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Abstract
OSPAR’s Commission has been battling eutrophication since the problem was first established in the
1950s. To battle eutrophication, an important factor is to monitor it. Five indicators are used together to
assess the status of eutrophication, determined by the Common Procedure. These are the chlorophyll-
a concentration, the turbidity, the nitrate and phosphorus concentration, the oxygen levels and the bi-
ological water quality. All five indicators need to be known to obtain the final eutrophication status.
However, just looking at the chlorophyll-a concentration on its own is also a good measure. This thesis
focuses only on the chlorophyll-a concentration as an indicator for eutrophication.

To monitor the North Sea, the OSPAR’s Commission has established eutrophication monitoring zones.
The aim of this study is to determine eutrophication monitoring zones based on available satellite data
of the chlorophyll-a concentration in the Dutch part of the North Sea. The zones are defined using
four clustering algorithms: K-means clustering, Hierarchical clustering, Random Forest clustering and
HDBSCAN. The results from these clustering algorithms are compared to both each other and to the
previously defined eutrophication zones.

First, the case study region is split into two areas: the coastal area, which lies closer to the shore,
and the offshore area, which lies farther away from the shore. The best result for this separation was
generated by K-means clustering with two clusters.

Afterwards, the eutrophication zones are determined separately in the offshore area and the coastal
area. The clustering results are ranked based on four criteria. The first criterion is correspondence to
OSPAR’s previously defined eutrophication monitoring zones. The second criterion is the similarity of
the clusters to the zones that are visible in the data. The third criterion is the performance determined
by validation metrics. This criterion was considered less important because of the lack of ability to cap-
ture the goals of the research. The last criterion is confirmation through the HDBSCAN clustering. This
was added later during the study when it was found that HDBSCAN yielded very accurate results. Due
to how HDBSCAN works these accurate results were not usable directly, as the number of clusters this
yields it too high, but they were usable for verification. The best results were found through random
forest clustering with respectively nine and five clusters for the offshore and coastal areas.

Subsequently, the zones derived from clustering were compared to other data to see whether the deter-
minedmonitoring zones also hold over time. This appeared to be the case. Moreover, the distribution of
the chlorophyll-a concentration for each zone is determined.Additionally, the trend of the chlorophyll-a
concentration of one determined monitoring zone is analysed over time. Lastly, the defined eutrophi-
cation monitoring zones are compared to other defined zones within the Dutch North Sea coast. These
other zones were fishery policies, marine protected areas, spatial planning, and bathymetry. The com-
parison validated the defined monitoring zones.
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1
Introduction

Eutrophication is the process of water being enriched by nutrients. Eutrophication causes an increase
in the growth of algae, such as phytoplankton. Higher growth of algae leads to there being less oxygen
for other fish and plants. If this happens for a longer period, it contributes to the poor health of the ma-
rine environment and can even result in dead zones. Dead zones are areas in bodies of water where
no marine life is possible. Eutrophication peaks naturally every year during a so-called spring bloom
period, from mid-February to mid-June. However, mankind has increased the amount of eutrophica-
tion severely by, for example, discharges from a sewage treatment plant, industrial plants, fish farms,
and agriculture. Thus, eutrophication and more specifically the human increase in eutrophication is
something that needs to be combated (OSPAR, 2020c).

The OSPAR commission is a convention between 15 countries that protects and preserves the North-
East Atlantic (OSPAR, 2020a). The North-East Atlantic is divided into five regions: the Arctic Waters,
the Greater North Sea, the Celtic Seas, the Bay of Biscay and Iberian Coast, and the Wider Atlantic.
This thesis will zoom in on eutrophication in part of the Greater North Sea, which is the worst in terms
of the status of the OSPAR regions (OSPAR, 2013). To combat eutrophication, it first needs to be
monitored and analysed. OSPAR (2013) has constructed a Common Procedure framework to analyse
and combat eutrophication. Previously, eutrophication monitoring zones have been established in the
North Sea by OSPAR based on the Dutch monitoring programme MWTL. The observations within the
zones are supposed to behave similarly so that the monitoring is made easier. Near the coast are the
highest peaks in eutrophication in the bloom period.

There are five main indicators for eutrophication: (Ferreira et al., 2011)

1. Chlorophyll-a concentration

2. Turbidity

3. Nitrate and phosphorus concentration

4. Oxygen levels

5. Biological water quality

This thesis will focus on the chlorophyll-a concentration as an indicator for eutrophication. Chlorophyll-a
is only one part in the multi-step method defined by the Common Procedure to identify eutrophication.
However, it does provide reliable insight into the trends of eutrophication (OSPAR, 2020b). To monitor
the chlorophyll-a concentrations satellite observations can be used.

This thesis will aim to determine eutrophication monitoring zones where the chlorophyll-a concentra-
tion behaves similarly based on the statistical history, found in satellite data. This will be done using
clustering algorithms to cluster the samples together that are close to one another spatially and behave
similar over time. A secondary goal is to compare the clustering algorithms and their functionality in
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1.1. Area and data 8

determining the monitoring zones. Clustering algorithms group data into clusters. Data inside a cluster
is more similar to each other than to data outside the cluster. Since this is also what is desired for
creating eutrophication zones, clustering algorithms are used in this thesis.

1.1. Area and data
The data used in this case study to define eutrophication monitoring zones, is pre-processed satellite
data of the chlorophyll-a distribution in the North Sea. This data was recorded by the MERIS instrument
(Medium-Spectral Resolution Imaging Spectrometer) on board of the ENVISAT. This instrument is not
operational anymore. The satellite data was interpolated onto a a numerical grid in order to be able
to compare it with numerical model results. The gridded data was then interpolated in both space and
time using the DINEOF (Data Interpolating Empirical Orthogonal Functions) algorithm from Beckers
and Rixen (2003).

More specifically, the case study area is the region 50 km from the Dutch coast line, excluding the
waters with different system dynamics, such as the Waddensea, the ’Nieuwe Waterweg’, the Wester-
schelde, the Grevelingenmeer, and the Oosterschelde. This data set contains around 33 million data
points over the course of 7 years. To start, this thesis focuses on the analysis of the year 2003.

The eutrophication monitoring zones which the clustering results will be compared to are defines by
OSPAR, which can be found in Figure 1.1. These zones have been used many times for previous
research, examples are Blaas (2013), Baretta-Bekker and Prins (2013), and obviously OSPAR itself
periodically. There are officially five zones. However, some zones overlap each other, such as the
coastal waters and the southern bight. This overlapping part will be considered as its own zone during
this study.
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Figure 1.1: Eutrophication monitoring zones defined by OSPAR

1.2. Structure
This thesis contains an analysis of clustering algorithms as a way of defining eutrophication monitoring
zones from the chlorophyll-a concentration in the Dutch North Sea coast. In Chapter 2 the methodology
of defining the eutrophication zones is described. The clustering algorithms, their procedures, their
assumptions, and their possible advantages and disadvantages are discussed in Chapter 3. Chapter
4 contains the results and their interpretation and validation. The results are then also compared to the
existing eutrophication monitoring zones determined by OSPAR. Chapter 5 gives a conclusion of the
analysis and a recommendation for further uses. A discussion on what could be improved in this study
is contained in Chapter 6.



2
Methodology

This chapter describes the research methodology used for determining the eutrophication monitoring
zones. This is done by describing which part of the available data is used and how it is used to determine
the monitoring zones.

2.1. Data for zone definition
The analysis will be performed on the data from the year 2003. However, the choice should be made
what part of the data is going to be used to define the monitoring zones in the Dutch coastal area.
Within 2003 the options are the following:

• Run the clustering algorithms on all the data from 2003.

• Run the clustering algorithms only on the data from the spring bloom period since the peaks
in chlorophyll-a concentration only take place in this period. The bloom period runs from mid-
February to mid-June.

• Run the clustering algorithms on one day in the bloom period to simplify the computations. This
would be a good option if there is one day that captures all distinct zones in the data. A possible
choice for this day could be a day in the bloom period when there is a peak in chlorophyll-a
concentration.

The objective of this study is to define eutrophication monitoring zones that capture the peak concen-
trations and the zones that occur when leading up to this peak. Next to this, the computational runtime
is also a factor that plays a role in selecting which option is best.

Running the clustering algorithms on all the data from 2003 would be too slow. Another reason not to
use all of the data from 2003 is that any peaks in chlorophyll-a concentration would be evened out by
the large amount of ordinary days. As these peaks are important to the clustering, and running on such
a large dataset was not feasible, an alternative had to be found. Secondly, using only the data from
the spring bloom period could be a better option, since that decreases the number of days where no
peak is visible. This means that the peaks have more importance. Nevertheless, it would still result in
long computational runtimes. The third option, where one day in the bloom period is used, covers both
the objective to capture the peak concentrations and the desire for a short runtime. Consequently, the
clustering algorithms will be run on one day in the bloom period.

There is high variability in the concentration of chlorophyll-a in the Dutch coastal area over the year,
even in the spring bloom period. Comparing a representative day for the start of the bloom period, and
a bloom peak in respectively Figure 2.1 and Figure 2.2 shows an example of this. In Figure 2.1, a clear
distinction in at least two zones can be seen, one more close to the shore and one farther away from
the shore, named offshore. The offshore area itself does not contain very distinct zones.
In Figure 2.2, the difference between the offshore and coastal zones is barely visible. However, in the

10
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offshore area, multiple distinct zones are visible. If the definition of zones would be based on the 22nd
of March, the distinction between the coast and offshore would be lost, but if the zones are to be defined
based on the 17th of February, the zones in the offshore area would be lost. The choice for the day is
thus very important to the outcome of the definition of the zones.

Figure 2.1: Chlorophyll-a concentration on a representative
day for the start of the bloom period (17-02-2003).

Figure 2.2: Chlorophyll-a concentration on a representative
day for a bloom peak (22-03-2003)

2.1.1. Day(s) for zone definition
Going through the visualisation of all available days in the bloom period of 2003 it became clear that
several distinct regions need to be found in the eventually chosen day. These are the following:

• The distinction between the coastal area and the offshore area,

• Regions in the offshore area,

• Regions in the coastal area.

In the data available in the bloom period of 2003, it is not possible to see all regions at once for one
specific day. This is because the variability in different regions is not comparable. Therefore, the need
arises for assessing regions separately. This results in using data from more than one day to cluster
on. By first separating the coast and offshore on one day and then defining the zones separately for
both the coastal and offshore regions, results improved significantly. It was possible for all visible zones
to be clustered together.

Firstly, the coastal area and the offshore area will be separated by clustering on a day that states a
clear distinction between the two. This is the case when the spring bloom begins and therefore it shows
the coastal area, where the conditions for algae growth are more optimal. A representative day is the
17th of February, Figure 2.1. After the coast-offshore separation was made, the offshore zones were
defined on a day where there are higher concentrations of chlorophyll-a and zones are visible. The
highest in chlorophyll-a concentration would be on the 16th of April. However, on this day the zones
in the offshore area were not visible. Therefore, a day representative for leading up to the peak was
chosen, namely the 22nd of March (Figure 2.2). The zones within the coastal area were defined based
on a day representative of the start of the bloom, but with visible zones. The 25th of February was
chosen for this.

The choices for these specific days were hand-picked by going through the visualisations of the avail-
able data and finding which days exhibit distinct zones in each area. The choice for the day that will be
used for the coastal area was only made after the separation of the coastal area and the offshore area
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was made. The reason for this is that the variations in this area are overshadowed by the variations in
the offshore area. A day representative for the variability of chlorophyll-a concentration in the coastal
area is the 25th of February, given in Figure 2.3.

Figure 2.3: Chlorophyll-a concentration in the coastal area on 25-02-2003

After the selection was made for the data, the algorithms were run to produce the results in Chapter 4.
The implementation can be found in Appendix D. The clustering algorithms that were run on the data
are K-means clustering, hierarchical clustering, Random Forest Clustering, and HDBSCAN. How these
clustering algorithms work and what their advantages and disadvantages are can be found in the next
Chapter 3.

Subsequently, the results were compared to one another through four criteria:

• They resemble OSPAR’s already existing eutrophication monitoring zones.

• The zones that were expected to be clustered visually were clustered by the algorithm.

• The clustering result yielded the best values for the validation metrics.

• Their result was confirmed through the accurate HDBSCAN clustering result.

The last criterion was added after it had been established that the HDBSCAN algorithm gave a very
accurate clustering, which was unusable because the number of clusters was too high.

The general methodology used for this study is visualised in Figure 2.4.
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Figure 2.4: General methodology used for this study



3
Clustering algorithms

Inside one eutrophication region, the chlorophyll-a concentration should behave similarly over time
and also be close spatially. This can be interpreted mathematically as clusters, where each cluster
is a zone where the chlorophyll-a concentration and location coordinates are similar. The problem
clustering algorithms try to solve was well formulated by Aggarwal and Reddy (2014, p. 2):
”Given a set of data points, partition them into a set of groups which are as similar as possible.”

To determine the clusters there are many existing clustering algorithms. All exhibit different features,
and this thesis aims to compare their functionality in determining the eutrophication monitoring zones.
The algorithms that will be used for comparison in this thesis are K-means clustering, hierarchical
clustering, Random Forest clustering, and HSBSCAN.

3.1. K-means clustering
The K-means clustering algorithm was first introduced by Lloyd (1982), it is also known as Lloyd’s
algorithm or naive K-means. K-means consists out of the following steps.

1. Initialise 𝑘 cluster centres, so-called centroids. This can be done by a random selection of data
points. However, to speed up the process the kmeans++ can also be used, more on this in Section
3.1.1.

2. Each data point is assigned to the nearest cluster centroid. The most commonly used distance
metric is the Euclidean distance. It is important to note that the data should be scaled since
distances are being used.

3. The centroids are updated to the mean of all data points inside the cluster.

4. Step 2 and 3 are repeated until the algorithm converges and the centroids are no longer updated
in step 3 or a maximum number of iterations is achieved.

K-means partitions the data into 𝑘 clusters while minimising the distance between the points of a cluster
and the centroid of that cluster, the Within-Cluster Sum of Squares (WCSS) see equation 3.1.

𝑊𝐶𝑆𝑆 =
፤

∑
።ኻ

∑
፱ᑛ∈ᑚ

(𝑥፣ − �̄�።) (3.1)

where 𝑐። is the 𝑖፭፡ cluster, and �̄�። is the mean of all the objects assigned to cluster 𝑐።.

A problem with K-means clustering is that it is an NP-hard problem (Dasgupta, 2008). This means that
you can end up in a local minimum. Thus, the outcome may not be optimal. Whether a local minimum
is reached or not depends a lot on the initialisation of the centroids. Luckily, there are ways to improve
the initialisation. One of the most commonly used solutions is to run the algorithm multiple times. This

14
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results in multiple random initialisations. The WCSS can then be compared and the best clustering,
with the lowest WCSS, can be chosen. Another solution would be to use K-means++ initialisation, see
Section 3.1.1. These two solutions can also be used simultaneously.

Another disadvantage of the K-means clustering is that the number of clusters, 𝑘, needs to be defined
beforehand. Not only the quality and usefulness of the results but also the space and time complexity
are impacted. To approximate the number of clusters, there are a few common methods: the elbow
method, the gap statistic analysis and the silhouette analysis. All three of thesemethods require running
the algorithm with multiple values for 𝑘. If there is some knowledge of the data, this can be reduced to
only testing the most likely values. More on these methods can be found in Section 3.6.

3.1.1. K-means++
To improve the initialisation process, Arthur and Vassilvitskii (2006) suggested the K-means ++ initial-
isation. The intuitive idea is that the initial centroids are chosen far apart. The fist centroid is chosen
randomly. The next centroid is then chosen as the data point that is the farthest away from the first
centroid. The third centroid is chosen as the data point farthest away from the previously chosen cen-
troids. This is continued until you have 𝑘 centroids. After initialisation, the standard K-means algorithm
is executed. The K-means++ initialisation has a longer computation time than the standard K-means
initialisation because the distanced between objects and centroids need to be computed. However,
the convergence increases so much that the total runtime is reduced significantly.
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3.2. Hierarchical Clustering
Hierarchical clustering is based on creating clusters to optimise an objective function (Ward Jr, 1963a).
The objective function is called the linkage criterion which is the distance between clusters based on
the distance between data samples. The type of hierarchical clustering that will be used in this study
is agglomerative clustering. Agglomerative clustering starts with 𝑛 clusters, where 𝑛 is the number of
samples in the data set, and iteratively merges clusters based on the objective function. The hierarchy
that is created through this algorithm can be visualised in a dendrogram. An example of a dendrogram
can be found in Figure 3.1

Figure 3.1: A dendrogram example (Bock, nd)

After the hierarchy is built, the clustering is given by choosing the number of clusters and slicing the
dendrogram/hierarchy at the height that results in that many clusters.

The input parameters for hierarchical clustering are the distance measure, the linkage criteria and the
number of clusters. For the distance measure, each possible distance can be chosen. The most used
distance measure is the Euclidean distance. Another possibility is that an already precomputed dis-
tance matrix is used as input instead of a distance measure and the data. However, this does limit the
options for linkage criteria. Some linkage criteria need the actual values of the data points to calculate
the distance. Ward’s criterion is an example.

For linkage criteria, there are a lot of options. The two most common ones are Ward’s linkage criterion
and average linkage criterion.

3.2.1. Ward’s Linkage Criterion
Ward’s linkage criterion (Ward Jr, 1963b) is based on minimising the total within-cluster sum of squares,
equation 3.1. This is the same objective as K-means has.

3.2.2. Average Linkage Criterion
The average linkage criterion states that the distance between two clusters is equal to the average
distance from any member of one cluster to any member of the other cluster (Sokal, 1958). This can
be expressed in formula form as the following:

1
|𝐴| ⋅ |𝐵| ∑

ፚ∈ፀ
∑
∈ፁ

𝑑(𝑎, 𝑏) (3.2)
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3.3. Random Forest
A random forest is not originally a clustering algorithm. To be specific, a random forest is an ensemble
classifier. An ensemble classifier is a collection of weak classifiers that are combined to increase their
strength but maintain simplicity. Nevertheless, a random forest can be used to derive a distance or
similarity measure of the data. This distance measure has many advantages over euclidean distance.
Some of these advantages are given in Table 3.1 (Shi and Horvath, 2006).

3.3.1. Supervised Random Forest
A random forest is a collection of 𝑛 decision trees (Breiman, 2001). To classify an object, it is run down
each decision tree. This gives 𝑛 classification votes. Taking the majority vote gives the final classifica-
tion from the forest. This procedure is called bagging.

The building of one decision tree can be separated into two steps. The first step is to retrieve the data
that the tree will be using by bootstrapping the original data. Bootstrapping means pulling a subset from
the original data with replacement. The second step is to build a decision tree. At each node, only a
subset of the columns of the data is used to determine the optimal split. To determine the optimal split
the GINI index is used (Gini, 1912). The number of columns used is a parameter. The tree is grown as
large as possible and is not pruned.

3.3.2. Validation
Since a bootstrapped data set and not all data is used for building each tree there is an opportunity to
validate the tree. The data that did not end up in the bootstrapped data is called the out-of-bag (OOB)
data. Running this data down the respective trees and noting the number of times they are correctly
classified gives an OOB-error.

3.3.3. Unsupervised Random Forest
Determining which split is the best using the GINI index is only possible is you have labelled data.
Clustering is an unsupervised procedure and therefore the random forest should be adapted to an un-
supervised procedure. This procedure is explained by Breiman and Cutler (1912).

The main idea is to create a synthetic data set drawn from the original data. The synthetic data and
real data are artificially labelled based on if they are real or synthetic, respectively 0 or 1. To create the
synthetic data the empirical distribution of each feature is determined. 𝑚 new data samples are drawn
from those distributions.

Now that the data is essentially labelled, the original random forest algorithm can be used.

3.3.4. Proximity matrix
After building the random forest it can be used to derive a similarity measure. To derive this for two
objects, say object a and object b, the objects are both run down each tree in the forest. They are
similar if they end up in the same leaf nodes. The measure is thus the number of times in the same
leaf node divided by the number of trees. The values for each combination of a and b in the data can
be represented in a proximity matrix, which can be converted to a distance matrix.

This distance matrix can then be used by a different clustering algorithm such as hierarchical clus-
tering to obtain the clustering. This thesis will use the hierarchical clustering algorithm with the average
linkage criterion. From this point forward that combination will be referred to as random forest cluster-
ing.
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3.4. Hierarchical Density-Based Spatial Clustering for Applications
with Noise (HDBSCAN)

Hierarchical Density-Based Spatial Clustering for Applications with Noise, HDBSCAN, was presented
by Campello et al. (2013) as an improvement to the DBSCAN algorithm (Ester et al., 1996). The algo-
rithm takes two input parameters, namely the minimum cluster size ( 𝑚፥፬።፳፞) and the minimum points
(𝑚፩፭፬). What these entail will be explained later in this section.

The HDBSCAN algorithm can be separated into 5 steps.

1. Transforming the space to separate sparse and dense data by defining a new metric.

2. Build the minimum spanning tree based on this new metric.

3. Create cluster hierarchy tree.

4. Condense the cluster hierarchy tree.

5. Extract the clusters from the tree.

3.4.1. Step 1: Transforming the space
The first step is to transform the space to separate sparse and dense data. In the HDBSCAN algorithm,
the core distance measure is used to determine the denseness or sparsity.

Def. Core distance፤ of a point a, denoted as 𝑐𝑜𝑟𝑒፤(𝑎), is the distance to the𝑚፩፭፬-nearest neighbour
of a.

If the core distance is high, the data point is sparse since there are not a lot of data points around it
and vice versa. To separate the sparse and dense data a new distance measure is introduced, called
the mutual reachability distance.

Def. Mutual reachability distance፤ between a point a and a point b is themaximum of their Euclidean
distance, and both of their core distances.

𝑟𝑒𝑎𝑐ℎ_𝑑፤(𝑎, 𝑏) =max{𝑐𝑜𝑟𝑒፤(𝑎), 𝑐𝑜𝑟𝑒፤(𝑏), 𝑑(𝑎, 𝑏)} (3.3)

The data will be transformed based on this new distance measure.
To clarify how this transformation separates dense and sparse data an example is given. If the distance
between a sparse point and a dense point is smaller than the core distance of the sparse point, the
distance in the new space will be further apart. Thus separating the dense and sparse data.

3.4.2. Step 2: Build a minimum spanning tree
The new space of transformed distances can be considered as a weighted graph where each edge
between vertices has the weight of the mutual reachability distance, the so-called mutual reachability
graph (𝐺፦፩፭፬). To eventually obtain clusters, the data points that are close to each other should be
connected. Data points far apart do not need a direct connection. Therefore, the edges with a high
weight, and thus high distance apart, should be removed. An alternative way of looking at it would be to
only keep the edges with low weight while the graph remains connected. This can be done by building
a minimum spanning tree. This can be done with Prim’s algorithm (Jarník, 1930)(Korte and Nešetřil,
2001).

A data point is considered noise if the density level is below the core distance of that point. When
considering a density-based cluster hierarchy this is an important feature. To maintain this in the HDB-
SCAN algorithm, an edge to itself will be added to the minimum spanning tree for each data point. Thus
expanding the minimum spanning tree.
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3.4.3. Step 3: Construct hierarchical tree
From the minimum spanning tree constructed in the previous step, we can derive a hierarchical tree. At
the root node, all objects are assigned to the same cluster. Removing the edges of the minimum span-
ning tree iteratively in descending order and clustering the remaining connected components together
gives a hierarchical tree.

3.4.4. Step 4: Condense hierarchical tree
The hierarchical tree from the previous section can be visualised using a dendrogram. However, if
the data being considered is relatively large, it results in the dendrogram not being easily readable.
Zooming in on what happens in the tree gives an interesting observation, namely that most of the times
only a few points are detaching from a bigger cluster at each step. Campello et al. (2013) classified
three possible evolutions of a cluster.

1) Less than𝑚፥፬።፳፞ points split off from a cluster, therefore only shrinking a cluster. This component
is then clustered as noise.

2) A cluster splits into two clusters if the remaining connected components both have more than
𝑚፥፬።፳፞ objects.

3) A cluster disappears is is is split into two and the remaining connected components both have
less than 𝑚፥፬።፳፞ objects.

The 𝑚፥፬።፳፞ is thus a threshold for the cluster size which smoothes out the tree. Any cluster below
the threshold is deemed noise. To make HDBSCAN more similar to other density-based clustering
algorithms and to simplify it, the default setting for the𝑚፥፬።፳፞ and the𝑚፩፭፬ parameters is to make them
equal to each other. Whether or not this is the best approach completely depends on the data at hand

3.4.5. Step 5: Extract clusters
Extracting clusters from the condensed hierarchical tree can be done in multiple ways. A vastly used
course of action before HDBSCAN was taking one single horizontal cut at some level of the tree.
However, the density level of a certain level of the tree is equal in each cluster when taking one single
horizontal cut. Therefore, clusters with different density levels are impossible. To solve this, HDBSCAN
uses a new cluster extraction mechanism: choosing the clusters based on their stability.
The intuitive idea is that a prominent cluster exists for a long time and for that reason can be called
stable. ”Long time” corresponds to a lot of density levels in the dendrogram.

Def. 𝜆 is a density threshold that corresponds to the density levels in the hierarchical dendrogram.

Def. 𝜆፦።፧(𝐶።) is the density threshold at which cluster 𝐶። emerged.

Def. 𝜆፦ፚ፱(𝐶።) is the density threshold at which cluster 𝐶። either splits or disappears.

Def. 𝜆፦ፚ፱(𝑥፣ , 𝐶።) =min{𝑓(𝑥፣), 𝜆፦ፚ፱(𝐶።)} is the density level of which the object 𝑥፣ no longer belong
to the cluster 𝐶።, either because the points falls out or the cluster’s end of existence is reached.

Stability of a cluster 𝐶። can be expressed in terms of the density thresholds where the cluster emerges
and vanishes.

Def. Stability is a measure of how long each point in the cluster stays in the cluster.

𝑆(𝐶።) = ∑
፱ᑛ∈ፂᑚ

(𝜆፦ፚ፱(𝑥፣ , 𝐶።) − 𝜆፦።፧(𝐶።)) (3.4)

For each cluster, the stability can be calculated. Selecting the few clusters with the highest stability
does not work for two reasons. The first is that it could be possible that one cluster is the ”child” or
stems from another cluster being selected. Thus some objects would be clustered twice. Secondly,
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there may be objects not being clustered at all.

The problem of selecting the clusters can be expressed as an optimisation problem. Let 𝐶ኻ be the
cluster at the root and let {𝐶ኼ, … , 𝐶፤} be the collection of all other clusters in the condensed density-
based hierarchical tree.

max
᎑Ꮄ ,…,᎑ᑜ

𝐽 =
፤

∑
።ኼ
𝛿።𝑆(𝐶።) (3.5)

subject to {𝛿። ∈ {0, 1}, 𝑖 = 2,… , 𝑘
∑፣ᑙ 𝛿፣ = 1, ∀ℎ ∈ 𝐿 (3.6)

The solution to this optimisation problem is the following:

1. Initialise 𝛿ኼ = … = 𝛿፤ = 1, and set �̂�(𝐶፡) = 𝑆(𝐶፡) for all leaf nodes.

2. starting from deepest level, traverse the tree from the bottom-up and do:

(a) if 𝑆(𝐶።) < �̂�(𝐶።፥) + �̂�(𝐶።፫) set �̂�(𝐶።) = �̂�(𝐶።፥) + �̂�(𝐶።፫) and set 𝛿። = 0
(b) else: �̂�(𝐶።) = 𝑆(𝐶።) and set 𝛿⋅ = 0 for all clusters in 𝐶። ’s subtrees.
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3.5. Advantages and disadvantages of each clustering method

Advantages Disadvantages
K-means • Fast • May end up in local minimum
clustering • Simple • Sensitive to outliers

• Intuitive input parameter • Number of clusters is an input parameter
Hierarchical • Fast • Number of clusters is an input parameter
clustering • Simple • Linkage criterion choice not always intuitive

• Linkage criterion can be chosen to suit the
goal

Random Forest • Relatively intuitive input parameters • Slow
clustering • Handles highly skewed variables well,

which is the case for chlorophyll-a concen-
tration.

• The random forest only creates dissimilar-
ity matrix, a different clustering algorithm is
still needed to obtain clusters

• Provides a difference distance metric, es-
pecially good if euclidean distance is not
necessarily obvious. This is the case for
spacial temporal data such as in this study.

• Number of clusters is an input parameter

• Robust to outliers in the data. There are
both high and chlorophyll-a concentrations
and the ones that are high can be seen as
outliers. Outliers in this instance does not
mean falsely measured, rather far off the
mean.

HDBSCAN • Fast • Parameter choice not intuitive
• Noise detection. However, for this re-
search, this is not per se a big advantage
since there does not seem to be real noise
in the data just peaks in the concentration of
chlorophyll-a.

• Having the algorithm determine the num-
ber of clusters could lead to a lot of clus-
ters, whereas this research aims to keep
the number of clusters as small as possible
while still capturing all information.

• Number of clusters is not an input param-
eter, but determined by the algorithm.

• Data can be clustered as noise while it is
not necessarily noise, just an outlier.

• Clusters with different sizes and densities

Table 3.1: Advantages and disadvantages of each clustering algorithm
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3.6. Metrics
The quality of a clustering algorithm can bemeasured using certain metrics. Thesemetrics can in return
also be used to determine the best input parameters for the algorithm, such as the number of clusters
in the K-means clustering algorithm. They can also be used to compare different clustering algorithms
as validation metrics. Possible options for metrics are the elbow method, the silhouette method and
the gap statistic. All three have their advantages and disadvantages which will be discussed in the
following sections.

3.6.1. Elbow method
The elbow method was first established by Thorndike (1953). It uses the WCSS, as stated in equation
as a measure of the quality. Simply minimising the WCSS would not be beneficial since that would
result in choosing the number of clusters as high as the number of samples in the data set. The goal
is to have a low WCSS while keeping the number of clusters to a minimum. The elbow method makes
use of the fact that as soon as a certain number of clusters has been added, adding another cluster
only decreases the WCSS slightly. This point is called the elbow point. Ideally, this elbow point would
be distinguishable in a graph. However, this is not always the case. Thus it is beneficial to use the
multiple metrics.

Methods such as K-means and hierarchical clustering minimise the WCSS using the numbers of clus-
ters given as an input parameter. For those algorithms, the elbow method is especially useful in deter-
mining the number of clusters.

When using the WCSS as a validation metric for comparing clustering algorithms it is enough to min-
imise the WCSS value, since it is a measure for the error.

3.6.2. The silhouette method
The silhouette method presented by Rousseeuw (1987) is a way to measure the tightness and separa-
tion of the clusters. The silhouette method starts by computing a silhouette score for each observation.
Two measures are defined to create the silhouette score: one for the dissimilarity of the cluster and
one for the separation from the closest cluster.

Def. a(i) is the average dissimilarity or distance between the points inside the cluster that i is as-
signed to, say A.

𝑎(𝑖) = 𝑑ፚ፯፠(𝑖, 𝐴) (3.7)
where 𝑑ፚ፯፠(𝑖, 𝐶) is the average dissimilarity or distance between i and the points inside cluster C.

Def. b(i) is the minimum of all 𝑑ፚ፯፠(𝑖, 𝐶)’s over the collection of clusters i is not assigned to.

𝑏(𝑖) =min
ፂጽፀ

𝑑ፚ፯፠(𝑖, 𝐶) (3.8)

For each observation the silhouette score is calculated by the following equation:

𝑆(𝑖) = 𝑏(𝑖) − 𝑎(𝑖)
max{𝑎(𝑖), 𝑏(𝑖)} (3.9)

All of these scores are averaged together to create the average silhouette score. The average silhouette
score ranges from -1 to 1. If it is close to one the clusters are perfectly separated, near zero the clusters
are likely to be overlapping, and below 0 the data points are most likely inaccurately clustered.

3.6.3. Gap statistic
The gap statistic was invented by Tibshirani et al. (2001). It compares the total within-cluster variation
with the expected value under a null reference distribution of the data. The null reference distribution
is a distribution where there is no clustering, which coincides with the uniform distribution.

Def. Gap statistic for k number of clusters:

𝐺𝑎𝑝፧(𝑘) = 𝐸∗፧𝑙𝑜𝑔(𝑊፤) − 𝑙𝑜𝑔(𝑊፤) (3.10)
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where𝑊፤ is the total within-cluster variation, 𝐸∗፧ is the expectation under a sample size n from the ref-
erence distribution defined by bootstrapping by generating B copies of the data set and computing the
average.

There are two ways to choose the number of clusters using the gap statistic. One is choosing 𝑘 where
the gap statistic is the highest. The second one is choosing k the smallest where

𝑔𝑎𝑝(𝑘) ≥ 𝑔𝑎𝑝(𝑘 + 1) − 𝑠፤ዄኻ (3.11)

where 𝑠፤ is the standard error.

3.6.4. Use the metrics with caution
Although it seems ideal to choose the input parameters solely based on the results from the metrics,
there are two main downfalls to it. The first being that different metrics could yield different results and
thus not giving a definitive answer. The second downfall is that sometimes the clusters that should be
obtained do not satisfy the objective function the metrics try to minimise.



4
Results

In this chapter, the results of defining eutrophication monitoring zones using different clustering algo-
rithms will be presented and discussed.

First, the coastal area and the offshore area were separated. Then, the zones in the offshore area were
defined. Subsequently, the zones in the coastal area were defined. Afterwards, the defined zones were
compared to other days within the bloom period, and also compared to other years. Lastly, the defined
monitoring zones were compared to other previously defined zones in the North Sea coast.

4.1. Separating the coastal area and the offshore area
To separate the coast and offshore, the chlorophyll-a data from a representative day from the start
of the bloom period was used. The 17th of February was used (Figure 2.1). Before results could
be produced using the clustering algorithms, the number of clusters needed to be chosen as this is
an input parameter in three of the four clustering algorithms. To separate the coast and offshore an
obvious choice for the number of clusters would be two. However, it could also be possible to choose
more than two clusters and combine clusters by hand to obtain the best clusters. To determine the
optimum number of clusters the elbow method, silhouette and gap statistic were used. The reasoning
behind the statistics are explained in Section 3.6. All three statistics were computed for each clustering
algorithm. For K-means clustering, the results are visualised and explained. For the other algorithms,
the results are stated and visualisations are given in Appendix A.1.

Figure 4.1: The elbow method for K-means clustering to separate the coast and offshore

The WCSS for different values of the number of clusters based on the K-means clustering method are
given in Figure 4.1. The elbow method gives an indication here that it could be either 2 or 3, but has
no definitive answer.

In Figure 4.2 the Gap statistic is given. Here, the optimal number of clusters is the lowest number
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of clusters where the gap statistic is higher than the next gap statistic minus the standard error from
this next value. This is the case for one cluster. Thus, the gap statistic declares that there should not
be any clustering to the data. This is not realistic. The second best option is two number of clusters,
because this has the second highest gap statistic.

In Figure 4.3 the silhouette average scores are given. These simply need to be maximised, which is
the case for number of clusters equal to two.

This prompts the conclusion that the assumption of two clusters is correct for the K-means cluster-
ing algorithm.

Figure 4.2: The gap statistic for K-means clustering to separate
the coast and offshore

Figure 4.3: Silhouette analysis for K-means clustering to sep-
arate the coast and offshore

For the other clustering algorithms the results are the following:

Clustering method Elbow method Silhouette average Gap statistic
Hierarchical clustering 2, 3, or 4 2 1
Random Forest clustering inconclusive 10 1

Table 4.1: Values of the goodness of clustering metrics for separating the coast and the offshore.

The values in Table 4.1 do not give a very clear answer for the number of clusters that should be chosen.
Therefore, the number of clusters will be equal to two.
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4.1.1. K-means

Figure 4.4: K-means clustering with 2 clusters on 17-02-2003

The results produced by K-means clustering with a predefined number of clusters of two can be found
Figure 4.4. The result is a separation between the coast and offshore which is almost parallel to the
Dutch coast line.

The black lines in the figure are the previously defined eutrophication zones. The clustering based on
the K-means algorithm represents the line closest to the coast in parallel well. The only difference is
how far into the sea it lies. The previously defined zone border lies a lot deeper into the sea than the
one obtained from the K-means clustering.
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4.1.2. Hierarchical clustering

Figure 4.5: Hierarchical clustering with 2 clusters on 17-02-2003

The results from the K-means clustering, and hierarchical clustering with euclidean distance andWard’s
linkage criterion are very similar. The results from hierarchical clustering are seen in Figure 4.5. A pos-
sible reason for the similarity is that the linkage criterion chosen in the hierarchical clustering technique
is Ward’s criterion. As explained in section 3.2.1, the ward linkage minimises the total within-cluster
variance. This is the same objective as K-means clustering. There is one small difference and that is
the width of the coastal area, which is slightly smaller for hierarchical clustering.
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4.1.3. Random Forest

Figure 4.6: Random Forest clustering with 2 clusters on 17-02-2003

To recap, random forest clustering is the random forest proximity measure combined with the hierarchi-
cal clustering using the average linkage criterion. Random forest clustering with two clusters yielded
the results in Figure 4.6. There are a few remarkable observation that can be made.

The first is that the border protrudes a lot more into the sea compared to K-means and hierarchical
clustering. It almost reaches the original eutrophication zone given by the black line closest to the
shore.

Another observation, is that there are small regions in the offshore area that are clustered together
with points near the coastline. These can be seen in the figure as yellow dots surrounded by pink.
This is reasonable near the border between the pink and the yellow part, but the farther away from
this border, the less realistic it becomes. A possible reason for this is that the distinction between the
coast and offshore is based solely on the height of the concentration of chlorophyll-a and not on also
the location. In the offshore areas, multiple areas exhibit slightly higher concentrations of chlorophyll-a.
The distance between those offshore areas and the coast is apparently very different when comparing
euclidean and random forest distances.
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4.1.4. HDBSCAN

Figure 4.7: HDBSCAN with noise on 17-02-2003 Figure 4.8: HDBSCAN without noise on 17-02-2003

The HDBSCAN algorithm, where the number of clusters is determined by the algorithm, resulted in
21 clusters, excluding noise. This can be seen in Figure 4.7. Noise is classified as -1 and Figure 4.8
shows the results where the noise is removed. To recap, a sample is classified as noise if there are not
a lot of similar samples surrounding it. A more in depth definition can be found in Section 3.4

HDBSCAN recognises that there are multiple levels in the coastal region. This gives a more accurate
representation of the real situation. The levels more closely to the shore, the clusters with number
zero to two resemble the clusters as given in hierarchical clustering. If cluster numbers 3 through 6
are added the result is the same as for K-means clustering. If cluster number 8 and 9 are added, the
result resembles the Random Forest clustering. This more accurate representation is thus also a good
way to confirm the results from the previous algorithms. The levels visible in the HDBSCAN clustering
corroborate the shape and size of the coast cluster from the previous clustering algorithms.

For the purpose of creating a separation between the coastal area ans the offshore area there must
be only two clusters. This can be achieved by combining clusters. The choice of what clusters should
be combined is done visually. Namely, the offshore area is probably cluster number 7. If the cluster 7
is considered as the offshore area and the rest is combined into the coast, this would give the split as
seen in Figure 4.9.
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Figure 4.9: HDBSCAN combined to 2 clusters on 17-02-2003

This result gives a wider coastal area that still also follows the previously defined zones. There are
areas that protrude out quite some more such as at 53.1∘N. A very interesting observation is that the
HDBSCAN clustering is almost identical to the random forest clustering, apart from the noise. There is
no clear explanation for this.

4.1.5. Comparing the clustering algorithms
All clustering algorithms led to similar results, the only big variation was in the width of the coastal area.
The width was increasing in the order of hierarchical clustering, K-means clustering, random forest
clustering, and HDBSCAN.

From these results, the idea that there should be a split between the coastal area and the offshore area
is confirmed. Since all clustering algorithms yield very similar results and no clustering algorithm is
specifically better than others in this case, the clustering algorithm closest to the average will be used
to separate the coast and the offshore areas. In this case, average corresponds to the average width
of the coastal area. The algorithm closest to this average is K-means clustering. After the coast is
separated from the offshore area, cluster analysis can be done on the coast and the offshore regions
separately.
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4.2. Defining the zones offshore
After removing the coastal area clustered by K-means in the previous section, the zones in the offshore
area can be defined. This will be done using the location and chlorophyll-a concentration data from the
22nd of March, see Figure 2.2. The reasoning behind this choice can be found in the methodology in
Chapter 2.

Within the offshore area there are multiple zones that are clear and should be uncovered in the cluster-
ing result. A visualisation of these zones can be found in Figure 4.10. The number of clustered should
intuitively thus be at least more than the eight seen in that figure.

Figure 4.10: Visible zones in the offshore area on 22-03-2003

One of the zones that is visible in Figure 4.10 holds the Rhine ROFI. ROFI stands for region of fresh-
water influence. The Rhine ROFI is the region in the Dutch part of the North Sea where the ”Nieuwe
waterweg”, which originates from the Rhine, ends. Because of the rotation of the earth the water that
stems from the river is directed to the right, which is North in this case. The dimensions of the Rhine
ROFI can be up to 20-40 kilometre wide and up to 100 km long (de Ruijter et al., 1997). However, on
average the size is what is also seen in Figure 4.10 (Van der Giessen et al., 1990).

The number of clusters can also be determined by the metrics defined in Section 3.6. The results from
these can be found in table 4.2. The visualisations of the metrics are given in Appendix A.2.

Clustering method Elbow method Silhouette average Gap statistic
K-means clustering 4, 5, or 6 4 8
Hierarchical clustering 4, 5, or 6 6 10
Random Forest clustering inconclusive 9 1

Table 4.2: Values of the goodness of clustering metrics in the offshore area

The results from the different metrics are very different and also differ a lot over the different methods
and thus overall inconclusive. For that reason the number of clusters will be chosen visually, based
on Figure 4.10. There are at least eight zones in the offshore area. To account for a small clustering
between the larger clusters the number of clusters will be chosen equal to 9.
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4.2.1. K-means clustering

Figure 4.11: K-means clustering with 9 clusters on 22-03-2003

Using K-means clustering on the 22nd of March with nine clusters gives an accurate presentation of the
zones that were desired to be uncovered. In dark brown, cluster number 8, the Rhine ROFI is visible.
In bright green, cluster number 4, the region to the north-west of the Waddensea is visible.

The clusters slightly follow the previously defined zone borders. However, not fully since the bright
blue cluster, cluster number 3, is separated into two by the previous zone border. This could mean two
things: the previously defined zone was not perfect and there should not be a zone border there, or
there only seems to be a zone on this day but it is split into two if there other days are considered.

Another interesting observation is that the bright blue zone in the middle, cluster number 3, encapsu-
lates observations that are classified to a different cluster, namely, cluster number 2. This can be seen
by the darker blue dots in the bright blue cluster. This is not realistic, but is most likely the case since
there are also lower chlorophyll-a concentrations in a zone and the clustering algorithm works with a
euclidean distance. The distance in concentration and the location coordinates have equal weights.
This is both an advantage and a disadvantage. It is good, since anything other than equal weight would
be unnatural. The bad part is that the clustering algorithm cannot sense the fact that there also can
be samples with a slightly different concentration inside a cluster. If a different day was chosen to fit
the clustering on, and there was less of a peak in chlorophyll-a concentration, there may not be this
difference in the zone.
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4.2.2. Hierarchical clustering

Figure 4.12: Hierarchical clustering with 9 clusters on 22-03-2003

Using hierarchical clustering on the 17th of February resulted in very similar results to K-means clus-
tering. There were only two differences in shapes of the zones.

One is that the the previously yellow cluster, number 5, has split into two, creating the red cluster,
number 7, around the bright blue cluster, number 3.

The other is that the orange and red cluster in K-means clustering, number 6 and 7, merged together
to become cluster orange number 6. This cluster covers a large area north of the Waddensea.

It is interesting to note that almost the exact same samples were encapsulated in the bright blue zone
as for k-means clustering.



4.2. Defining the zones offshore 34

4.2.3. Random Forest clustering

Figure 4.13: Random Forest clustering with 9 clusters on 22-03-2003

The random forest clustering with 9 clusters yielded the results in Figure 4.13. There are a few aspects
in this clustering that were different from k-means and hierarchical clustering.

The first being the shape of the zone that contains the Rhine ROFI, cluster number 8. In K-means and
hierarchical clustering this zone had an oval shape. In the random forest clustering it is an oval with an
indent on the side from the yellow zone. cluster number 5.

Another aspect that is interesting is that the the green cluster, number 4, comes far more down to the
south, whereas this part was previously clustered separately.

A third difference is that there are far less samples being encapsulated by a different zone.

Finally, when comparing the random forest clustering zones with the existing eutrophication zones
it seems to be resembling them more than previous clustering results. The dark blue zone, cluster
number 0, almost completely follows the previously defined eutrophication zones that lies more off-
shore. Also, a new zone is defined, the red zone with cluster number 7. This zone resembles that
region inside the two previously defined eutrophication zone borders. To recap, this area is the overlap
of two of OSPAR’s eutrophication zones. The random forest clustering result thus confirms that this
overlap should be considered its own zone.
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4.2.4. HDBSCAN

Figure 4.14: HDBSCAN with noise on 22-03-2003 Figure 4.15: HDBSCAN without noise on 22-03-2003

In Figure 4.14 the clustering of the HDBSCAN are given where noise is classified as -1. This noise is
removed in Figure 4.15. HDBSCAN resulted in over 2400 clusters. This gives a more accurate clus-
tering, but less realistic. For this thesis the goal was not to perfect the clusters, but to see if clustering
algorithms could detect the clusters and compare their performances. Therefore, the HDBSCAN result
will be used to validate the other clustering algorithms for the offshore area.

In the HDBSCAN clustering result there are zones visible that substantiate the previously defined zones.
These zones are:

• The red zone in random forest clustering, cluster number 7,

• the zone containing the Rhine ROFI, cluster number 8,

• the zone in front of Sealand, cluster number 1,

• the more offshore zone, cluster number 0,

• the zone to the north-east of the Waddensea, cluster number 4.

The last zone mentioned is not as very clearly visible due to the colour scheme, but is certainly there.

All zones considered, HDBSCAN supports random forest clustering with nine clusters as the best.
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4.2.5. Comparing the clustering algorithms
The clustering algorithms yielded results in the offshore area were related. However, there were signif-
icant differences between the results. The clustering algorithms were compared based on four criteria:

• They resemble OSPAR’s already existing eutrophication monitoring zones.

• The zones that were expected to be clustered visually, seen in Figure 4.10, were clustered by the
algorithm.

• Their result was confirmed though the accurate HDBSCAN clustering result.

• The clustering result yielded the best values for the validation metrics.

Random forest clustering was the most accurate match to OSPAR’s monitoring zones. There were
a couple clusters that exceeded the boundaries of the zones, but for the most part the shapes were
similar. The main difference was the fact that clustering result contains more clusters than the number
of monitoring zones. Using the newly defined monitoring zones would thus yield a more accurate result.

The second criteria was that the zones that were clearly visible when looking at the chlorophyll-a con-
centration, were clustered by the algorithm. Random forest clustering was the only clustering algorithm
that obtained the red zone, cluster number 7, as its own cluster. The other clusters were mostly ob-
tained by all clustering algorithms in some form.

Almost each zone from the random forest clustering is also visible in the clustering result from HDB-
SCAN. This does not hold for the other clustering algorithms.

In table 4.3 the values for the validation metrics are shown for each clustering algorithm.

Total within cluster sum of squares Silhouette average Gap statistic
K-means clustering 2582 0,427 0,926
Hierarchical clustering 2875 0,423 0,971
Random Forest clustering 4555 0,000 0,600

Table 4.3: The values of the validation metrics for the offshore area

To recap, the objectives are minimising the value for the total within cluster sum of squares and max-
imising the silhouette average and the gap statistic. Based on these metrics k-means clustering would
be the best algorithm, and random forest clustering the worst. This is where a problem arises: all other
validation criteria pointed towards random forest clustering being the best, but the validation metrics
state that it is the worst. This is a good example of what was touched upon in section 3.6.4. Namely,
that metrics do not necessarily have the same objective as the research and thus may not be suitable in
all situations. All three metrics are a measure for how similar the data points in a cluster are, where the
silhouette average also takes the distances to other clusters into account. Apparently, maximising the
similarity within the clusters does not yield the best result as defined per the other criteria. Therefore,
the result from criterion will be considered less important.

All in all, the Random Forest clustering with nine clusters is the best at defining monitoring zones
in the offshore area, compared to the other clustering algorithms.
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4.3. Define zones in coastal area
Now that the zones in the offshore area are defined, the coastal area is analysed. The data from the 25th
of February, Figure 2.3, is being used to do this. Reasoning for this can be found in the methodology
in Chapter 2. Again, the first step is determining the number of clusters. Looking at the concentration
of chlorophyll-a on the 25th of February, there seem to be four clusters. These are visualised in Figure
4.16.

Figure 4.16: Visible zones in the coastal area 25-02-2003

Another way to determine the optimal number of clusters was through metrics, which are explained in
Section 3.6. The results from these metrics are stated in Table 4.4.

Clustering method Elbow method Silhouette average Gap statistic
K-means clustering 5, or 6 5 3
Hierarchical clustering inconclusive 6 1
Random Forest clustering inconclusive 10 1

Table 4.4: Values of the goodness of clustering metrics in the coastal area

The metrics do not give a cohesive answer. Since visually there are around 4 clusters, that is what will
be used as in input parameter for the clustering algorithms.
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4.3.1. K-means clustering

Figure 4.17: K-means clustering with 4 clusters on 25-02-2003

The K-means clustering algorithm gives the result as shown in Figure 4.17. Comparing this clustering
to the one that was expected in Figure 4.16, the clusters do not coincide perfectly. However, there are
a few interesting observations that were made.

The first being that the edge between the light blue and dark blue cluster is diagonal. This shows that
there is a difference between really near coast and a bit farther away.

Another interesting observation can be made on that the yellow zone that protrudes slightly more in
the sea around (4.7∘E,53∘N). It is clustered as its own cluster but surrounded on both sides by the light
blue cluster. A cluster being surrounded by another cluster is not realistic in this case.
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4.3.2. Hierarchical clustering

Figure 4.18: Hierarchical clustering with 4 clusters on 25-02-2003

In Figure 4.18 the results from hierarchical clustering with four clusters is given. This result exhibits the
same diagonal edge between the light blue and the dark blue clusters. The area that protrudes a bit
more in the sea around (4.7∘E,53∘N) is clustered completely as its own cluster and is not surrounded
by a different cluster. The hierarchical clustering resembles the expected zones almost exactly.
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4.3.3. Random Forest clustering

Figure 4.19: Random Forest clustering with 4 clusters on 25-02-2003

The result from random forest clustering is given in Figure 4.19. The random forest clustering is differ-
ent form the K-means and hierarchical clustering in two ways:

The first way is that the differences in the lower half, below 52.8∘N, are more accentuated using random
forest clustering. It separated the area outside of Zealand and the area above the Rhine.

The second way is that the whole upper part, above 52.8∘N, is clustered together. Thus, there is no
separate cluster in the area around (4.7∘E,53∘N). From Figure 4.16 that area does seem to be different
from the upper part. This prompts the idea that random forest clustering needs more clusters to get the
desired clusters. The random forest clustering with five clusters is seen in Figure 4.20.
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Figure 4.20: Random Forest clustering with 5 clusters on 25-02-2003

If random forest clustering is run with five clusters it separated the upper cluster into two. Resulting in
the area around (4.7∘E,53∘N) being clustered as one cluster. This is exactly what was expected and
corresponds to the desired clustering results.
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4.3.4. HDBSCAN

Figure 4.21: HDBSCAN with noise on 25-02-2003 Figure 4.22: HDBSCAN without noise on 25-02-2003

HDBSCAN resulted in 25 clusters visualised in Figure 4.21 with noise, and in Figure 4.22 without noise.
In comparing the two figures, it should be pointed out that there is not a lot of noise. The HDBSCAN
result can again be used to validate the clusters defined earlier in this section.

The first observation is that the area around (4.7∘E,53∘N) is clustered as its own cluster. This supports
the random forest clustering with five clusters and the hierarchical clustering, which also clustered this
as its own zone.

Interestingly enough, the diagonal edge between zone one and two in k-means and hierarchical clus-
tering, and one and three in random forest clustering, is not visible in the HDBSCAN result. There is a
division, but it is not diagonal.

In the coast outside Zealand there are a lot of clusters in the HDBSCAN result. The reason for this may
be that the concentrations of chlorophyll-a varies a lot in this region. Since it is not really connected
to the rest of the coastal area because of an indent in the shore, clustering this as a separate region
seems to be reasonable. This is the case for random forest clustering with both four and five clusters.

All in all, the HDBSCAN result supports the random forest clustering with five clusters as the best clus-
tering.
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4.3.5. Comparing the clustering algorithms
In the coastal area the clustering algorithms yielded significant differences between the results. The
clustering algorithms were compared based on three criteria. These are the criteria as mentioned
before in Chapter 2 and used in Section 4.2.5, without the first criterion where the result should resemble
OSPAR’s monitoring zones. The reason for this is that OSPAR does not divide the sea so close to the
shore. As an alternative, the results will be compared to other possible divisions of the North Sea in
Section 4.7. For clarity the criteria that are used in this section are repeated:

• The zones that were expected to be clustered visually, seen in Figure 4.16, were clustered by the
algorithm.

• Their result was confirmed though the accurate HDBSCAN clustering result.

• The clustering result yielded the best values for the validation metrics.

Both random forest clustering with five clusters and hierarchical clustering determined the clusters sim-
ilar to the zones visibly seen in Figure 4.16.

The result from HDBSCAN suggested that the area in front of Zealand should be its own cluster. Ran-
dom forest clustering with five clusters has this property. Hierarchical clustering also clustered this
together, but extended more to the north.

The last criterion is based on the validation metrics stated in Figure 4.5.

Total within cluster Silhouette average Gap statistic
sum of squares

K-means clustering 1858 0,435 0,563
Hierarchical clustering 2123 0,380 0,600
Random Forest clustering (4 clusters) 1042 0,010 0,167
Random Forest clustering (5 clusters) 1025 0,020 0,151

Table 4.5: The values of the validation metrics for the coastal area

The validation metrics ranked the clustering algorithms from best to worst as: K-means clustering, hi-
erarchical clustering, random forest clustering with five clusters, and random forest clustering with four
clusters. Seeing as random forest clustering is ranked low and the goal of the research is the same as
in the offshore area, the same reasoning can be used as in section 4.2.5. Namely, that the validation
metrics do not provide an accurate insight into the situation for the purpose of this research. Therefore,
the result from this criterion is considered less important.

Overall, Random Forest clustering with five clusters is the best option when defining monitoring zones
in the coastal area.

Combining this result with the one fromSection 4.2.5 gives the defined eutrophicationmonitoring zones.
It is the combination of random forest clustering with nine and five clusters respectively in the offshore
and coastal area.
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4.4. Comparing the zones with other days in the bloom period
The results derived from the clustering algorithms in the previous sections are based on the data of
a total of three days. Since there is always movement in the sea, the possibility exists of the zones
changing over time. Comparing the defined eutrophication zones to other days in the bloom period may
give insight into the correctness of the zones. This is done by overlaying the contours of the clusters
over the chlorophyll-a concentration on different days. Two of these comparisons can be found in
Figure 4.23 and Figure 4.24.

Figure 4.23: Comparison of the defined eutrophication moni-
toring zones to the chlorophyll-a concentration from 6/4/2003

Figure 4.24: Comparison of the defined eutrophication moni-
toring zones to the chlorophyll-a concentration from 7/5/2003

The days that are used to compare the defined eutrophication monitoring zones to are chosen ran-
domly from the bloom period of 2003, but after the days that were used to fit the data.

Figure 4.23 shows some interesting observations.
First, the separation between coast and offshore is considered. The higher concentration of chlorophyll-
a are near the shore and seem to lie well inside the defined coastal area. The only improvement would
be that the coastal zone in front of Zealand should be slightly extended towards the south. Since the
separation between the coast and offshore area follows a line parallel to the shore, it is intuitive that it
should be extended to cover the whole shore.

In the offshore area there are definitely variations in concentrations but there do not seem to be many
clear zones. Therefore, it does not confirm nor deny the validity of the defined zones. The only zone
really well visible is the zone north-west of the Waddensea. That seems to be slightly more extended
to the North.
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In Figure 4.24 there are a few remarkable comparison results to be seen.
The first is that coast-offshore separation is still able to capture the differences between the two areas.

The second is that the Rhine ROFI zone well covers the visible decrease in chlorophyll-a concentration
in the Rhine ROFI. Another observation is that the zone in the overlapped part of OSPAR’s eutrophica-
tion zones is visible. This is the previously bright red zone with cluster number 7 in the offshore random
forest classification. This zone seems to be slightly extended to the south on this specific day.

Finally, the peak in the concentration around (4.1∘E,52.3∘N) is divided over two defined monitoring
zones.

All in all, the defined eutrophication monitoring zones have been mostly confirmed. The zones did
change somewhat, though not as much to discredit their validity. Another interesting thing to note is
that the chlorophyll-a concentrations within the clusters vary. This is likely since there are different
conditions at each location. Not accepting this and separating the clusters accordingly would yield a
lot of clusters. This would not be feasible as a monitoring zone. Therefore, this is accepted.
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4.5. Analysis of the chlorophyll-a concentration of the defined zone
The chlorophyll-a concentration of each zone can be represented in terms of a probability distribution.
The concentration of chlorophyll-a generally follows a log-normal distribution (Campbell, 1995). There-
fore, that is the distributions that was used for each zone. It is interesting to observe whether and how
the distributions for the chlorophyll-a concentration differ from zone to zone. The expectation is that
they do differ since they are clustered to different zones. The zones used in this analysis are the best
results from the previous sections. Namely, random forest clustering with nine and five clusters for
respectively the offshore and the coast.

The distributions of each zone in the offshore area can be found in Figure 4.25. For the coastal area
the empirical distributions of the zones are given in Figure 4.26. It is important to note that the Figures
have been zoomed in to clearly see what happens, in reality all distributions run to really high x-values.
The full images can be found in Appendix C. The colours in the figures correspond to the colours used
to define the zones in Section 4.2 and 4.3. The values for the parameters corresponding to the fitted
log-normal distribution can be found in Appendix B.

Figure 4.25: Distribution of the chlorophyll-a concentrations in the offshore zones in 2003.

Since Figure 4.25 is a zoomed in image, it is important to note what the shapes of the lines mean. A
high peak in density near a low chlorophyll-a concentration on the x-axis means that overall the con-
centration is low, and high values of chlorophyll-a concentration have a very small probability. This is
the case for zone number 0 and zone number 7. These two monitoring zones have similar distribution
and more or less lie next to each other, recall from Figure 4.13. This would spark the idea that maybe
these clusters should be combined, as is done in K-means clustering and hierarchical clustering. How-
ever, there is an important remark to be made about densities. Two zones can have the exact same
density, but still be completely different on a day to day basis. Keeping this in mind, zone 0 and zone 1
should not necessarily be combined purely based on the fact that they are situated next to each other
and have the same distribution.

Zone 1, the Rhine ROFI zone, has the lowest peak in distribution with the lower values of chlorophyll-a
concentration. In other terms, zone 1 contains less chlorophyll-a concentrations that are low and more
that are higher. The other zones all have a distribution with similar shape.
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Figure 4.26: Distribution of the chlorophyll-a concentrations in the coastal zones in 2003.

Figure 4.26 portrays the empirical distributions of the zones in the coastal area.

Zone 2 exhibits a really low density for lower values of chlorophyll-a, thus higher values of chlorophyll-a
are more common.

For zone 1 and 3 a similar conclusion can be drawn as for zone 0 and 7 in the offshore area.

Comparing the densities from the offshore area to the ones from the coastal area it becomes clear that
for the coastal zone overall higher concentrations of chlorophyll-a are more likely. This is easily seen
from the y-axes in the figures. For the offshore area the density of chlorophyll-a concentration below
10 reaches a maximum of 0.6. In the coastal areas the maximum is 0.175.
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4.6. Distribution of one zone over time
All the analysis up till now have been conducted on the year 2003. An interesting analysis that can
be done using the defined eutrophication monitoring zones is how the distribution of a certain zone
changes over time. For the zone that contains the Rhine ROFI, zone number 8 in the offshore area,
this is given in Figure 4.27. This figure is zoomed in for clarity, the full image is given in Appendix C

Figure 4.27: Distribution of the chlorophyll-a concentrations in the Rhine ROFI zone over the years.

From Figure 4.27 it can be concluded that the distribution of the Rhine ROFI zone does not stay the
same over the years. This is also what was expected. Higher concentrations of chlorophyll-a concen-
tration are as previously mentioned an indicator for eutrophication, which after a longer period results in
poor marine health. The fluctuations are as follows: it starts out well in 2003, but in 2004 the chlorophyll-
a concentrations are extremely high. Afterwards, the amount of high concentrations decrease in the
years 2005, 2006, and 2007. In 2008 there is a small increase in concentrations again, but in 2009 this
restored itself.
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4.7. Comparison to other sets of zones within the Dutch North Sea
coast

The previously defined eutrophication monitoring zones by OSPAR are not the only way that zones are
defined within the Dutch part of the North Sea. It would be interesting to see whether other zones have
any correlation to the eutrophicationmonitoring zones defined through clustering. Themonitoring zones
defined by this study can also serve as a recommendation to possibly reconsider the other identified
zones. The types of maps that will be compared to the monitoring zones are selected because of their
possible connection to eutrophication and thus the chlorophyll-a concentration. The maps considered
in this section are:

• Maritime Zones and Common Fisheries Policy

• Marine Protected Areas

• Marine Spatial Planning

• Bathymetry

4.7.1. Marine limits and Common Fisheries Policy
The maritime limits and the Common Fisheries Policy are first set of the zones that were compared to
the clustering results, see Figure 4.28. Chlorophyll-a concentration is an indicator for the amount of
phytoplankton in the ocean. Normally, the phytoplankton is eaten by fish higher up in the food chain.
When these fish are removed from the water through commercial fishing, the natural enemy of phy-
toplankton disappears. This could lead to more growth of the phytoplankton, which corresponds to
eutrophication. Therefore, overfishing can increase eutrophication (Jackson et al., 2001).

The restrictions of where fishing is allowed and in what quantities are described through zones defined
by the Common Fisheries Policy. Within three miles of the shore, the restrictions are the toughest, thus
less fishing occurs here. This can also be seen in the clustering of the chlorophyll-a concentration.
The border of the separation between the coast and offshore, created in section 4.1, resembles the
three-mile zone in the common fishery policy. The different levels in the coastal area that were found
when separating the coastal area and the offshore area somewhat resemble the different zones of the
Common Fisheries Policy.

Besides the zones depicted in Figure 4.28, fishing is also prohibited in certain areas described by spa-
tial planning. For example, fishing is not allowed in Marine Protected areas, or in wind turbine farms
(Noordzeeloket, nd).
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Figure 4.28: Division of the North Sea into maritime zones with the Common Fisheries Policy (Navy, 2014)
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4.7.2. Marine Protected Area’s
Another set of zones in the Dutch continental shelf is the legally designatedmarine protected areas, also
known as Natura 2000, see Figure 4.29. Marine protected areas are shielded from bottom-impacting
fishing with the goal to improve marine health in these areas. This means that the chlorophyll-a con-
centration in these areas is either high because of poor marine health, or low because they are already
recovering. Therefore, it is likely that there is a correlation between the chlorophyll-a concentration and
the marine protected area’s.

Specifically the areas ”Noordzeekustzone”, denoted by E, and ”Voordelta”, denoted by G are zones
that correspond to the monitoring zones defined using clustering. The ”Noordzeekustzone” is almost
exactly equal to zone number 2 and 4 combined in random forest clustering in the coastal area. Zone
number 0 matches with the ”Voordelta”. Thus, the zones defined within the coastal area are also
apparent in the marine protected areas. Since the ”Noordzeekustzone” is split into two zones by the
result from the clustering algorithm, it may be beneficial to redefine the marine protected area’s. The
results of the clustering of the coastal area from Section 4.3 may be an indication that one area in the
”Noordzeekustzone” has a better marine health than the other.

Figure 4.29: Marine Protected areas in the Dutch North Sea (.The North Sea foundation, 2017)
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4.7.3. Dutch government’s spatial policy
The Dutch government has created a marine spatial planning policy that contains rules as to where, for
example, windmill parks can be built. This policy can be found in Figure 4.30. This figure also contains
the marine protected areas from the previous section. After comparing the policy to the monitoring
zones defined through clustering, the only correlation that can be verified is with the green and yellow
zone: Natura 2000 and potentially ecologically valuable area. Even though the windmill parks have an
effect on the fisheries and through that may affect eutrophication, this is apparently not the case. The
rest of the spatial planning attributes do not seem to be connected to eutrophication.

Figure 4.30: Marine spatial planning of the Dutch Continental Shelf (.Ministry of Infrastructure and .Water Management, 2015)
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4.7.4. Bathymetric chart
In Figure 4.31, a bathymetric chart containing data on the height of the seabed of the Dutch North
Sea is shown. Previously, a correlation between the barthymetry and chlorophyll-a was established in
the southern ocean by Song and Ke (2015). Comparing the bathymetry of the Dutch North sea to the
monitoring zones defined by clustering, yields a few mentionable observations.

Firstly, the SandWave Field region North of theWaddensea corresponds to zone 4 in the random forest
clustering offshore. This zone was also clearly visible when looking at the chlorophyll-a concentration.

Secondly, the distinction between the coastal area and the offshore area from Section 4.1 is also clear
in Figure 4.31 through the difference between the red and yellow parts.

All in all, the defined monitoring zones by clustering are partly validated by the bathymetry of the Dutch
North Sea.

Figure 4.31: Dutch North Sea with frequently used names plotted on the bathymetry (Doornenbal and van Heteren, nd)



5
Conclusion

This report aimed to determine eutrophication zones with similar behaviour in chlorophyll-a concen-
tration based on the statistical history found in satellite data of the Dutch North Sea via clustering
algorithms. A secondary goal was to look at which of the four selected clustering algorithms yielded
the best results. The term ’best’ was defined using four criteria:

• They resemble OSPAR’s already existing eutrophication monitoring zones.

• The zones that were expected to be clustered visually were clustered by the algorithm.

• Their result was confirmed though the accurate HDBSCAN clustering result.

• The clustering result yielded the best values for the validation metrics.

Both of these goals have been reached within this thesis.

The coastal area and the offshore area were first separated by K-means clustering with two clusters on
only the chlorophyll-a concentration, and not the location. After this partition was made, the offshore
area and coastal area were both clustered separately. The clustering algorithms used were K-means
clustering, Hierarchical clustering, Random Forest clustering, and HDBSCAN.

Out of the four clustering algorithms, the Random Forest clustering outperformed the rest significantly.
Random Forest clustering is hierarchical clustering with average linkage and precomputed distances
based on the proximity derived from a random forest trained on the data. For the offshore area, nine
clusters were necessary to represent the data best. The coastal area was clustered with five clusters.
The result of these clustering algorithms combined can be found in Figure 5.1.

An additional conclusion can be drawn with respect to the metrics used to determine the quality of the
clustering. Namely, the metrics used in this study, the elbow method, the silhouette average, and the
gap statistic, are not good measures when determining monitoring zones. This is because they mea-
sure the distances between the data points within a cluster. However, for monitoring zones, similarity
is not the only objective.
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Figure 5.1: Combination of Random Forest clustering with 9 clusters in the offshore area and 5 clusters in the coastal area

The result of the defined monitoring zones can be used to monitor the changes in distribution of
chlorophyll-a concentration in the Dutch North Sea. The idea of using clustering algorithms can also
be applied to other locations to define more accurate monitoring zones. The monitoring zones defined
through clustering give a more accurate representation of the eutrophication status than OSPAR’s eu-
trophication zones.

Based on the result from this study, it is recommended that the idea of using clustering algorithms to
determine other types of zones is researched further.



6
Discussion

Even though the research of this thesis completed the goals set at the start, there are always improve-
ments that can be made. These improvements can be carried out through further research.

The first improvements are related to the data. The data used in this thesis was interpolated to create
a full image of the North Sea. This interpolation could lead to results being slightly off. Alternatively,
raw data could be used.

Another enhancement of this report would be to use all of the data available in the North Sea, or at
least all of the data in the Dutch Continental Shelf. Then, the region chosen would be more logical.

Moreover, the analysis of this report were conducted on the year 2003 and the satellite data available
was from 2003 up to and including 2009. The choice of using the first year available was made so that
the results could be compared to later years. However, this could have been done more extensively.
The clustering results could also be refined by including other years as well. Additionally, using more
up to date data would yield results that are more functional.

The last improvement to the data could be the precision of the border between the North Sea and areas
that have a different different system dynamics. By areas with different system dynamics the Wad-
densea, the ’Nieuwe Waterweg’, the Westerschelde, The Grevelingenmeer, and the Oosterschelde
are meant. These were removed since their chlorophyll-a concentration behaviour is different from the
North Sea. The precision of the border could be slightly inaccurate due to the fact that is was done by
hand following shapefile borders. However, finding a way to do this automatically would be better.

Another part of this study that could use improvement is the thoroughness of the use of the clustering
algorithms. For hierarchical clustering, only Ward’s Linkage was used. Other linkages, such as single
linkage, average linkage, or complete linkage, were not considered in the comparison. Including these
would yield a more in-depth comparison analysis.

The choice of the input parameters for HDBSCAN yielded some issues with the number of clusters to
the extent that the choice was made to only use HDBSCAN result for validation of the other clustering
algorithms. Further research could involve spending more time finding the optimal input parameters,
since the algorithm did yield good results. An alternative would be to combine the clusters from HDS-
BSCAN based on some criteria.

Clustering of zones was done separately in the offshore area and the coastal area because there was
not one day that contained all zones clearly distinguishable from each other. A possible solution for
this would be to compute the probability distribution of each location, and cluster based on those. A big
advantage would then be that a lot more data would be utilised, increasing the reliability. A disadvan-
tage could be that two data points could have the same distribution, but peak on completely different
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days thus not belonging together in a zone. This possibility could be explored further.

This thesis only used chlorophyll-a concentration as an indicator for eutrophication. However, there
are four other measures needed to be completely sure of the eutrophication status. Further research
could include other measures being included in the clustering.
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A
Visualisation of metrics to determine

number of clusters

A.1. Visualisation of metrics for the separation of the offshore area
and coastal area

Figure A.1: The elbow method for hierarchical clustering on
17-02-2003

Figure A.2: The silhouette method for hierarchical clustering on
17-02-2003

Figure A.3: The gap method for hierarchical clustering on 17-
02-2003

Figure A.4: The elbow method for random forest clustering on
17-02-2003
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Figure A.5: The silhouette method for random forest clustering
on 17-02-2003

Figure A.6: The gap method for random forest clustering on
17-02-2003

A.2. Visualisation of metrics for the offshore zones

Figure A.7: The elbow method for K-means clustering on 22-
03-2003

Figure A.8: The silhouette method for K-means clustering on
22-03-2003

Figure A.9: The gap method for K-means clustering on 22-03-
2003

Figure A.10: The elbow method for hierarchical clustering on
22-03-2003
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Figure A.11: The silhouette method for hierarchical clustering
on 22-03-2003

Figure A.12: The gap method for hierarchical clustering on 22-
03-2003

Figure A.13: The elbow method for random forest clustering on
22-03-2003

Figure A.14: The silhouette method for random forest cluster-
ing on 22-03-2003

Figure A.15: The gap method for random forest clustering on
22-03-2003
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A.3. Visualisation of metrics for the coastal zones

Figure A.16: The elbow method for K-means clustering on 25-
02-2003

Figure A.17: The silhouette method for K-means clustering on
25-02-2003

Figure A.18: The gap method for K-means clustering on 25-02-
2003

Figure A.19: The elbow method for hierarchical clustering on
25-02-2003

Figure A.20: The silhouette method for hierarchical clustering
on 25-02-2003

Figure A.21: The gap method for hierarchical clustering on 25-
02-2003
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Figure A.22: The elbow method for random forest clustering on
25-02-2003

Figure A.23: The silhouette method for random forest cluster-
ing on 25-02-2003

Figure A.24: The gap method for random forest clustering on
25-02-2003



B
Fitted log-normal distribution for the

defined eutrophication monitoring zones

Zone Mean Standard Deviation
0 1.3391 0.7576
1 1.8553 0.6520
2 1.8638 0.5603
2 1.8699 0.6675
3 1.6035 0.5839

Table B.1: Parameters of the fitted Log-normal distribution for the zones in the coastal area

Zone Mean Standard Deviation
0 0.5812 0.5233
1 1.3059 0.7489
2 1.3161 0.7205
3 1.0802 0.7193
4 1.3443 0.6350
5 1.0619 0.7961
6 1.0961 0.4508
7 0.7327 0.5155
8 1.3975 0.6909

Table B.2: Parameters of the fitted Log-normal distribution for the zones in the offshore area
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C
Fully zoomed out figures of distribution

of chlorophyll-a concentration

Figure C.1: Distribution of the chlorophyll-a concentrations of the zones in the offshore area zoomed out.
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Figure C.2: Distribution of the chlorophyll-a concentrations of the zones in the coastal area zoomed out.

Figure C.3: Distribution of the chlorophyll-a concentrations of the Rhine ROFI zones over the years zoomed out.



D
Code

The implementation of the clustering algorithms together with the visualisations found in this report can
be accessed through the following link:
https://github.com/LauraVeerhoek/BEPeutrophication/
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