. Despite a different distribution and a markedly larger value range, the variance
and consequently the standard deviation of both variables are nevertheless comparable.

Table 11.1.: Results of the statistical evaluation of the measured values from the 1 h sta-
bility testing of the sensor system.

UV Channel IR Channel Temperature ϑ

Average 116.1 counts 1735.0 counts 23.87 ◦C
Variance 1.94 counts2 2.35 counts2 -
Standard deviation 1.39 counts 1.53 counts -
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12. System Characterization Regarding the Anticipated
Operating Conditions

With regard to the conditions to be expected during field application, investigations were
undertaken on the pressure and temperature dependence of the sensor system.

12.1. Pressure Resistance

Important quality parameters for the investigation of the usability of the sensor system
are the pressure stability as well as the analysis of possible pressure dependencies during
the sampling process or data gathering. Laboratory pressure tests were carried out up
to pmax = 37 bar in a pressure tank as described in Section 10.2. The sensor probe was
placed in the pressure tank for this purpose. The signal transmission and power supply
through the pressure tank wall was ensured via a pressure-compensated connector box.
The pressure was gradually increased with a pressure change rate of 2.56 bar/min and
the corresponding measured values recorded. Figure 12.1 shows the results for the UV
channel of the sensor system, normalized to the initial detector value at atmospheric
ambient pressure.
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Figure 12.1.: Pressure dependency test of the sensor probe (UV channel). Detector signals
are normalized to the signal under atmospheric ambient pressure. The blue
colored areas mark the range of ±2.5 % and ±5 % deviation.
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The results show that the changes in the signal of the UV channel in dependence on the
ambient pressure are negligibly small. Variances of less than ±2.5 % were observed across
the entire area.
A similar result was found in the examination of the IR channel. Figure 12.2 shows the

results normalized to the initial value at ambient pressure. Although the overall noise is
more pronounced than compared to the UV channel, the measured value deviations are
still negligible and well below 5 %.
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Figure 12.2.: Pressure dependency test of the sensor probe (IR channel). Detector signals
are normalized to the signal under atmospheric ambient pressure. The blue
colored areas mark the range of ±2.5 % and ±5 % deviation.

12.2. Temperature Compensation

LED’s have an exponentially increasing current-voltage characteristic, which also depends
on the temperature. Therefore, the luminance of an LED is a function of its tempera-
ture even though the forward current ILED flowing through the LED remains constant.
Since the application requires a constant luminance of the emitter (incident radiant power
Φi(λ)), an appropriate temperature compensation is a prerequisite to avoid luminance
and color purity variations due to temperature changes and therefore inaccuracies of the
measurement.
In Figure 12.3 the outcomes of the temperature dependence test for the UV channel are

shown. Here, the raw sensor readings were plotted against the changing PCB temperature
ϑPCB due to the changing water temperature ϑH2O in a range of ϑH2O = 8 . . . 25◦C. A
linear regression analysis provides a formal linear relationship of y = 4.1x + 45.5 with a
determination of R2 = 0.9899 and a linear correlation coefficient of ρX,Y = 0.9949.



64 12. System Characterization Regarding the Anticipated Operating Conditions

8 10 12 14 16 18 20 22 24 26

80

100

120

140

R2 = 0.9899
ρX,Y = 0.9949

PCB Temperature ϑPCB in ◦C

U
V

D
et
ec
to
r
Si
gn

al
(c
ou

nt
s)

y = 4.1x+ 45.5

Measurements
lin. Fit

Figure 12.3.: Temperature compensation test of the UV channel (N = 4885).

In Figure 12.4 the outcomes of the temperature dependence test are again shown but
in this case for the IR channel of the sensor probe. Once more, the raw IR light sensor
readings were plotted against the changing PCB temperature ϑPCB due to the changing
water temperature ϑH2O in a range of ϑH2O = 8 . . . 25◦C. A linear regression analysis
provides a formal linear relationship of y = 6.7x + 1615.1 with a determination of R2 =
0.9300 and a linear correlation coefficient of ρX,Y = 0.9643.
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Figure 12.4.: Temperature compensation test of the IR channel (N = 4885).
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13. Measurement Quality Assessment

To determine the quality of the turbidity and CDOM approximation, a comparison be-
tween the sensor probe and a reference method is needed. The use of a laboratory pho-
tometer to optically determine water quality represents an established standard in envi-
ronmental analysis (DIN EN ISO 7027, 2000; DIN 38404-3, 2005). For this reason, the
developed in-situ sensor system is compared with this method. To sufficiently compare
the sensor system and the laboratory photometer over a representative measuring range,
29 samples were prepared by mixing milk and purified water with different ratio leading
to a varying turbidity and different CDOM concentrations. For the comparison, plastic
cuvets1 with an optical path length of d = 1 cm were used both for the analysis with the
laboratory photometer and the prototype sensor system components.

13.1. Assessment of CDOM Approximation

Results of the comparison for CDOM determination are given in Figure 13.1, where the
sensor readings are plotted against the laboratory photometer measurements. A linear
regression analysis provides a formal relationship of y = 2.5x+229.0 with a determination
of R2 = 0.9440 and a linear correlation coefficient of ρX,Y = 0.9716.
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Figure 13.1.: Comparison of CDOM approximations derived by the optical sensor system
and a laboratory photometer at a wavelength of λ = 370 nm.

1 neoLab macro PS cuvet, E-1641, neoLab Migge Laborbedarf-Vertrieb GmbH, Germany
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The comparative analysis reveals a strong correlation between the measured values
obtained with the sensor system and those obtained with the photometer. It must be
noted that the laboratory photometer provides transmission values in the range from 0 %
to 100 %. Comparing these with the measured values of the sensor system, it becomes
apparent that the detection limit of the measuring system has not been reached for the
given case.

13.2. Assessment of Turbidity Approximation

The outcomes of the comparison for turbidity determination are shown in Figure 13.2
below. Here, the sensor readings (λ = 850 nm) were plotted against the laboratory pho-
tometer measurements derived by the photometer. The values are represented in formazine
attenuation units (FAU). A linear regression analysis provides a formal relationship of
y = −0.3x+ 437.1 with a determination of R2 = 0.9672 and a linear correlation coefficient
of ρX,Y = −0.9805.
Again, the analysis reveals a good correlation between sensor readings and the labora-

tory photometer measurements. It also becomes clear that for higher turbidity values a
better correlation is achieved. While the measurement using the laboratory photometer is
limited to a maximum of 400 FAU in the measuring range, again the sensor system is not
reaching the detection limit for the given case.
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Figure 13.2.: Comparative analysis of water samples of different turbidity between a lab-
oratory photometer and the developed sensor system. The results of the
photometer measurement are given in formazine attenuation units (FAU).
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Part VI.

Case Study
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14. Mobile Turbidity and DOM Monitoring

The overall objective of this work is to provide a tool for a service-oriented in-situ mon-
itoring. To this end, the basic feasibility will be demonstrated by means of a field case
study. Within the next section, the results of two exemplary monitoring campaigns are
presented, which were carried out on the Unterwarnow along the city area of Rostock,
Germany, in summer 2018.

14.1. Site description

The 155 km long Warnow is a river in Mecklenburg-Western Pomerania, Germany, which
flows into the southern Baltic Sea (see Figure 14.1a). The catchment area of the Warnow
covers 3324 km2 and is characterized by agricultural land use, which is common through-
out the Baltic Sea region. Especially the last section of the river, the Unterwarnow, as
shown in Figure 14.1b, is an interesting study area in terms of water quality due to vary-
ing ecosystem conditions. Hydrologically it is a bay of the Baltic Sea, an inner coastal
water. Therefore, the salt content in the northern area of the Unterwarnow is markedly
increased. Anthropogenic inputs of nutrients and pollutants as well as high ship traffic
such as container ships, ferries and cruise ships in this area are further influencing factors.
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(a) Geographical map of the Baltic Sea region.
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(b) Map of the city of Rostock and the course of the
Unterwarnow with the estuary area.

Figure 14.1.: Map of the Baltic Sea region as well as the city of Rostock and the course of
the Unterwarnow with the area of the seaport and the estuary of the Warnow
into the Baltic Sea.
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Estuaries are characterized by the transition of fresh water to salt water (brackish water),
where the transport of substances is normally a result of water movements. In practice,
this is dependent on the flow velocity of the freshwater outflow quantity of the river in
relation to the saltwater inflow quantity, which in turn is dependent on the respective
weather conditions, e.g. storm tides. This results in a very differing change of the flora
and fauna from the river area to the sea due to the average salinity, water temperature,
amount of dissolved organic matter or nutrients.

14.2. Challenge

The challenge regarding the in-situ monitoring reflects the problem described in the intro-
duction to this thesis (see Section 1.1). The objective is to understand ecosystems such
as the Baltic Sea in their entirety. Since this also includes estuaries, river courses and
the related catchments, there is a lack of suitable monitoring strategies and technologies
to measure and describe these systems. To this end, one of the main aims of the case
study is to reveal the potential of the developed method of being a suitable approach
for a service-oriented, fast and easy to apply in-situ monitoring of optical properties in
above described aquatic environments. A scale-overlapping monitoring must be based
on technologies that are not dependent on large research infrastructures. Mobile sensors
that can be used from small boats such as fisherboats, sailboats or canoes would make an
enormous contribution not only to increase data density but also to collect data in areas
where conventional environmental research has not yet advanced.

14.3. Materials and Methods

Due to the service-oriented system architecture, the methodological effort during the field
measurements is moderate. As described in Section 9, the sensor system consists of the
sensor probe, which is connected to the topside unit via a cable and a connector. The
topside unit can be powered via a USB connection or from 12 V . . . 32 V (DC) power supply.
In the present case, a USB power bank1 with a capacity of 20 100 mA h was used. This
allows the measuring system to be operated for about 48 hours. The sensor probe can
be easily mounted using the metal brackets integrated into the sensor housing on the top
and bottom. Since the sensor probe weighs only 0.12 kg or 0.87 kg with 30 m cable length
attached, the installation for field applications is simple. The user thus has the option
of simply bringing the sensor into the water at the cable, using a rope or attaching the
sensor to a device carrier or frame. Conventional measuring systems are usually bigger
and also heavier than the sensor system presented here (see Section 8.4). With the sensor
system it is therefore possible to introduce new data collection strategies and technologies
in addition to classical monitoring based on the use of research vessels.

1 TL-PB20100, Portable Power Station, 20 100 mA h Capacity, TP-Link Technologies Co., Ltd., USA
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For this purpose, two monitoring applications were tested as part of the case study. On
the one hand a monitoring with a canoe was carried out, enabling data acquisition in very
shallow river areas and small stream inlets of the Warnow. The sensor installation for this
case is shown in Figure 14.2 below. The sensor probe is attached to a mount which allows
to change the sampling depth as well as the angle and orientation of the sensor from on
board.

Figure 14.2.: Sensor installation on a canoe for mobile monitoring.

In the second application case the sensor system was mounted on a sailboat to sample
larger areas such as the Warnow estuary into the Baltic Sea. The installation situation is
shown in Figure 14.3 below. The sensor probe was attached to the stern of the sailboat
on the bathing ladder. Since higher flow velocities were to be expected than in the canoe
application, the cable was fixed with cable ties in order to minimize the tensile load on
the cable and the cable gland as a result of the incident flow.

Figure 14.3.: Sensor installation on a sailboat for mobile monitoring.

Once the sensor probe is deployed, the system can be switched on without further need
for additional user interactions. As long as there is a stable internet connection, e.g. via an
access point provided by a mobile phone, the data gathered by the system is automatically
transmitted to the server and processed to provide a data visualization close to real time
using standardized web services. This is achieved with the help of the standardized JSON
data format as discussed in Section 9.2.2, which allows direct post-processing with the
help of corresponding libraries and plugins.
The measuring system also functions without internet connection and stores the data

on an SD card. Each completed measurement is confirmed by the LED status display of
the power button, which flashes twice briefly. This ensures that the measuring system is
correctly configured and data loss is avoided.
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14.4. Results

The results of the two monitoring campaigns are presented below. Since mobile monitoring
is particularly concerned with spatial heterogeneity, the measured parameters are shown as
a map view. In addition, time series are presented which provide information on whether
there are superordinate dependencies or a general dynamic. Nonetheless, it is important
to note that the case study serves to demonstrate the basic feasibility of the sensor system.
A comprehensive monitoring of the study area would require that measurements are taken
over a longer period of time, at regular intervals and that appropriate laboratory analyses
are carried out. For this reason, only the raw data are shown in the result presentation.

14.4.1. In-situ Monitoring Using a Canoe

In the first application example, monitoring was carried out using the canoe. The study
area was the Warnow section between Mühlendammschleuse, lock Rostock, southeast of
the city centre 1 and the area of the former Neptun shipyard northwest of the city
centre 5 . Figure 14.4 contains a map view of the water temperature values measured
during the field campaign. The temperature fluctuated between 25.0 ◦C . . . 27.0 ◦C. The
measurements reveal that the area of the Unterwarnow (from 3 to 5 ) has an overall
higher water temperature than the narrower river course between 1 and 3 .
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Figure 14.4.: Spatial plot of the temperature measurements of the monitoring campaign
by canoe (2018-08-04). 1 Mühlendammschleuse, 2 Haargraben, 3 be-
ginning of the Unterwarnow, 4 reed belt, 5 Neptun shipyard.
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Figure 14.5 shows the course of the measured values of the UV transmission measure-
ment (Φt(λ = 370 nm)) during the monitoring campaign. The areas close to the lock 1
and along the shallow moat (Haargraben 2 ) are in particular characterized by a strong
decrease in the transmission signal. This could indicate an increased concentration of
CDOM. In the area of the Unterwarnow very high transmission values are noticeable (see
point 3 in the map). Regarding the remaining areas, the monitoring showed a compar-
atively homogeneous pattern. Close to point 4 a point measurement was done inside of
a reed belt for about 20 min to see if the sensor reveals constant values. The monitoring
was completed at a shallow pier near the former Neptun shipyard 5 . In this area a slight
decrease in the transmission signal can be observed, which could again be attributed to
an increased concentration of CDOM.
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Figure 14.5.: Spatial plot of the UV transmission measurements of the monitoring cam-
paign by canoe (2018-08-04). 1 Mühlendammschleuse, 2 Haargraben,
3 conspicuous value at Unterwarnow, 4 reed belt, 5 Neptun shipyard.

Figure 14.6 shows the results of the monitoring campaign for the IR transmission mea-
surements Φt(λ = 850 nm)). Overall, it can be seen that the course of the measured value
is very similar to the results of the UV transmission measurement. This can be inter-
preted as a first indication that the weakening of the transmission signal is mainly due to
turbidity of the water and less to the CDOM content.
Nonetheless, the signal course provides information about the water body. In this case,

differences between the areas can be detected once more. Major signal weaknesses es-
pecially occur in the area of the Mühlendammschleuse 1 and along the shallow moat,
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the Haargraben 2 . A similar situation can be observed in the area of stationary mea-
surements in the reed belt of the Unterwarnow 4 . Here again, a weakening of the
transmission signal can be observed in the shallow area of the pier near the former Nep-
tunwerft 5 .
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Figure 14.6.: Spatial plot of the IR transmission measurements of the monitoring campaign
by canoe (2018-08-04). 1 Mühlendammschleuse, 2 Haargraben, 3
beginning of the Unterwarnow 4 reed belt, 5 Neptun shipyard.

In order to better compare the individual measurement results, a time series analysis
was carried out in addition to the spatial plots of the data. Figure 14.7 shows the results of
the UV and IR transmission measurement as well as the course of the water temperature
ϑWater plotted over time. It becomes clear that the course of the UV and IR transmission
measurements is similar but not congruent, which is especially true for the area between
1 and 2 . Nevertheless, the impression arises that the sensor signal of both optical
channels is mainly influenced by the turbidity of the water since the values of both channels
are showing a similar course over time.
At point 2 , very high transmission values are recorded for both signals. These could

be outliers, though the values lie in a range in which generally higher transmission values
were measured. For future studies, this would be a suitable place to carry out more
detailed investigations using appropriate sampling techniques and a subsequent laboratory
analysis. At point 4 , within a reed belt of the Unterwarnow, a stationary measurement
was carried out over a period of about 20 min. Here, a constantly low value was found over
the entire period. The low transmission on both optical channels suggests that similarly
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high turbidity values prevailed here like in the area of the Mühlendammschleuse 1 or
the Haargraben 2 . Along the Unterwarnow to the former Neptunwerft 2 higher
transmission values were observed on both optical channels. This allows at least the
interpretation that the water body has a lower turbidity than in the previously described
areas. In the shallow water area of the pier at the old Neptun shipyard, lower transmission
values were registered again.
The course of the water temperature can also be used as a reference for the assessment

of the water body. In the area between point 4 and point 5 there is a clear increase
in water temperature. In this area of the Unterwarnow, the river bed opens considerably
wider and has a mean depth of less than 2 m outside the buoyed fairway.
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Figure 14.7.: Time series of the monitoring results of the measurement campaign by canoe.
Shown are the values of the UV and IR transmission measurements as well
as the water temperature, each measured with a sampling rate of 1

10 Hz. 1
Mühlendammschleuse, 2 Haargraben, 3 beginning of the Unterwarnow
4 reed belt, 5 Neptun shipyard.

14.4.2. In-situ Monitoring Using a Sailboat

For the second monitoring campaign, the sensor system was mounted on a sailboat and
the estuary area of the Warnow was covered by the monitoring, starting at the height
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of the Warnow tunnel and ending at the mouth of the Warnow in the Baltic Sea near
Warnemünde. This includes the entire fairway of the Rostock overseas port (Rostock
Port), the ferry port, the cruise ship terminal and the area where the Warnow ferry
crosses between the city district Warnemünde and Hohe Düne.
Figure 14.8 shows the map view of the water temperature as a result of mobile monitor-

ing. As already mentioned, from a hydrological point of view the Unterwarnow is a bay of
the Baltic Sea and therefore an inner coastal water. The temperature pattern is therefore
interesting, as it shows a constantly decreasing trend towards the Baltic Sea even though
the temperature difference of about 0.5 ◦C is low. At the beginning of the measurement
the water temperature is still at a constant level. At point 1 the first ferry terminal is
passed and a decrease of the temperature can be observed. A further drop in temperature
occurs at point 3 . This is the area where the Warnow ferry operates and the cruise
ship terminal is located. GPS reception was interrupted at two points, resulting in smaller
data gaps.
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Figure 14.8.: Spatial plot of the temperature measurements of the monitoring campaign
using a sailboat (2018-09-02). 1 Ferry terminal Rostock Port, 2 Crossing
area of the fairways Überseehafen, 3 Ferry Warnemünde.

Figure 14.9 shows the results of the transmission measurements of the UV channel as a
map view. At the beginning of the measurement campaign between the Warnow Tunnel
and the ferry terminal of the overseas port 1 , transmission values remained constant.
After the first ferry terminal has been passed, the Warnow basin (the Breitling) opens.
In this area the transmission values increase slightly. At point 2 , where the fairways
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and shipping lanes cross from the direction of the Rostock city ports and the overseas
port, there are significantly lower transmission values than in the areas before. During
the measuring campaign there was a lot of shipping traffic in this area, so the ferries to
Scandinavia left one after the other and also a container ship crossed the course of the
sailing boat during the measuring. Since the temperature measurement for this area also
shows a slight change (see Figure 14.8), it can be assumed that the water column was
mixed up accordingly. This would explain that the transmission values as a result of
swirled sediments and organic matter from deeper layers are significantly lower than in
the areas before. The depth of the sea channel is about 14.5 m at this point. Another
remarkable point can be found in the area of the Warnow ferry 3 . Once again, the
transmission values decrease significantly. In this area two smaller car and passenger
ferries cross every 20 min between both sides of the river. The passenger quay of the
cruise ships mooring is also located there. Consequently, it does not appear implausible
to find an increased CDOM concentration in this area due to an increased mixing of the
water column and external impacts.
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Figure 14.9.: Spatial plot of the UV transmission measurements of the monitoring cam-
paign using a sailboat (2018-09-02). 1 Ferry terminal Rostock Port, 2
Crossing area of the fairways Überseehafen, 3 Ferry Warnemünde.

Figure 14.10 shows the spatial map representation of the transmission measurements of the
IR channel. In comparison to the transmission measurements of the UV channel, a greater
dynamic is shown here, but in other areas. It is interesting to see that from the beginning of
the measurement from the Warnow Tunnel to the sea channel, the transmission remained
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almost constant. At point a , where the fairways are crossing, a clear weakening of the
transmission signal takes place, which also occurs over a longer range. The clear change,
which can be seen in the transmission signal of the UV channel in the area of the ferry
terminal 1 , cannot be determined here. A further deviation can be found at point b
. Here a clear reduction of the transmission signal for the IR channel can be seen, which
cannot be found in the values of the UV channel. In the area of the Warnow ferry the
signal strength of the IR channel also decreases. As with the UV channel, it is assumed
that the generally increased ship traffic in this area causes a stronger mixing of the water
body with swirling of the sediment. In addition, 2 large cruise ships were moored at the
quay on the day of the measurement, which could have an additional influence on the
condition of the water body.
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Figure 14.10.: Spatial plot of the IR transmission measurements of the monitoring cam-
paign using a sailboat (2018-09-02). 1 Ferry terminal Rostock Port, a
Crossing area of the fairways Überseehafen, b Sea channel, 3 Ferry
Warnemünde.

For better comparability of the results, a time series analysis is carried out as well. Figure
14.11 shows the results of the second field campaign plotted over time. In contrast to the
first measurement campaign, the signal characteristics of the two optical channels differ
with regard to transmission.
As already mentioned, the transmission measurement of the UV channel shows lower

intensities at the beginning of the measurement series. Until reaching the ferry terminal
in point 1 , the signal curve differs significantly from the transmission measurement of
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the IR channel. Here the assumption is reasonable that there is a hydrological transition
between the rather limnic part of the Unterwanow and the harbor area, which is rather
equivalent to the conditions of the Baltic Sea. These circumstances could also explain the
drop in temperature. Certainly, the changed water depth in this area is also important.
With greater water depth and at the same time more ship traffic, another mixing and
distribution situation prevails in the water column leading to a change in the conditions. It
may therefore be plausible if the CDOM content, which previously led to low transmission
values, decreases in these areas of the Warnow. The measured values in the area of point
2 , the crossing area of the fairways of the Rostock city ports as well as the overseas and
ferry port show a very high dynamic with partly very low transmission values for both
optical channels. The water temperature also shows fluctuations in this range, but to a
very small extent.
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Figure 14.11.: Time series of the monitoring results of the measurement campaign using
a sailboat. Shown are the values of the UV and IR transmission measure-
ments as well as water temperature, each measured with a sampling rate of
1
30 Hz. 1 Ferry terminal Rostock Port, 2 Crossing area of the fairways
Überseehafen, a fairway Rostock city ports and Überseehafen, b Sea
channel, 3 Ferry Warnemünde.

The area of the Warnow ferry and the cruise ship terminal at point 3 shows significantly
reduced transmission values for both optical channels. The temperature curve also shows
a change in the trend at this point. Again, it can be assumed that a change in the water
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body will occur as a result of the increased ship traffic. Moreover, it is striking how
abrupt the change in the transmission signal for the UV channel occurs. After this area, a
relatively homogeneous course of the transmission signal is visible for the UV channel up to
the estuary into the Baltic Sea. For the IR channel, a further decrease in the transmission
signal occurs in the estuary area.
Figure 14.12 shows the comparison of the transmission measurements of both optical

channels during the field campaigns. As shown in Figure 14.12a, the suspicion is confirmed
that for the measurements conducted by canoe along the Warnow up to the Unterwarnow
the signal component due to turbidity is dominant. This results in an almost direct
dependence between the transmission signal of the UV channel and the signal of the IR
channel.
In contrast, Figure 14.12b clearly shows that the signal characteristics are independent

of each other. This is not least due to the fact that the turbidity during the second
measurement campaign was much less pronounced. There are hardly any values below
2000 counts for the selected system setting. But then again the value range for the UV
channel is comparable. Here it must be questioned how resilient the approximation actu-
ally is in the shown case. As already mentioned, an estimate of the CDOM concentration
is not possible or only possible to a limited extent if the turbidity is too high.
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(a) Comparison UV and IR transmission values of
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Figure 14.12.: Comparison of the transmission measurements of both optical channels dur-
ing the field campaign.
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Part VII.

Discussion
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15. Discussion

This dissertation investigated the dynamic monitoring of processes in complex ecosys-
temsby using an optical sensor based measurement system.
The dissertation can be subdivided into three fields, which serve as a structure for the

discussion. The OSE sampling theorem represents the theoretical basis of this thesis.
Based on the OSE sampling theorem and a fundamental consideration of the measure-
ment principle of attenuation (Beer-Lambert-Bouguer Law), a modular optical sensor
system was developed and evaluated in detail in laboratory studies. Finally, two exem-
plary monitoring scenarios were carried out to allow a feasibility analysis of the proposed
measurement method.

15.1. Sensing as a Service – The OSE Sampling Theorem

The formulation of the OSE sampling theorem is the result of a fundamental consideration
of the scale problem in the context of environmental data collection. In Section 3.1, Section
3.2 and Section 3.3 of this thesis, the temporal as well as the spatial and spatio-temporal
aspects are explained using detailed examples. The consequence of this analysis is that
in future sensor systems will have to provide information not only in relation to the
measured quantity but also with regard to the location and time of the measurement as
an internal service. In addition, static monitoring with a constant sampling rate does not
sufficiently take into account the temporal component of an environmental state variable.
The demand for cross-scale monitoring is therefore primarily an engineering challenge. For
the further work within this dissertation, the OSE sampling theorem enabled an unique and
innovative approach to the development of the sensor and the sensor system. Therefore,
the development of the OSE sampling theorem and its practical implementation in form
of the presented measurement system is an essential finding of this dissertation. With the
prototype presented in this thesis it is possible to carry out fast measurements and, more
important, aggregate them to usable information close to real time, e.g. as real-time map
plots or web-based dashboards. The concept of the OSE sampling theorem has already
been published by the author of this thesis (Schima et al., 2017).

15.2. Sensor and System Development for an Advanced Monitoring

Due to the explanation of the optical characteristics of water and its measurement as de-
scribed in Part III of this thesis, the development of every sensor component was driven
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by aspects regarding the fundamentals of attenuation measurement. In this context, the
requirement was formulated that the sensor system should provide a possibility to be
adjustable via software commands. It was also a fact that the sensor system should be
considerably smaller than conventional sensors. A further demand was to ensure that the
system was watertight as well as to investigate possibilities to create a pressure-tolerant
sensor system.

The final design for the sensor system was based on a modular architecture. Therefore,
a communication unit, an emitter unit, a detector unit and a pressure and temperature
unit form the overall system topology of the sensor probe as described in Chapter 8.
Since each module of the sensor probe accommodates differing circuits, the power supply
and the communication had to be ensured using a common footprint design. For this
purpose, a sandwich structure was used as basic design rule. This allowed to ensure the
necessary contacts using board to board connections at the smallest installation space.
For the development of the final PCB layouts, the respective circuits were developed first.
The circuit boards were manufactured by a service provider. Later on, the boards were
assembled by hand and soldered with a reflow procedure using a heated panel in the
laboratory. This seems to be sufficient for small prototypical production approaches. For
larger quantities it is recommended to use professional manufacturing methods to avoid
errors and malfunctioning boards due to heating or soldering failures in the laboratory.
For the construction of the sensor housing, the corresponding components were produced

using a 3D printer. The parts produced in this way were very suitable for the outlined
application, which represents another key finding of this work. Some studies are being
carried out currently that deal with similar approaches and come to similar conclusions for
use in marine technology (Phamduy et al., 2017; Mohammed, 2016). An advantage that
is not to be neglected is seen in the production of optically transparent components using
a 3D printer in combination with translucent filament. The optical windows installed in
the sensor are printed from transparent material and represent a promising approach for
the future production of optical sensor components, at least for prototyping. This is due
to the fact that no additional and costly lenses made of glass are necessary as proofed by
the laboratory evaluation.
The interior of the sensor was encapsulated with optical clear polyurethane. The encap-

sulation ensures that the electronic components are sealed watertight and could also serve
to produce a pressure-tolerant system as described in Section 7.2.4. A major challenge in
casting is to ensure bubble-free encapsulation. In conventional manufacturing, vacuum is
used during the casting process. For the production of the prototype in the laboratory,
this was not possible.
Probably the most sensitive part of the entire sensor system is the cable. In the field of

marine technology, the topic of underwater cables is frequently discussed and represents a
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challenging problem. This work did not explicitly address this issue. A cable was selected
on the basis of good experience in limnic applications. Due to a jacket of S–PVC and a
corresponding copper shielding inside the cable (see Section 8.3.3), the cable was sufficient
for the tests and was used for conducting the field experiments within this thesis. Tests over
several days on the artificial reef showed though, that the longitudinal tightness of the cable
is not permanently given. For longer deployment times, especially in the brackish waters
of the Baltic Sea, cables are recommended that withstand these conditions better. Cables
for these applications generally have a more robust cable sheathing and are provided with
special fillers inside. Here the disadvantages can be that those kind of cables are stiffer,
which can have a negative effect on handling in field and the price is much higher compared
to the used cable.
Overall, it can be stated that the developed sensor system is considerably lighter and

smaller in relation to the size of the sensor probe than comparable commercially available
systems as shown in the comparison in Table A.1. The functional design of the sensor
probe and the topside unit has proven to be very practical both for laboratory investiga-
tions and during field measurements.

In addition to the development of the sensor hardware, special emphasis was laid on the
implementation of service-oriented measuring features based on highly integrated electron-
ics. Therefore, only components were used that allow simple integration into the overall
system via the preferred I2C interface as described in Section 7.2.1.
To build an adaptive optical measurement system it was necessary to create an emitter

unit that allows to adjust the light intensity, to use different LED’s and to guarantee a
constant operation even under field conditions. The final design uses an LED driver as
described in Section 8.2.2 to precisely regulate the forward current ILED through the used
LED’s and to modulate the pulse width (PWM) to control the brightness of the LED’s.
This opens up a multitude of possibilities and provides an unprecedented level of flexibility
in sensor configuration in this context. The characterization in the laboratory has shown
that the adjustment possibilities via the LED driver are very precise. In addition, the
possibility of providing a status monitoring of the LED’s is enabled. Thus, it is possible
to measure the voltage drop via the LED as well as the supply voltage of the complete
system. An analysis showed that both the measurement of the voltages and the constant
current control correspond very well with the conducted measurements using a digital
multimeter as shown in Figure 11.1 and Figure 11.2.
Given the ability to set both the forward current ILED through the LED and the PWM

settings as desired, an essential innovation of the measuring arrangement developed in the
context of this work is the possibility to continuously control the intensity of the emitted
light with unprecedented flexibility.
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In Section 6 an extensive review was made to choose an appropriate wavelength range
for the optical approximation of turbidity and the content of CDOM. Wavelengths used
in applied research are given in Table 6.1.
For the development of the sensor probe, nominal peak wavelengths of λpeak = 370 nm

were considered for the determination of CDOM and λpeak = 860 nm for the determination
of turbidity due to the corresponding references given in Table 6.1.
Once the peak wavelengths had been determined and the corresponding LED’s identi-

fied, their spectral properties could be examined. Of interest were the effects of the change
in the forward current ILED and pulse width modulation (PWM) on the spectral charac-
teristics of the LED’s. For this purpose, a spectrometer was used for the investigation. By
successively changing the forward current ILED with fixed PWM settings and vice versa,
the resulting spectra for both LED’s were determined. The results can be seen in Figure
11.8 and Figure 11.6 for the UV LED and for the IR in Figure 11.9 and Figure 11.7. It
is conspicuous that the emission spectra of the UV LED show no increase in intensity
depending on the current intensity for values greater than ILED > 7.5 mA. This coincides
with the result of determining the current-voltage characteristic as shown in Figure 11.4.
Here it can be seen that no further voltage increase occurs for forward currents greater
than ILED > 7.5 mA, although this would be expected. The reason for this is that the LED
driver is operated with 3.3 V supply voltage. As a result, only this voltage is available for
the LED. Although the LED driver has a so-called charge pump, it is not sufficient for the
voltage drop via the UV LED, which would be about ULED(ILED=25 mA) ≈ 3.6 V according
to the data sheet. This slightly limits the variability in the intensity control due to the
adjustment of the forward current ILED of the UV LED compared to the IR LED. The
emission spectra of the IR LED show a significant change in intensity both for variation
of the forward current ILED and the PWM settings. What can be generalized is that for
both optical channels neither the change of the forward current ILED nor a change in the
PWM settings results in a spectral change, e.g. a differing peak wavelength, which is an
important finding for the planned application.

Based on these findings and the fact that different intensities can be achieved with the
emitter unit, it is possible to set up an adaptive measurement system. Therefore, in-
vestigations were carried out in the laboratory to show how the measuring range can be
adapted. For this purpose, the sensor was positioned in clear tap water and the forward
current ILED and PWM settings for both optical channels were gradually changed and
the corresponding detector signals were recorded. Figure 11.10 shows the results of this
investigation for the UV channel, whereas the results for the IR channel are shown in
Figure 11.11. Figure 11.10 shows again that the change of the forward current ILED of
the UV LED leads to a lower dynamic of the intensity. Independently of this, the results
confirm that an intensity range can be defined first by selecting the forward current ILED,
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and then varied from 0 % . . . 100 % intensity by pulse width modulation. This intensity
modulation and the resulting detector values can be interpreted as a calibration of the
measuring range. With the present sensor system it is therefore possible to calibrate the
entire measuring range, independent of further means. In order to illustrate this aspect,
Figure 11.12 and Figure 11.13 show the detector signals of both optical channels for se-
lected forward currents ILED and changes of the PWM setting. Again, the limitation of
the UV channel due to the low supply voltage becomes clear, since the measured values
for currents greater than 10 mA cannot be distinguished from each other as it can be seen
in Figure 11.12. The signal curve of the IR channel showed a higher scattering compared
to the UV channel. A reason could be that due to the larger value range as a result of the
higher luminous efficacy, small fluctuations in the constant current control or the PWM
signal generation show stronger effects than for the comparatively small value range of the
UV channel.

Nevertheless, it becomes clear that the intensity modulation series could serve as ref-
erence values for calibration purpose or for an adaptive measurement of different water
conditions for example. Consequently, the intensity of the incident radiation could be
increased for water samples with high absorption in order to improve the resolution of
the measurement. Therefore, the added value of the developments presented in this dis-
sertation is highlighted by the fact that the technological prerequisites were achieved to
investigate the possibilities of a dynamic monitoring due to measurement range adaptation.

In order to characterize the overall system, the basic measurement noise of both opti-
cal channels at rest is important. In this connection, the analysis of the signal-to-noise
ratio provides indications about the expected resolution of the sensor and also about the
resulting measurement range. For this purpose, the sensor system was installed in a large
water reservoir filled with clear tap water and darkened for several hours to accomplish
stable conditions. To analyze the stability of the measurement signal, a time series of
60 min was recorded with a sampling rate of 0.1 Hz. The presentation of the results in
Figure 11.14 shows that both channels scatter, but do not follow a global trend. Moreover,
the distributions of the values were analyzed and displayed as histograms. This form of
representation revealed that the detector signal of the UV channel has a right-skewed dis-
tribution. The signals of the IR channel, on the other hand, are normally distributed. The
temperature can also be assumed to be approximately constant during the experiment,
with a decrease of 0.15 ◦C. With regard to the standard deviation of the detector without
considering the measuring range, both channels are comparable. Here, the UV detector
shows even a lower standard deviation. Compared to the average value of the detector
readings, it can be said that the signal uncertainty for the UV channel is about ±1.2 %
and for the IR channel even less < ±0.09 %. The major difference can be seen in the
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varying luminous efficacy of the settings selected in the experiment, so that less light hits
the UV detector. The fact that the measuring range of the UV detector is not adequately
covered leads to a higher percentage of measurement uncertainty than with the IR channel.

When considering an in-situ sensor in the field of ocean engineering, the pressure stabil-
ity as well as the influence of the ambient pressure on the measuring system are important
factors. This concerns both the system stability with regard to mechanical loads and the
influencing variables on the quality of the measurement results. For this purpose, labora-
tory tests were carried out in a pressure tank. In Section 12.1 the results are presented.
Figure 12.1 and Figure 12.2 show the course of the UV and IR detector signals plotted
over the ambient pressure up to a maximum pressure of pmax = 37 bar. As the cable length
of the system is limited to about 250 m, an investigation of the system behavior under
higher ambient pressures was not carried out within the scope of this work. However, for
better comparability, the values were normalized to the detector signal under atmospheric
pressure. In the diagram, the ranges of ±2.5 % and ±5 % deviation are indicated in color.
The analysis revealed that for both optical channels the deviation was below < 5 % under
pressure load. Since the majority of the values are also significantly below < 2.5 % devia-
tion, the pressure influence can be neglected for most applications.

The influence of a varying temperature is a particular challenge for many measurement
systems, especially for measurements carried out under field conditions. For this reason,
the influence of temperature on the measurement quality of the sensor was investigated in
laboratory tests. Figure 12.3 shows the course of the transmission signal of the UV channel
plotted against the board temperature of the detector unit. The linear fit of the data has a
slope of R2 = 0.9899 and a strong linear correlation coefficient of ρX,Y = 0.9949. The UV
detector signal is therefore strongly temperature-dependent. However, the fact that the
course is linear, offers the possibility to compensate the temperature by linear regression.
If ϑPCB = 20 ◦C is selected as the reference point, the rate of change corresponds to a
value of 3.22 % K−1. The analysis of the IR channel revealed a similar result. Figure 12.4
shows the course of the transmission signal of the IR channel plotted against the board
temperature of the detector unit. In this case, the linear fit of the data has a slope of
R2 = 0.9300 and a linear correlation coefficient of ρX,Y = 0.9643. It is noticeable that the
measured values show a stronger deviation than with the UV channel. Particularly in the
lower temperature range ϑPCB < 14 ◦C, there is an increase in deviating measured values
from the linear trend. Due to the large number of measured values (N=4885), it can be
assumed that the temperature characteristic curve of the IR channel determined in this
way can be used to ensure sufficient temperature compensation. If a reference point of
ϑPCB = 20 ◦C is also assumed here, a rate of change of 0.38 % K−1 results. The rate is
thus considerably lower than the change rate of the UV channel. This is due to the fact
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that the measuring range is larger as well as the correspondingly higher available luminous
efficacy for the IR range.

The most important criterion for the later application of the in-situ measurement system
is the comparability of the measurement with established laboratory standard methods.
For this reason, two test series were set up to compare the quality of the measurement of
both optical channels with a laboratory photometer and thus validate it as described in
Chapter 13.
It is apparent from the data shown in Figure 13.1 that the transmission measurements

Φt(λ = 370 nm) followed a linear trend, which validates the measurements reported by
the sensor probe compared to the measured transmittance T(λ=370 nm) values derived from
the laboratory photometer. The linear fit of the data has a slope of R2 = 0.9440 and
a linear correlation coefficient of ρX,Y = 0.9716. The course of the measuring points
shows a stronger deviation from the linear trend line for water samples of lower CDOM
concentrations (low transmission rates < 20 % reported by the laboratory photometer). It
is assumed that in this range the detector of the laboratory photometer shows a higher
deviation leading to this perceptible difference. However, the results confirm that the
measurement system is suitable for measuring transmission or attenuation in an adequate
manner and with sufficient accuracy, e.g. for approximation of the CDOM concentration.
An even stronger correlation was observed by comparing the results of the transmission

measurement of the IR channel of the sensor and the determination of turbidity in FAU
using a laboratory photometer as shown in Figure 13.2. Again, the deviation of the
measured values seems to increase with decreasing turbidity. However, the linear fit of the
data has a slope of R2 = 0.9672 and a linear correlation coefficient of ρX,Y = −0.9805.
The negative sign is due to the fact that the transmission values of the sensor were plotted
against the (processed) results of the turbidity measurement of the photometer. In this
case, high transmission values of the sensor correspond to low turbidity values, since a
higher amount of light can penetrate the water sample.
For both optical channels, the detector saturation was not reached. This shows that

much larger measuring ranges are possible for both channels. For the UV channel, the
measuring range under the selected conditions is two times as large as the range that can
be covered by the laboratory photometer. With an approximately 1.5 larger measuring
range, the IR channel behaves similarly.
In this context it should also be mentioned that by increasing the integration time on

the detector side of the sensor system, the resolution can be increased. For example,
if the integration time is doubled, the resolution can be increased twice. However, the
time required for a measurement is limited. Table 9.1 shows the available integration
times. The maximum for the UV channel is ti = 1000 ms and for the IR channel ti =
402 ms which leads to the conclusion that an integration time of ti = 1000 ms would have
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the disadvantage of strongly falsifying the measured value due to sensor movement or
movement of the medium itself.

15.3. Case Study as Proof of Concept Analysis

The case study revealed that the presented method provides a suitable and promising
approach for a fast in-situ monitoring of aquatic environments. It was shown that the
measuring system can be mounted on smaller boats such as canoes or sailboats in order
to allow monitoring of areas that are not covered by conventional monitoring programs
or only to a limited extent (see Section 14.3). This is of particular importance for the
selected use case, since the Baltic Sea as a marginal sea is strongly influenced by the
surrounding catchment area (HELCOM, 2018). The input of nutrients and CDOM via
the rivers as well as as the limited exchange with saline, oxygen rich water from the North
Sea via the Skagerrak are creating challenging and very unique conditions for the Baltic
Sea (Kreus et al., 2015). This leads to an increased concentration of nutrients and CDOM
in the Baltic Sea (Fleming-Lehtinen et al., 2015; Lindh et al., 2015; Seidel et al., 2017).
Especially in warm summers this results in a risk of eutrophication and so called dead
zones where all dissolved oxygen is consumed.
In this connection, the previously discussed OSE sampling theorem can be confirmed

again since the sensor system automatically provides all the necessary data for a real
time assessment of the monitoring results, e.g. as an online map view. Considering
this situation, it becomes clear why future monitoring approaches have to deal with the
environmental conditions in the river estuaries, river courses and finally the situation in
the catchment areas in much more detail. In the use case, this challenge was addressed by
a monitoring approach based on the sensor system prototype developed within this thesis.
In the first application by canoe it became clear that the area of the Warnow between

Mühlendammschleuse and Unterwarwnow (former Neptun shipyard) showed a high dy-
namic. But a closer look at the results of the transmission measurement revealed that for
both optical channels, as shown in Figure 14.5 and 14.6, a global trend can be observed.
This is demonstrated by the comparison of the transmission measurements of both optical
channels as shown in Figure 14.12a. It must be assumed that the prevailing turbidity
value during the measurement campaign has exceeded a critical point. In any case, the
optical signal attenuation due to the turbidity superimposed the absorption measurement
on the CDOM approximation.
The evaluation of the results of the second measurement campaign using a sailboat

revealed a different result. As it can be seen in Figure 14.9 and Figure 14.10, clear
deviations between the signal characteristics of the transmission measurement of the UV
and IR channels can be detected. The comparison of the signal characteristics of the
transmission measurement of the optical channels as shown in Figure 14.12 illustrates this
as well. It should be mentioned though, that in the second campaign the transmission
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signal of the IR channel as shown in Figure 14.11 is predominantly larger than in the
first campaign (see Figure 14.7). This can be interpreted as an indication that there was
generally less turbidity during the second measurement campaign.
Overall, it can be stated that the measurement system is fundamentally suitable for

fast monitoring of complex areas and ecosystems. Particularly noteworthy is the very
low methodological effort during field measurement and the rapid provision of monitor-
ing results as actionable information, e.g. in the form of web-based visualizations, as
demonstrated with the use case.
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16. Conclusion

This thesis describes the development, construction and the application of a sensor probe
(attenumeter) as part of an adaptive measuring system for a fast in-situ monitoring of
optical properties in aquatic environments. Two target wavelengths were used to optically
approximate the content of chromophoric dissolved organic matter (CDOM) and turbidity
(λCDOM = 370 nm, λTurbidity = 850 nm). All investigations and developments carried out
in the context of this thesis can be transferred to other wavelengths. In addition to the
detection of further water constituents, this opens up the possibility of recording entire
absorption spectra in the form of a miniaturized multi-parameter probe in the future.
In addition to the sensor and system development, the introduction of a holistic sampling

theorem (OSE) is an essential component of this thesis (Schima et al., 2017). Due to the
combination of the monitoring paradigm and the consequent sensor development from
the beginning of the design process, a unprecedented measurement system regarding its
functionality was achieved. Integrated functions for controlling the emitter intensity by
changing the forward current or pulse width modulation as well as the adjustable detector
sensitivity due to changes in the integration time enable sophisticated features such as
auto calibration routines or an adaptive system behavior. Therefore, this thesis describes
the structure of a modular and adaptive optical sensor concept that opens the possibility
for a fast and service-oriented environmental monitoring.
In order to verify the measuring quality, a detailed investigation of the system compo-

nents with regard to the electronic and optoelectronic properties was carried out. Further-
more, the pressure and temperature dependence were examined and the repeatability of
the measurement was determined in laboratory studies. In addition, a comparative inves-
tigation proved that the presented sensor system provides results that are in accordance
with the laboratory analytical standard method using a laboratory photometer. Thus, the
measurement quality is considered acceptable for the proposed application. On the basis
of a case study of two mobile monitoring campaigns on the Warnow river along the city
of Rostock, the feasibility was demonstrated and the added value of the OSE sampling
theorem was proven.
The results confirm that the sensor system prototype represents a promising approach

that meets the requirements and specifications outlined in the introduction of this thesis.
Therefore, the sensor system provides a fast and useful method to assist and improve future
environmental monitoring applications especially for the investigation of areas, which are
not yet accessible by common monitoring technologies.
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The findings generated in the context of this thesis also serve as a basis for further studies.
In the following, a brief outline will be given where links to other research topics can be
found and what concrete further work is planned.

17.1. Predictive Monitoring - Towards Data-Driven Research in
Environmental Sciences

Within the last decades, a new system theoretical approach in the field of environmental
monitoring has evolved (Wiemann et al., 2017). Thanks to more powerful and less ex-
pensive electronic components as well as increasing digitalisation, sensors and monitoring
systems will be used to a greater extent and thus monitoring will be more intensively taken
into account in the development of models. The major advantage is not necessarily the
fast provision of data, but the aggregation of context information into a holistic system
description. Figure 17.1 shows the increase in the information value of data with regard
to the processing steps in environmental research.
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Figure 17.1.: The value of data (adapted from Eckerson (2007)). With the aggregation of
descriptive information, the value of measurement data can be significantly
increased. In the same way, the effort for data collection also increases.
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It can be assumed, that the challenge regarding the development of sensors and monitor-
ing systems of the future relies on the ability to react to additional information describing
the context in an appropriate manner. These can be physical parameters but also situa-
tional data, e.g. the description of a certain process. In the same way, the computational
effort and also the measurement complexity to derive reliable and thus useful information
from a single measurement are increasing. Due to the holistic OSE sampling theorem, the
method developed in the context of this thesis can provide an appropriate data basis of
highly described sensor readings for this very approach.

17.2. A Fast Data Evaluation for Decision Making

The number of sensors used in environmental monitoring is increasing, but efficient strate-
gies to generate useful information from the increasing amount of data are missing. To
help accelerating decision-making processes, engineering solutions are needed to capture
processes in a targeted manner as described in Section 4.1 of this thesis. In the domain of
information technologies and data processing a structural approach, the lambda architec-
ture, has become increasingly established (Kiran et al., 2015; Villari et al., 2014; Fernández
et al., 2016). The lambda architecture is a data processing architecture designed to pro-
cess large amounts of data using both batch and stream processing methods. Therefore,
the lambda architecture can be of great benefit especially in the case of sensor-based en-
vironmental research. An adaption for the environmental monitoring use case is given in
Figure 17.2 below.
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Figure 17.2.: Lambda architecture for data acquisition and data evaluation.

Starting from a data acquisition layer, sensor data are streamed to a rough but fast
evaluation process (speed layer) and a computation-intensive processing (batch layer).
The advantage consists in the fact that the results of both processing methods are made
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available to a central query layer via a serving and provision layer. As a result, queries can
be processed very quickly allowing a first approximation of even complex system states.
A significant contribution to this approach is seen in the presented OSE sampling the-

orem and post-processing, which allows to support, to simplify and to accelerate complex
decision-making processes by providing highly specific information close to real-time. This
paves the way for the increased use of artificial intelligence methods in the development
and testing of monitoring strategies in the future.

17.3. Future Work

In addition to system-theoretical approaches for an advanced environmental monitoring,
improvements of the presented sensor system and pending investigation are aspired as well.
Therefore, future work should focus on topics that were not investigated in detail within
the scope of this thesis. These include in particular studies on biofouling and methods to
avoid it. First investigations at the artificial reef in Nienhagen showed promising results,
but larger test series and scientific evaluation are still pending.
The influence of scattered light effects on the measurement quality should also be in-

vestigated separately in further studies. Since the optical windows of the sensor were
3D-printed with transparent filament, it is recommended to investigate the light absorp-
tion of the filament material as well as the refraction in detail. Possibilities to adjust the
beam width for the measuring application should also be considered in future studies.
Another aspect regarding the sensor probe is that the light path is not colimated since

no lens or particular optic was placed in front of the emitter due to the requirement of the
simplification of the sensor set up. Further studies should consider to investigate suitable
approaches to overcome this lack, perhaps by using 3D printed optics.
Within this thesis, the application depth of the measuring system prototype was con-

firmed in laboratory tests up to 37 bar ambient pressure without signal loss or damage of
the system. Tests to determine the maximum possible deployment depth will therefore be
the subject of future investigations. It should also be clarified whether the entire sensor
can be designed as a pressure tolerant system (PTS).
For longer operating times, suitable cables with sufficient longitudinal tightness and

strength need to be tested. Particular care must be taken to ensure that weight, manage-
ability and, last but not least, costs are balanced.

Future work should also focus on the sampling strategy. This includes suitable methods
which are appropriate to react to different or changing environmental conditions and to
autonomously adapt the measuring range. In the context of this work the necessary tools
have been developed and demonstrated. However, the implementation into an autonomous
control system is the subject of further studies.
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Based on the findings and developments of this thesis, a project idea was developed
which was approved for funding within the framework of the PhotonicSensing Initiative
of the Photonics Based Sensing ERA-NET Cofund (13N14733). The international project
entitled Development and Evaluation of Photonic Sensor Components for Coastal Envi-
ronmental Monitoring and Assessment of Marine Resources (DEEP-SEA) aims to transfer
photonic sensing methods into applied fisheries science and oceanographic research. The
international project consortium coordinated by the Chair of Ocean Engineering of the
University of Rostock set the goal of developing a prototype of an optical sensor platform
for applied research, which can be understood as a continuation of the technological ap-
proach developed within the framework of this thesis.

In cooperation with the Helmholtz Centre Geesthacht, a sensor system will be installed
at a sampling site in Cuxhaven, Germany, where a stationary ferry box is located. At
the sampling site, water from the Elbe river is continuously pumped and monitored by
sensors inside the ferry box and additional laboratory analysis at regular intervals. This
offers the possibility to test the measuring system with regard to its basic suitability and
to investigate the comparability of the measurement results of the sensor system with
those of the ferry box and the laboratory analysis.
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A. Appendix

A.1. Commercially Available Sensor Review

Table A.1.: Brief review of commercially available transmissometer (attenumeter) systems
used in applied research or industrial applications.

Sensor Manufacturer Wavelengths in
nm

Depth ratings
in m

Dimensions
in mm

Mass
in kg

c-ROVER 2000 Sea-Bird Electronics, Inc.,
USA

450, 532, and
650

2000 783 x 101 4.1

C-Star Sea-Bird Electronics, Inc.,
USA

370, 470, 530 or
650

600 or 6000 290 x 93 3.6

BAM Sea-Bird Electronics, Inc.,
USA

650, 530 or 470 1000 124 x 63 2.1

ac-s Sea-Bird Electronics, Inc.,
USA

400-730 500 or 5000 770 x 104 0.8

UVT-LED-SW
UV

Sensorex, Inc., USA 254 10,20 or 30 238 x 76 0.8

Opus TriOS Mess- und Datentechnik
GmbH

200 - 360 30, 300 470 x 48 3

LISA UV TriOS Mess- und Datentechnik
GmbH

254, 520 30, 300 300 x 48 2.3

LISA color TriOS Mess- und Datentechnik
GmbH

380, 390, 410,
413, 436, 525,
620 or 740

30, 300 340 x 48 2.4

Viper TriOS Mess- und Datentechnik
GmbH

360 - 750 30, 300 495 x 48 2.4

Oscar TriOS Mess- und Datentechnik
GmbH

360 - 750 500 441 x 130

NiCaVis 705
IQ

Xylem Analytics Germany
Sales GmbH & Co. KG,
WTW

200 - 390 10 802 x 59.9 4.0

NitraVis 701
IQ

Xylem Analytics Germany
Sales GmbH & Co. KG,
WTW

200-720 10 802 x 59.9 4.8

UV 700 IQ
SAC

Xylem Analytics Germany
Sales GmbH & Co. KG,
WTW

254, 550 10 802 x 59.9 4.8

CarboVis 700
IQ

Xylem Analytics Germany
Sales GmbH & Co. KG,
WTW

200-720 10 802 x 59.9 4.8

IQ SensorNet YSI Inc. / Xylem Inc., USA 254 802 x 59.9 7.8
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A.2. Circuit Schematics of the PCB Modules
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Figure A.1.: Circuit schematic of communication unit. This unit contains the voltage
regulators for the sensor probe (3.3 V and 5 V) as well as the Inter-integrated
circuit, serial computer bus (I2C) buffer for long distance communication.
The sensor probe will be connected to the top side unit using a 4 wire cable
allowing power supply and communication.
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Figure A.2.: Circuit schematic of emitter unit. This units contains the Light emitting
diode (LED) driver allowing the control and monitoring of the UV LED and
IR LED.
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Figure A.3.: Circuit schematic of detector unit. This unit contains the UV and IR light-
to-digital converters allowing the dynamic measurement of the transmitted
light.



109 A. Appendix

MS5803-14BA

GNDGND GND

0.1uF10
k

10
k

GND2

SCL/SCLK1
SDA/SDI7
VDD5

AD/CS 3

PS 6

SDO8

U1

C4

R
3

R
4

ADDR

3
1

2

SV1

1
2
3
4
5 GND

SDA

SDA

SCL

SCL

5V
3.3V

3.
3V

3.
3V

3.
3V

3.
3V

SDO

openDOC	v1.0
pressureUnit	v1.0
2017

pressureUnit
30.03.18	20:06

1/1Sheet:

A

B

C

D

1 2 3 4 5 6

A

B

C

D

1 2 3 4 5 6

Figure A.4.: Circuit schematic of pressure unit. This unit contains the pressure and tem-
perature sensor (water depth and water temperature).
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A.3. Resin Characteristics

Table A.2.: Resin characteristics according to data sheet.

Liquid Properties

Base material Polyurethane
Density part A - resin 1.06 g l−1

Density part B - hardener 1.16 g l−1

Part A viscosity 900 mPa s at 23 ◦C
Part B viscosity 1200 mPa s at 23 ◦C
Mixed system viscosity 1050 mPa s at 23 ◦C
Mix ratio (mass) 0.92 : 1
Mix ratio (volume) 1 : 1
Usable life ∼ 15 min at 20 ◦C
Gel time ∼ 20 min at 23 ◦C
Cure time 24 h at 60 ◦C
Cure time 4 h
Colour part A - resin Clear
Colour part B - hardener Clear
Storage conditions Dry Conditions: Above 15 ◦C Below 35 ◦C
Shelf life 12 months
Shrinkage < 1 %
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A.4. Cable Characteristics

Table A.3.: Cable LifYDY characteristics according to data sheet.

Ordering

Manufacturer Kabeltronik Arthur Volland GmbH, Germany
Cable type Miniature control cables
Cable series LifYDY
Order number 340401000

Construction

Dimensions (cores) 4× 0.1 mm
Outer cable diameter 4.0 mm
Linear mass density 0.025 kg m−1

Linear copper mass density 0.0114 kg m−1

Conductor finest, bare stranded copper wire
Structure of conductor 51× 0.05 mm
Core insulation PVC according to VDE 0207
Color sequence DIN 47100
Twisting cores in layers
Shield bare copper spiral shield
Jacket S–PVC according to VDE 0207, black RAL 9005

Technical characteristics

Insulation resistance min. 200 MΩ× km at 20 ◦C
Operating voltage 300 V
Testing voltage 900 V
Linear resistance 0.2 Ω m−1

Temperature range static: −20 ◦C to 70 ◦C
dynamic: −5 ◦C to 70 ◦C

yellow - SCL buffered
white - SDA buffered
green - Vcc

brwon - GND

Figure A.5.: LifYDY cable wire assignment.
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A.5. Connector Characteristics

Table A.4.: Connector characteristics according to data sheet.

Ordering

Manufacturer CONEC Elektronische Bauelemente GmbH,
Lippstadt, Germany

Connector type Female connector M8× 1
Connector series SAL-8-RSC4-S
Order number 42-00012

Construction

Dimension �14 mm× 0.1 mm
Contact CuZn
Contact plating Au over Ni in mating area
Contact carrier PA6, UL 94
Cable sealing NBR
O-Ring Silicone / NBR
Coupling nut CuZn, Ni
Housing PA6 GF, UL 94

Technical characteristics

Insulation resistance min. 100 MΩ
Rated voltage 30 V
Current rating 4 A at 40 ◦C with 0.5 m2

Degree of protection IP 67, in mated condition
Temperature range −30 ◦C to 85 ◦C

SDA buffered - white

SCL buffered - brown

GND - black

Vcc - blue

Figure A.6.: Schematic drawing of the connector pin out.
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A.6. 3D Printer Raise 3D N2 Plus Specifications

Table A.5.: 3D Printer Raise 3D N2 Plus specification.

Printer Properties

Print Technology FFF
Build Volume (WxDxH) 305 mm× 305 mm× 610 mm
Layer Resolution 0.01 mm ∼ 0.25 mm
Filament Type PLA, PLA+, ABS, PC, PETG,

R-flex, TPU, HIPS, Bronze-filled,
Wood-filled

Printing Surface Buildtak
Heated Build Platform Yes
Enclosure Yes
Nozzle Diameter 0.4 mm
Nozzle Working Temperature 170 ◦C ∼ 300 ◦C
Number of Nozzles 2
Printing Speed 10 mm s−1 ∼ 150 mm s−1

Moving Speed 150 mm s−1 ∼ 300 mm s−1

Positioning Accuracy XY-axes: 0.001 25 mm
Z-axis: 0.001 25 mm

A.7. Software Development

Listing A.1: Firmware code (Arduino sketch) of the sensor system.
1#inc lude <I2C . h> //Copyright ( c ) 2011−2012 Wayne Truchsess
2#inc lude <EEPROM. h>
3#inc lude <SPI . h>
4#inc lude <SdFat . h> //Copyright ( c ) 20011−2017 B i l l Greiman
5#inc lude <ArduinoJson . h>//Copyright Benoit Blanchon 2014−2017
6#inc lude <TimeLib . h> //Copyright ( c ) Michael Margo l i s 2009−2014
7#inc lude <TinyGPS++.h> //Copyright (C) 2008−2013 Mikal Hart
8TinyGPSPlus gps ;
9
10#de f i n e VEML6070_READ_ADDRESS 0x39
11#de f i n e VEML6070_WRITE_ADDRESS 0x38
12
13#de f i n e TSL2561_ADDRESS 0x29
14#de f i n e TSL2561_REG_CONTROL 0x00
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15#de f i n e TSL2561_REG_TIME_GAIN 0x01
16#de f i n e TSL2561_CHO_DATA_LOW 0x0C
17#de f i n e TSL2561_CHO_DATA_HIGH 0x0D
18#de f i n e TSL2561_CH1_DATA_LOW 0x0E
19#de f i n e TSL2561_CH1_DATA_HIGH 0x0F
20#de f i n e TSL2561_REG_ID 0x0A
21
22#de f i n e TSL2561_COMMAND_BIT 0x80
23#de f i n e TSL2561_WORD_BIT 0x20
24
25#de f i n e TSL2561_START_CONDITION 0x03
26#de f i n e TSL2561_SLEEP_CONDITION 0x00
27
28#de f i n e TSL2561_GAIN_1X 0x00 // No gain
29#de f i n e TSL2561_GAIN_16X 0x10 // 16x gain
30#de f i n e TSL2561_INTEGRATIONTIME_13MS 0x00 // 13 .7ms
31#de f i n e TSL2561_INTEGRATIONTIME_101MS 0x01 // 101ms
32#de f i n e TSL2561_INTEGRATIONTIME_402MS 0x02 // 402ms
33
34#de f i n e LP55231_ADDRESS 0x32
35#de f i n e LP55231_REG_RESET 0x3D
36#de f i n e LP55231_REG_ENABLE 0x00
37#de f i n e LP55231_REG_MISC 0x36
38#de f i n e LP55231_CMD_MISC 0x53
39
40#de f i n e LP55231_REG_TEMP_CTRL 0x3E
41#de f i n e LP55231_CMD_TEMP_READ 0x04
42#de f i n e LP55231_REG_TEMP_READ 0x3F
43
44#de f i n e LP55231_REG_D7_UV_CTRL 0x0C
45#de f i n e LP55231_REG_D9_IR_CTRL 0x0E
46
47#de f i n e LP55231_REG_D7_UV_PWM 0x1C
48#de f i n e LP55231_REG_D9_IR_PWM 0x1E
49
50#de f i n e LP55231_REG_D7_UV_I_CTRL 0x2C
51#de f i n e LP55231_REG_D9_IR_I_CTRL 0x2E
52
53#de f i n e LP55231_CMD_LOG_EN_TRUE 0x20
54
55#de f i n e LP55231_REG_TEST_CTRL 0x41
56#de f i n e LP55231_CMD_TEST_D7_UV 0x86
57#de f i n e LP55231_CMD_TEST_D9_IR 0x88
58#de f i n e LP55231_CMD_TEST_VDD 0x90
59#de f i n e LP55231_CMD_TEST_VOUT 0x8F
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60#de f i n e LP55231_REG_TEST_READ 0x42
61
62#de f i n e LP55231_CMD_RESET 0xFF
63#de f i n e LP55231_CMD_ENABLE 0x40
64
65#de f i n e MS5803_ADDRESS 0x77
66
67#de f i n e MS5803_PRESSURE 0x00
68#de f i n e MS5803_TEMPERATURE 0x10
69
70#de f i n e MS5803_CMD_RESET 0x1E // r e s e t command
71#de f i n e MS5803_CMD_ADC_READ 0x00 // ADC read command
72#de f i n e MS5803_CMD_ADC_CONV 0x40 // ADC conver s i on command
73#de f i n e MS5803_CMD_PROM 0xA0 // Co e f f i c i e n t l o c a t i o n
74#de f i n e MS5803_ADC_256 0x00
75#de f i n e MS5803_ADC_512 0x02
76#de f i n e MS5803_ADC_1024 0x04
77#de f i n e MS5803_ADC_2048 0x06
78#de f i n e MS5803_ADC_4096 0x08
79
80// Some cons tant s used in c a l c u l a t i o n s below
81const uint64_t POW_2_33 = 8589934592ULL; // 2^33 = 8589934592
82const uint64_t POW_2_37 = 137438953472ULL; // 2^37 = 137438953472
83uint32_t MS5803_RAW_Temperature ;
84uint32_t MS5803_RAW_Pressure ;
85uint32_t MS5803_Temperature ;
86uint32_t MS5803_Pressure ;
87s t a t i c int32_t dT;
88s t a t i c int32_t TEMP;
89s t a t i c int64_t Of f s e t ;
90s t a t i c int64_t S e n s i t i v i t y ;
91s t a t i c int64_t T2 ;
92s t a t i c int64_t OFF2;
93s t a t i c int64_t Sens2 ;
94byte HighByte ;
95byte MidByte ;
96byte LowByte ;
97
98long max_IR = 0 ;
99long max_UV = 0 ;
100
101void setup ( ) {
102// put your setup code here , to run once :
103Serial . begin (9600) ;
104Serial1 . begin (9600) ;
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105Serial2 . begin (9600) ;
106Serial3 . begin (9600) ;
107pinMode (5 , OUTPUT) ;
108I2c . begin ( ) ;
109I2c . setSpeed (0 ) ; //Speed i s e i t h e r 0 or 1 with 0 = 100kHz and

1 = 400kHz
110I2c . timeOut (500) ; // Set va lue f o r i 2 c connect ion timeout in ms
111LP55231_reset ( ) ;
112LP55231_enable ( ) ;
113MS5803_reset ( ) ;
114MS5803_get_constants ( ) ;
115}
116
117void loop ( ) {
118updateGPS ( ) ;
119i f ( gps . l o c a t i o n . i sVa l i d ( ) == 0)
120{
121Serial . p r i n t ( "No␣GPS␣ S igna l \n " ) ;
122Serial2 . p r i n t ( "No␣GPS␣ S igna l \n " ) ;
123ackn (1 , 25) ; // i f the re i s no GPS, the LED of the switch

on/ o f f w i l l i n d i c a t e i t
124}
125e l s e
126{
127i f (
128second ( ) == 00 | |
129second ( ) == 30
130) {
131//createJSON ( in t I_IR , i n t I_UV, i n t PWM_IR, i n t PWM_UV, i n t

LOG_EN_IR, i n t LOG_EN_UV, i n t GAIN_IR, i n t ITIME_IR , i n t
ITIME_UV) {

132createJSON (255 , 255 , 255 , 255 , 0 , 0 , 0 , 1 , 2) ;
133ackn (2 , 50) ; //when a measurement i s done , the LED w i l l

i n d i c a t e i t by f l a s h i n g 2x
134}
135}
136}
137
138void updateGPS ( ) {
139whi l e ( Serial1 . a v a i l a b l e ( ) ) { // check f o r gps data
140i n t c = Serial1 . read ( ) ;
141i f ( gps . encode ( c ) ) { // encode gps data
142gps . encode ( Serial1 . read ( ) ) ;
143}
144}
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145i f ( gps . l o c a t i o n . isUpdated ( ) )
146{
147setTime ( gps . time . hour ( ) , gps . time . minute ( ) , gps . time . second ( ) ,

gps . date . day ( ) , gps . date . month ( ) , gps . date . year ( ) ) ;
148}
149}
150
151
152St r ing timeStamp ( ) {
153char timeStamp [ 3 2 ] ;
154s p r i n t f ( timeStamp , "%02d−%02d−%02dT%02d:%02d:%02d␣ " ,
155year ( ) , month ( ) , day ( ) , hour ( ) , minute ( ) , second ( ) ) ;
156return timeStamp ;
157}
158
159void ackn ( i n t amount , i n t waitTime ) {
160f o r ( i n t i = 0 ; i < amount ; i++) {
161d i g i t a lWr i t e (5 , HIGH) ;
162de lay ( waitTime ) ;
163d i g i t a lWr i t e (5 , LOW) ;
164de lay ( waitTime ) ;
165}
166}
167void createJSON ( i n t I_IR , i n t I_UV, i n t PWM_IR, i n t PWM_UV, i n t

LOG_EN_IR, i n t LOG_EN_UV, i n t GAIN_IR, i n t ITIME_IR , i n t
ITIME_UV) {

168Sta t i cJ sonBuf f e r <400> j sonBu f f e r ;
169JsonObject& root = j s onBu f f e r . c r ea teObjec t ( ) ;
170//LP55231 LED DRIVER
171//IR LED
172LP55231_IR_SET_CURRENT( I_IR) ;
173LP55231_IR_PWM(PWM_IR) ;
174LP55231_IR_SET_LOG_EN(LOG_EN_IR) ;
175//UV LED
176LP55231_UV_SET_CURRENT(I_UV) ;
177LP55231_UV_PWM(PWM_UV) ;
178LP55231_UV_SET_LOG_EN(LOG_EN_UV) ;
179//WAIT FOR EQUILIBRIUM − DELAY
180delay (250) ;
181//IR CHANNEL
182TSL2561_ENABLE( ) ;
183TSL2561_SET_CONV(GAIN_IR, ITIME_IR) ;
184root [ " id " ] = " boat001 " ;
185root [ " timeStamp " ] = timeStamp ( ) ;
186root [ " l a t i t u d e " ] = St r ing ( gps . l o c a t i o n . l a t ( ) , 6) ;



118 A. Appendix

187root [ " l ong i tude " ] = St r ing ( gps . l o c a t i o n . lng ( ) , 6) ;
188root [ " s a t e l l i t e s " ] = gps . s a t e l l i t e s . va lue ( ) ;
189root [ " f ixAge " ] = gps . l o c a t i o n . age ( ) ;
190root [ " gpsVal id " ] = gps . l o c a t i o n . i sVa l i d ( ) ;
191i n t avg = 10 ;
192long max_IR0 [ avg ] ;
193long max_IR1 [ avg ] ;
194long max_UV[ avg ] ;
195f o r ( i n t i = 0 ; i < avg ; i++)
196{
197max_IR0 [ i ] = TSL2561_READ_VALUE(0) ;
198max_IR1 [ i ] = TSL2561_READ_VALUE(1) ;
199max_UV[ i ] = VEML6070_Read_VALUE(ITIME_UV) ;
200// de lay (50) ;
201}
202root [ "IR_VAL_CH0" ] = average (max_IR0 , avg ) ;
203root [ "IR_VAL_CH1" ] = average (max_IR1 , avg ) ;
204root [ " IR_I " ] = LP55231_IR_READ_CURRENT() ;
205root [ "IR_PWM" ] = PWM_IR;
206root [ "IR_U" ] = LP55231_IR_READ_VOLTAGE() ;
207root [ "IR_ITIME" ] = ITIME_IR ;
208root [ "IR_GAIN" ] = GAIN_IR;
209// //UV CHANNEL
210root [ "UV_VAL" ] = average (max_UV, avg ) ;
211root [ "UV_I" ] = LP55231_UV_READ_CURRENT() ;
212root [ "UV_PWM" ] = PWM_UV;
213root [ "UV_U" ] = LP55231_UV_READ_VOLTAGE() ;
214root [ "UV_ITIME" ] = ITIME_UV;
215// //PRESSURE_TEPERATURE
216MS5803_get_values (4 ) ;
217root [ " p r e s su r e " ] = MS5803_Pressure ;
218root [ " temperature " ] = MS5803_Temperature ;
219// //ADDITIONAL VALUES
220root [ "VDD_U" ] = LP55231_VDD_READ_VOLTAGE() ;
221root [ "Vout_U" ] = LP55231_VOUT_READ_VOLTAGE() ;
222root [ " PCB_temperature " ] = LP55231_GET_TEMPERATURE() ;
223//LP55231 LED DRIVER OFF
224LP55231_IR_OFF( ) ;
225LP55231_UV_OFF( ) ;
226char jsonChar [ 4 0 0 ] ;
227root . printTo ( ( char ∗) jsonChar , root . measureLength ( ) + 1) ;
228Serial . p r i n t l n ( jsonChar ) ;
229Serial2 . p r i n t l n ( jsonChar ) ;
230}
231
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232void LP55231_reset ( ) {
233I2C_WRITE(LP55231_ADDRESS, LP55231_REG_RESET, LP55231_CMD_RESET,

10) ;
234wa i t4 sensor (10) ;
235}
236
237void LP55231_enable ( ) {
238I2C_WRITE(LP55231_ADDRESS, LP55231_REG_ENABLE, LP55231_CMD_ENABLE

, 10) ;
239}
240
241void LP55231_IR_PWM( in t b r i gh tne s s ) {
242I2C_WRITE(LP55231_ADDRESS, LP55231_REG_MISC, LP55231_CMD_MISC,

10) ;
243I2C_WRITE(LP55231_ADDRESS, LP55231_REG_D9_IR_PWM, br ightnes s , 10)

;
244}
245
246void LP55231_IR_OFF( ) {
247I2C_WRITE(LP55231_ADDRESS, LP55231_REG_MISC, LP55231_CMD_MISC,

10) ;
248I2C_WRITE(LP55231_ADDRESS, LP55231_REG_D9_IR_PWM, 0x00 , 10) ;
249}
250
251void LP55231_UV_PWM( in t b r i gh tne s s ) {
252I2C_WRITE(LP55231_ADDRESS, LP55231_REG_MISC, LP55231_CMD_MISC,

10) ;
253I2C_WRITE(LP55231_ADDRESS, LP55231_REG_D7_UV_PWM, br ightnes s , 10)

;
254}
255
256void LP55231_UV_OFF( ) {
257I2C_WRITE(LP55231_ADDRESS, LP55231_REG_MISC, LP55231_CMD_MISC,

10) ;
258I2C_WRITE(LP55231_ADDRESS, LP55231_REG_D7_UV_PWM, 0x00 , 10) ;
259}
260
261void LP55231_IR_SET_CURRENT( in t cur rent ) {
262I2C_WRITE(LP55231_ADDRESS, LP55231_REG_D9_IR_I_CTRL, current , 10)

;
263}
264
265void LP55231_UV_SET_CURRENT( in t cur rent ) {
266I2C_WRITE(LP55231_ADDRESS, LP55231_REG_D7_UV_I_CTRL, current , 10)

;
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267}
268
269void LP55231_IR_SET_LOG_EN( in t LOG_EN) {
270switch (LOG_EN) {
271case 1 :
272I2C_WRITE(LP55231_ADDRESS, LP55231_REG_D9_IR_CTRL,

LP55231_CMD_LOG_EN_TRUE, 10) ;
273break ;
274case 0 :
275I2C_WRITE(LP55231_ADDRESS, LP55231_REG_D9_IR_CTRL, 0x00 , 10) ;
276break ;
277}
278}
279
280void LP55231_UV_SET_LOG_EN( in t LOG_EN) {
281switch (LOG_EN) {
282case 1 :
283I2C_WRITE(LP55231_ADDRESS, LP55231_REG_D7_UV_CTRL,

LP55231_CMD_LOG_EN_TRUE, 10) ;
284break ;
285case 0 :
286I2C_WRITE(LP55231_ADDRESS, LP55231_REG_D7_UV_CTRL, 0x00 , 10) ;
287break ;
288}
289}
290
291int8_t LP55231_GET_TEMPERATURE( ) {
292I2C_WRITE(LP55231_ADDRESS, LP55231_REG_TEMP_CTRL,

LP55231_CMD_TEMP_READ, 25) ;
293return I2C_READ8(LP55231_ADDRESS, LP55231_REG_TEMP_READ , 10) ;
294}
295
296long LP55231_IR_READ_CURRENT() {
297return I2C_READ8(LP55231_ADDRESS, LP55231_REG_D9_IR_I_CTRL, 10) ;
298}
299
300long LP55231_UV_READ_CURRENT() {
301return I2C_READ8(LP55231_ADDRESS, LP55231_REG_D7_UV_I_CTRL, 10) ;
302}
303
304long LP55231_IR_READ_VOLTAGE() {
305I2C_WRITE(LP55231_ADDRESS, LP55231_REG_TEST_CTRL,

LP55231_CMD_TEST_D9_IR, 3) ;
306return (I2C_READ8(LP55231_ADDRESS, LP55231_REG_TEST_READ, 1) ) ;
307}
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308
309long LP55231_UV_READ_VOLTAGE() {
310I2C_WRITE(LP55231_ADDRESS, LP55231_REG_TEST_CTRL,

LP55231_CMD_TEST_D7_UV, 3) ;
311return (I2C_READ8(LP55231_ADDRESS, LP55231_REG_TEST_READ, 1) ) ;
312}
313
314long LP55231_VDD_READ_VOLTAGE() {
315I2C_WRITE(LP55231_ADDRESS, LP55231_REG_TEST_CTRL,

LP55231_CMD_TEST_VDD, 3) ;
316return (I2C_READ8(LP55231_ADDRESS, LP55231_REG_TEST_READ, 1) ) ;
317}
318
319long LP55231_VOUT_READ_VOLTAGE() {
320I2C_WRITE(LP55231_ADDRESS, LP55231_REG_TEST_CTRL,

LP55231_CMD_TEST_VOUT, 3) ;
321return (I2C_READ8(LP55231_ADDRESS, LP55231_REG_TEST_READ, 1) ) ;
322}
323
324f l o a t VEML6070_Read_VALUE( in t i t ime ) {
325i n t ms = 450 ;
326switch ( i t ime ) {
327case 0 :
328ms = ms / 2 ;
329I2C_WRITE_VEML(VEML6070_WRITE_ADDRESS, ( i t ime << 2) | 0x02 ,

ms) ;
330break ;
331case 1 :
332ms = ms ;
333I2C_WRITE_VEML(VEML6070_WRITE_ADDRESS, ( i t ime << 2) | 0x02 ,

ms) ;
334break ;
335case 2 :
336ms = ms ∗ 2 ;
337I2C_WRITE_VEML(VEML6070_WRITE_ADDRESS, ( i t ime << 2) | 0x02 ,

ms) ;
338break ;
339case 3 :
340ms = ms ∗ 4 ;
341I2C_WRITE_VEML(VEML6070_WRITE_ADDRESS, ( i t ime << 2) | 0x02 ,

ms) ;
342break ;
343d e f au l t :
344break ;
345}
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346return I2C_READ_VEML() ;
347}
348
349uint8_t TSL2561_READ_REGISTER_ID( ) {
350return I2C_READ8(TSL2561_ADDRESS, TSL2561_REG_ID, 10) ;
351}
352
353void TSL2561_SET_CONV( in t gain , i n t i t ime ) {
354char command = 0x00 ;
355i n t ms ;
356switch ( gain ) {
357case 0 :
358command |= TSL2561_GAIN_1X ;
359break ;
360case 1 :
361command |= TSL2561_GAIN_16X ;
362break ;
363d e f au l t :
364command |= TSL2561_GAIN_1X ;
365break ;
366}
367switch ( i t ime ) {
368case 0 :
369ms = 14 ;
370command |= TSL2561_INTEGRATIONTIME_13MS;
371break ;
372case 1 :
373ms = 102 ;
374command |= TSL2561_INTEGRATIONTIME_101MS;
375break ;
376case 2 :
377ms = 403 ;
378command |= TSL2561_INTEGRATIONTIME_402MS;
379break ;
380d e f au l t :
381command |= 0x00 ;
382break ;
383}
384I2C_WRITE(TSL2561_ADDRESS, TSL2561_COMMAND_BIT |

TSL2561_REG_TIME_GAIN, command , ms) ;
385}
386
387uint16_t TSL2561_READ_VALUE( in t channel ) {
388char DataLow ;
389char DataHigh ;
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390uint8_t CHDataLow ;
391uint8_t CHDataHigh ;
392switch ( channel ) {
393case 0 :
394DataLow = TSL2561_CHO_DATA_LOW;
395DataHigh = TSL2561_CHO_DATA_HIGH;
396break ;
397case 1 :
398DataLow = TSL2561_CH1_DATA_LOW;
399DataHigh = TSL2561_CH1_DATA_HIGH;
400break ;
401d e f au l t :
402break ;
403}
404CHDataLow = I2C_READ8(TSL2561_ADDRESS, TSL2561_COMMAND_BIT |

DataLow , 1) ;
405CHDataHigh = I2C_READ8(TSL2561_ADDRESS, TSL2561_COMMAND_BIT |

DataHigh , 1) ;
406uint16_t r e s u l t = 256 ∗ CHDataHigh + CHDataLow ;
407return r e s u l t ;
408}
409
410void TSL2561_ENABLE( ) {
411I2C_WRITE(TSL2561_ADDRESS, TSL2561_COMMAND_BIT |

TSL2561_REG_CONTROL, TSL2561_START_CONDITION, 50) ;
412}
413
414void TSL2561_DISABLE( ) {
415I2C_WRITE(TSL2561_ADDRESS, TSL2561_COMMAND_BIT |

TSL2561_REG_CONTROL, TSL2561_SLEEP_CONDITION, 10) ;
416}
417
418void MS5803_reset ( ) {
419I2c . wr i t e (MS5803_ADDRESS, MS5803_CMD_RESET) ;
420wa i t4 sensor (10) ;
421}
422
423void MS5803_get_constants ( ) {
424i n t z = 0 ;
425f o r ( i n t i = 0 ; i < 8 ; i++) {
426I2c . read (MS5803_ADDRESS, MS5803_CMD_PROM + ( i ∗ 2) , 2) ;
427HighByte = I2c . r e c e i v e ( ) ;
428EEPROM. wr i t e ( z , HighByte ) ;
429LowByte = I2c . r e c e i v e ( ) ;
430z++;
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431EEPROM. wr i t e ( z , LowByte ) ;
432z++;
433// s en so rCoe f f s [ i ] = ( ( HighByte << 8) + LowByte ) ;
434// S e r i a l . p r i n t l n ( s en s o rCoe f f s [ i ] ) ;
435}
436}
437
438unsigned i n t MS5803_use_constants ( i n t va lue ) {
439HighByte = EEPROM. read ( va lue ∗ 2) ;
440LowByte = EEPROM. read ( va lue ∗ 2 + 1) ;
441return ( ( HighByte << 8) + LowByte ) ;
442}
443
444void MS5803_get_values ( i n t accuracy ) {
445switch ( accuracy )
446{
447case 0 : //MS5803_ADC_256
448MS5803_RAW_Temperature = MS5803_get_raw_values (

MS5803_CMD_ADC_CONV + MS5803_TEMPERATURE + MS5803_ADC_256 ,
1) ;

449MS5803_RAW_Pressure = MS5803_get_raw_values (
MS5803_CMD_ADC_CONV + MS5803_PRESSURE + MS5803_ADC_256 ,
1) ;

450break ;
451case 1 : //MS5803_ADC_512
452MS5803_RAW_Temperature = MS5803_get_raw_values (

MS5803_CMD_ADC_CONV + MS5803_TEMPERATURE + MS5803_ADC_512 ,
3) ;

453MS5803_RAW_Pressure = MS5803_get_raw_values (
MS5803_CMD_ADC_CONV + MS5803_PRESSURE + MS5803_ADC_512 , 3)
;

454break ;
455case 2 : //MS5803_ADC_1024
456MS5803_RAW_Temperature = MS5803_get_raw_values (

MS5803_CMD_ADC_CONV + MS5803_TEMPERATURE + MS5803_ADC_1024
, 4) ;

457MS5803_RAW_Pressure = MS5803_get_raw_values (
MS5803_CMD_ADC_CONV + MS5803_PRESSURE + MS5803_ADC_1024 ,
4) ;

458break ;
459case 3 : //MS5803_ADC_2048
460MS5803_RAW_Temperature = MS5803_get_raw_values (

MS5803_CMD_ADC_CONV + MS5803_TEMPERATURE + MS5803_ADC_2048
, 6) ;
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461MS5803_RAW_Pressure = MS5803_get_raw_values (
MS5803_CMD_ADC_CONV + MS5803_PRESSURE + MS5803_ADC_2048 ,
6) ;

462break ;
463case 4 : //MS5803_ADC_4096
464MS5803_RAW_Temperature = MS5803_get_raw_values (

MS5803_CMD_ADC_CONV + MS5803_TEMPERATURE + MS5803_ADC_4096
, 10) ;

465MS5803_RAW_Pressure = MS5803_get_raw_values (
MS5803_CMD_ADC_CONV + MS5803_PRESSURE + MS5803_ADC_4096 ,
10) ;

466break ;
467}
468dT = ( uint32_t )MS5803_RAW_Temperature − ( ( uint32_t )

MS5803_use_constants (5 ) ∗ 256) ;
469TEMP = 2000 + ( ( int64_t )dT ∗ MS5803_use_constants (6 ) >> 23) ;
470TEMP = ( uint32_t )TEMP;
471i f (TEMP < 2000) {
472T2 = 3 ∗ ( ( int64_t )dT ∗ dT) >> 33 ;
473T2 = ( int32_t )T2 ;
474OFF2 = 3 ∗ ( (TEMP − 2000) ∗ (TEMP − 2000) ) / 2 ;
475Sens2 = 5 ∗ ( (TEMP − 2000) ∗ (TEMP − 2000) ) / 8 ;
476i f (TEMP < −1500) {
477OFF2 = OFF2 + 7 ∗ ( (TEMP + 1500) ∗ (TEMP + 1500) ) ;
478Sens2 = Sens2 + 4 ∗ ( (TEMP + 1500) ∗ (TEMP + 1500) ) ;
479}
480} e l s e { // i f TEMP i s > 2000 (20 . 0C)
481T2 = 7 ∗ ( ( int64_t )dT ∗ dT) / pow(2 , 37) ;
482T2 = ( int32_t )T2 ;
483OFF2 = ( (TEMP − 2000) ∗ (TEMP − 2000) ) / 16 ;
484Sens2 = 0 ;
485}
486
487Of f s e t = ( ( int64_t )MS5803_use_constants (2 ) << 16) + ( (

MS5803_use_constants (4 ) ∗ ( int64_t )dT) >> 7) ;
488S e n s i t i v i t y = ( ( int64_t )MS5803_use_constants (1 ) << 15) + ( (

MS5803_use_constants (3 ) ∗ ( int64_t )dT) >> 8) ;
489TEMP = TEMP − T2 ;
490MS5803_Temperature = TEMP;
491Of f s e t = Of f s e t − OFF2;
492S e n s i t i v i t y = S e n s i t i v i t y − Sens2 ;
493MS5803_Pressure = ( (MS5803_RAW_Pressure ∗ S e n s i t i v i t y ) / 2097152

− Of f s e t ) / 32768 ;
494}
495
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496unsigned long MS5803_get_raw_values ( char MS5803_CMD, i n t ms) {
497I2c . wr i t e (MS5803_ADDRESS, MS5803_CMD) ;
498wa i t4 sensor (ms) ;
499I2c . read (MS5803_ADDRESS, MS5803_CMD_ADC_READ, 3) ;
500// wa i t4 sensor (10) ;
501whi l e ( I2c . a v a i l a b l e ( ) ) {
502HighByte = I2c . r e c e i v e ( ) ;
503MidByte = I2c . r e c e i v e ( ) ;
504LowByte = I2c . r e c e i v e ( ) ;
505}
506long r e s u l t = ( ( long )HighByte << 16) + ( ( long )MidByte << 8) + (

long )LowByte ;
507return r e s u l t ;
508}
509
510void I2C_WRITE_VEML( char address , char val , i n t ms) {
511I2c . wr i t e (VEML6070_WRITE_ADDRESS, va l ) ;
512wa i t4 sensor (ms) ;
513}
514
515void I2C_WRITE( char address , char reg , char val , i n t ms) {
516I2c . wr i t e ( address , reg , va l ) ;
517wa i t4 sensor (ms) ;
518}
519
520uint16_t I2C_READ_VEML() {
521I2c . read (VEML6070_READ_ADDRESS, 2) ;
522uint16_t r e s u l t = I2c . r e c e i v e ( ) ;
523r e s u l t <<= 8 ;
524I2c . read (VEML6070_WRITE_ADDRESS, 2) ;
525r e s u l t |= I2c . r e c e i v e ( ) ;
526return r e s u l t ;
527}
528
529long I2C_READ8( char address , char reg , i n t ms) {
530I2c . read ( address , reg , 1) ;
531wa i t4 sensor (ms) ;
532whi l e ( I2c . a v a i l a b l e ( ) ) {
533LowByte = I2c . r e c e i v e ( ) ;
534}
535long r e s u l t = ( long )LowByte ;
536return r e s u l t ;
537}
538
539long I2C_READ16( char address , char reg ) {
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540I2c . read ( address , reg , 2) ;
541wa i t4 sensor (10) ;
542whi l e ( I2c . a v a i l a b l e ( ) ) {
543HighByte = I2c . r e c e i v e ( ) ;
544LowByte = I2c . r e c e i v e ( ) ;
545}
546long r e s u l t = ( ( long )HighByte << 8) + ( long )LowByte ;
547return r e s u l t ;
548}
549
550long I2C_READ24( char address , char reg ) {
551I2c . read ( address , reg , 3) ;
552wa i t4 sensor (10) ;
553whi l e ( I2c . a v a i l a b l e ( ) ) {
554HighByte = I2c . r e c e i v e ( ) ;
555MidByte = I2c . r e c e i v e ( ) ;
556LowByte = I2c . r e c e i v e ( ) ;
557}
558long r e s u l t = ( ( long )HighByte << 16) + ( ( long )MidByte << 8) + (

long )LowByte ;
559return r e s u l t ;
560}
561
562void wa i t4 sensor ( i n t ms) {
563de lay (ms) ;
564}
565
566long average ( long ∗ array , long l en ) // assuming array i s i n t .
567{
568long sum = 0L ; // sum w i l l be l a r g e r than an item , long f o r

s a f e t y .
569f o r ( i n t i = 0 ; i < l en ; i++)
570sum += array [ i ] ;
571re turn ( ( long ) sum) / l en ; // average w i l l be f r a c t i o n a l , so

f l o a t may be appropr ia te .
572}
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A.8. Multimeter Specifications

Accuracy in ± (% of reading + display error in counts (= number of smallest digits)).
The accuracy is valid at a temperature of+23 ◦C (± 5 ◦C), at a relative humidity of less
than 75 %, non-condensing. Temperature coefficient: +0.1 · (specified accuracy)/23 ◦C

Table A.6.: Voltcraft VC 830 multimeter specifications

Measurement Range Resolution Accuracy

DCV
600 mV 0.1 mV ±(0.5 % + 3)

6 V/60 V 1 mV/10 mV ±(0.5 % + 2)
DCA 600 µA/6 mA/60 mA 0.1 µA/1 µA/10 µA ±(0.8 % + 3)

Ω
600 Ω 0.1 Ω ±(0.8 % + 3)

6 kΩ/60 kΩ/600 kΩ 1 Ω/10 Ω/100 Ω ±(0.8 % + 2)
6 MΩ 1 kΩ ±(1.2 % + 2)

A.9. Photometer Specification

Table A.7.: Hach Lange Cadas 200 photometer specifications

Wavelength range 190 nm− 1100 nm

Lightsources
Deuterium lamp: 190 nm− 340 nm
Halogen lamp: 340 nm− 1100 nm

Monochromator Flat grid with 1200 lines/mm
Wavelength accuracy ±1 nm (holium oxide filter at 361 nm)
Wavelength repeatability < 0.01 nm
Scanning velocity 20 nm s−1

Photometric accuracy 0.2 % at Eλ = 1 (NBS filter 1-1140)
Photometric repeatability 0.001 Eλ at Eλ = 1
Zero stability scattered light 0.001 Eλ

12 h , < 0.1 % (10 g l−1 KJ solution at 200 nm)
Linearity range ±3 Eλ
Spectral bandwidth 2 nm, 5 nm
Dimensions 46 cm× 19.5 cm× 41.5 cm
Weight 21 kg
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A.10. Spectrometer Specification

Table A.8.: USB2000+ UV-VIS spectrometer specifications

UV-VIS Spectrometer Properties

Dimensions 89.1 mm× 63.3 mm× 34.4 mm
Weight 190 g
Detector Sony ILX511B (2048-element linear silicon CCD array)
Wavelength range 200 nm− 850 nm
Integration time 1 ms – 65 s (20 s typical)
Dynamic range 8.5x107 (system); 13001 for a single acquisition
Signal-to-noise ratio 2501 (full signal)
Dark noise 50 RMS counts
Grating 600 lines/mm, set to 200 nm− 850 nm (blazed at 300 nm)
Slit 25 µm
Detector collection lens No
Order-sorting OFLV-200-850
Optical resolution 1.5 nm FWHM
Stray light < 0.05 % at 600 nm; < 0.10 % at 435 nm
Fiber optic connector SMA 905 to 0.22 numerical aperture single-strand fiber

Table A.9.: USB2000+ VIS-NIR spectrometer specifications

VIS-NIR Spectrometer Properties

Dimensions 89.1 mm× 63.3 mm× 34.4 mm
Weight 190 g
Detector Sony ILX511B (2048-element linear silicon CCD array)
Wavelength range 350 nm− 1000 nm
Integration time 1 ms – 65 s (20 s typical)
Dynamic range 8.5x107 (system); 13001 for a single acquisition
Signal-to-noise ratio 2501 (full signal)
Dark noise 50 RMS counts
Grating 600 lines/mm, set to 350 nm− 1000 nm (blazed at 500 nm)
Slit 25 µm
Detector collection lens No
Order-sorting OFLV-350-1000
Optical resolution 1.5 nm FWHM
Stray light < 0.05 % at 600 nm; < 0.10 % at 435 nm
Fiber optic connector SMA 905 to 0.22 numerical aperture single-strand fiber
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