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Abstract: Working together across disciplinary boundaries is considered to be the gold standard for
conducting meaningful research tackling complex problems. As this is the nature of many issues
concerning water, one would assume interdisciplinarity as being a widespread trait of water research.
To review this assumption, we chose to conduct an analysis of research output considering issues
of stormwater management and heavy precipitation, as reflected in the meta-information for more
than 300,000 documents supplied by Elsevier’s Scopus literature database. For this purpose, we
applied a bibliometric measure based on Jaccard similarity determining the level of interdisciplinary
cooperation between different fields of research on the topic above. Contrary to interdisciplinarity
being depicted as highly desirable, it turns out to be a relatively marginal phenomenon, only growing
slowly over the last 50 years.

Keywords: bibliometrics; interdisciplinarity; stormwater; flood; heavy rainfall; co-citation

1. Introduction

Following the Fifth Intergovernmental Panel on Climate Change (IPCC) synthesis
report, heavy precipitation events are expected to increase in many parts around the
globe [1]. This is of particular concern in urban areas with many impervious surfaces
resulting in large volumes of stormwater during precipitation events. Furthermore, ongoing
soil compression and sealing enhances pluvial flood risk as infiltration capacity decreases
while surface water runoff increases [2,3]. The potential damage, both economic and
humanitarian, is enormous. Tragic evidence of this is provided by recent floods, e.g., in
Western and Central Europe in 2021 and in Pakistan just this year [4,5]. Furthermore,
due to economic reasons, the retention volume of sewer systems is restrained, which has
consequences for the environment when the planned for rainfall intensity is exceeded [6]. In
order to minimize flooding events, any volume that exceeds the designed limit is released
into the environment, often into surface water bodies, consequently polluting aquatic
ecosystems [7,8]. The spike in discharge not only causes problems in terms of water quality,
but also the sudden increase in shear forces causes erosion, thus destroying aquatic habitats
and promoting particle loads [8]. Policy objectives as laid out in the European Union’s Water
Framework Directive require consequences from heavy precipitation to be minimized [9].
Thus, nature-based solutions for stormwater management are going to be more important
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in addition to water retention measures in urban areas, such as multifunctional water
plazas. This adaptation challenges the common practices of water management, and its
implementation relies on its acceptance in politics and society [10]. Thus, the challenges of
the water sector are diverse and complex. Environmental protection and maintaining or
improving living conditions require an intensive interdisciplinary collaboration.

Nevertheless, contemporary research is institutionalized, mainly in a disciplinary
manner [11]. Literature on interdisciplinary research acknowledges that disciplinary ap-
proaches are and will always be an important part of any problem-solving strategy [12].
However, to tackle environmental challenges, disciplinary approaches, knowledge and
skills need to be integrated to address problems in their full complexity [12–14]. Experts
from many disciplines must assist society in a collaborative way, developing solutions for
pressing sustainability challenges [11,15]. Tackling complex and multifaceted problems is
therefore one key argument for interdisciplinary research [16].

Whether and to what extent research is shifting away from its institutional disciplinary
orientation are the subjects of this paper. Here, publications as the subject of scientific
output will serve as a measure of interdisciplinary research. We apply a statistical similarity
metric to evaluate whether research disciplines are approaching the increasing challenges
of water management in an interdisciplinary manner. Using three different resolutions
that delineate research fields with increasing levels of detail, we discuss the importance,
challenge and opportunities of interdisciplinary research.

2. Understanding Interdisciplinary Research

Although the term interdisciplinarity is used ubiquitously, there is no universal defini-
tion [11,17,18]. According to Clark and Wallace, interdisciplinarity is one way to address
knowledge specialization in order to solve complex problems [12]. While generally orga-
nized in disciplines, interdisciplinarity aims to integrate academic knowledge derived from
usually distinct disciplines. Being therefore more demanding than the additive approach
of multidisciplinarity, it is less sophisticated than transdisciplinarity. The latter focuses on
transcending disciplines to a point where boundaries between them are blurred [12,19],
which would achieve the highest degree of interdisciplinarity

Assessing interdisciplinarity faces the challenge of accounting for the degree to which
the research output was conducted in an integrative manner [17]. Bibliometric approaches
provide a diverse set of quantitative measures to describe research outputs in this regard
and have been established as a reliable method (e.g., term counts, publication counts,
citation analysis) [11,18,20–22]. The most common bibliometric approach is citation analy-
sis [11,18]. It infers the relation between disciplines from the frequency of accompanying
citations. It uses publications as the major research output, although other types of research
outputs (e.g., publication counts or keyword counts) may be used [11,23,24].

A requirement for citation analysis is the subdivision of research into subject areas
that correspond to disciplinary structures. Here, many bibliometric analyses inherit the
categorization provided by scientific literature databases, e.g., Web of Science or Sco-
pus [11,21,25–27]. While this is sufficient for investigating the distribution of subject areas,
this does not account for any cooperation of researchers of different disciplinary fields.
The subject areas of publications treating a certain issue could mirror the interest of a vast
diversity of disciplines; however, all the underlying research may well be conducted in
strict disciplines. Therefore, accounting for interdisciplinarity needs a more elaborate mea-
surement indicating the cooperation between disciplines in publishing research outputs.

The core research objectives of this manuscript therefore are:
1. Introduce a measure of interdisciplinarity from citation analysis.
2. Generate a representation of interdisciplinary collaboration (“links”) between

individual research disciplines.
3. Gain insights into the interdisciplinary nature of research about heavy precipitation.
4. Account for the temporal development of interdisciplinary research on heavy precipitation.
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3. Method

The extent of integration of knowledge from different research fields is an indicator
for assessing interdisciplinarity, which is a real synthesis of approaches, whereas in multi-
disciplinarity, different units from different research fields conduct separate research on the
same topic [11,23,24]. It can be measured by the differentiation of research fields of cited
references. One approach is the integration score I (Equation (1). It implies that greater
variety in cited research fields results in greater interdisciplinarity [28].

I = 1−∑
(
sij·pi·pj

)
0 ≤ I ≤ 1 (1)

sij: cosine similarity of research field ij
pi: proportion of referenced research field i
pj: proportion of referenced research field j
The integration score is based on the application of cosine similarity, expressed by

the factor sij. It determines the similarity of two research fields based on the geometrically
mappable distribution of referenced research fields [29]. The integration score is thus an
expression of interdisciplinary research in one research field in relation to the entirety of all
research fields.

In order to map the collaboration between two individual research disciplines (“exclu-
sively”), integration score and cosine similarity are not appropriate. By aggregating I as an
association to all research disciplines sij, the information of functional composition is lost.

To avoid impairment of these relationships, they can instead be mapped using the
Jaccard similarity matrix (Equation (2)).

J
(
Di, Dj

)
=

∣∣Di ∩ Dj
∣∣∣∣Di ∪ Dj
∣∣ (2)

It expresses the proportion of the intersection of two research fields
∣∣Di ∩ Dj

∣∣ to the
entirety of their representations (union)

∣∣Di ∪ Dj
∣∣ in a data corpus. The multiplication of

the Jaccard matrix J with the proportional parts pi and pj analogous to Equation (1) is
omitted. The proportionality is already considered in the denominator (Equation (2)).

Both similarity metrics are based on frequency vectors or matrices that numerically
capture the relationship between the research fields. Commonly, similarity metrics are
calculated by strictly separating papers and references expressed by co-citation profiles [28,30].
A major drawback of this method is that integration is not properly mapped as the relation
between research fields of papers and those of references is missing (Figure 1). Neither the
interaction among the research fields of the paper (multidisciplinary), nor the interaction
between the research fields of the different literature sources are taken into account (no
integration, see Figure 2). Instead, a primary–secondary relationship between paper and the
reference research field is induced. In the frequency matrix, only the relationship between
paper and referenced research field is mapped as (unique) tuples. Each tuple ij leads to an
increment in cells ij and ji of the frequency matrix (Figure 2).
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Figure 1. Primary–secondary relation between paper and its references. In conventional co-citation
based on paper research disciplines the Cartesian relation between all research disciplines of a
paper would be accounted for (upper dashed rectangle). Likewise, in conventional co-citation
based on references the Cartesian relation between all referenced research disciplines would be
considered (lower dashed rectangle). In this work, solely the Cartesian product between paper
research disciplines and referenced research disciplines is considered.

Table 1. Corresponding frequency matrix for Figure 2.

1
(Diamond)

2
(Circle)

3
(Star)

4
(Triangle)

1 (diamond) 2 1 1 1

2 (circle) 1 2 1 1

3 (star) 1 1 1 0

4 (triangle) 1 1 0 1
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Figure 2. An arbitrary paper assigned to research disciplines 1 (Square) and 2 (Circle). It is assumed
that integration of knowledge takes place between the research disciplines of the paper and those of
the references, 1 (Square), 3 (Star) and 2 (Circle), 4 (Triangle), respectively. In common co-citation
profiles the relation of references 1 (Square) and 2 (Circle) as common references of paper 1 are
accounted for (line marked with X). However, there is no similarity between reference 1 (Square)
and 2 (Circle), if it was not for the citing paper. Their relationship fails to satisfy the prerequisite of
integration. Thus there is no increment for the relation of 3 (star) to 4 (triangle) in the corresponding
frequency matrix (Table 1). On the main diagonal, the absolute occurrence of a research discipline
is denoted.
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The data basis for the frequency matrices
∣∣Di ∩ Dj

∣∣ and
∣∣Di ∪ Dj

∣∣ according to Jaccard
is an excerpt from the Scopus database. The excerpt is based on the search string (Figure 3).
On the one hand, the search string must be specific enough to represent the key topics of
the chain of effects of a heavy rain event up to the urban flash flood. On the other hand, it
has been chosen to be abstract enough to include all disciplines and as many subdisciplines
as possible. Therefore, commonly used terms were used as hints for the database query.
The coverage of the disciplines in the search hits was checked manually. Random 5% of
the search hits (881 of 17,622) were manually checked for false positives, and 1.25% (11) of
the subset was flagged accordingly. Assuming equal distribution of false-positive hits, the
proportion was found to be negligible.
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Figure 3. Search string to delimit the research field.

The disciplines are determined based on the Scopus categorization and are presented
in three resolutions. Four clusters are divided into 27 areas and the latter are aggregated
from 318 classifications (Table S1).

The bibliometric data were retrieved from Scopus via its API using Python 3.7 and the li-
brary pybliometrics [31]. Jaccard matrix was computed using Python. Statistical analyses were
performed with R (v. 4.1.0). Non-metric multidimensional scaling (NMDS) was performed
based on the Jaccard matrix with 1000 permutations using the R package Vegan [32]. The
mean of the subject clusters was statistically compared using a pairwise Wilcox test [33,34].
Results were visualized with the R package ggplot2 [35] and CorelDraw21.

4. Results

A total of 17,622 articles from the period 1972 to 2020 with a total of 300,918 references
were recorded using the search string. In total, 4,936,622 subject–area relationships were de-
termined from the paper–reference ratios. The frequency distribution among the 27 subject
areas can be seen in Table S2.

4.1. Resolution of Interdisciplinarity

The method results in a symmetric Jaccard matrix (Tables S3 and S4). Each cell of the
matrix describes pairwise similarity between two disciplines. The hierarchical relationship
between a paper and its references (Figure 1) induces integration; thus, each cell is a
unitless measure of interdisciplinarity. The larger the entry, the higher the interdisciplinarity
between these two subject areas. The column or row sum is an expression of the overall
interdisciplinarity of a discipline. A completely transdisciplinary discipline would have
the value 1 in each field, Dij for i 6= j, in the column- or row-wise consideration of the
Jaccard matrix (Equation (3)) as transdisciplinarity is defined as a fully integrative manner
of knowledge without boundaries between individual research fields [11]. The maximum
interdisciplinarity is then represented with I = n − 1 (with n = number of research fields).

i=n,j=const.

∑
i=1,j=const.

Dij or
i=const.,j=n

∑
i=const.,j=1

Dij for i 6= j (3)
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For the n = 27 subject areas of the studied dataset, I can be represented with values
between 0 and 26. Here, no subject area pairing has a transdisciplinary relation since all
Dij < 1.

Expression I behaves linearly, and larger k-fold expressions signal k-fold interdisciplinar-
ity. The actual summed interdisciplinarity of the subject areas ranged from Imin = 1.121 × 10−4

to Imax = 6.839 × 10−1 (Figure 4A). Thus, compared to the potential maximum value, the
results are low. The mean value is Im = 2.030× 10−1. Based on the average aggregated inter-
disciplinarity of subject areas, a hierarchy can be derived for the disciplines. The frontrunner
physical sciences is 3.724 times more interdisciplinary than health science, 2.492 times more
than social sciences and humanities, and 1.625 times more than life sciences.
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Figure 4. (A) Aggregated Jaccard similarities per “Subject Area” for the whole dataset ranging from
1972–2020. Showing the total interdisciplinarity per “Subject Area”. Colors denote the affiliation to
scientific disciplines. (B) Boxplots of the aggregated Jaccard similarity per discipline (Table S1) for
the complete time span. (C) Boxplots of the Jaccard similarity per “Classifications” per discipline.
Significant differences are marked with an asterisk and denote a p-value of less than 0.05.
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Statistical relevance is tested by comparing the aggregated Jaccard values per subject
area among the scientific disciplines (Figure 4B). Pairwise comparison of the subject area
means shows that physical sciences are significantly more interdisciplinary than health
sciences and social sciences and humanities (p < 0.05), while there is no significant difference
between physical sciences and life sciences (p = 0.093).

However, the upper whiskers or upper outliers and their difference to the median
indicate that this observation is based on pioneers of interdisciplinarity (Figure 4B) (e.g., the
“Subject Area”: “Social Sciences”). This observation is confirmed in the finest resolution
(“Classifications”) as shown by the median close to the lower quartiles (Figure 4C). Here,
there are clear outliers upwards but not downwards, as the median and 75% of the values
are close to zero. This gives evidence that despite all indications of interdisciplinarity, the
default mode of research is disciplinary.

4.2. Temporal Development of Interdisciplinarity

Hierarchy and statistical relevance (Figure 4) of the clusters is constant over time with
the data split into ten-year time intervals from 1983 on (Figure 5). This analysis indicates a
trend to higher interdisciplinarity over time. A steep rise took place from 1983 to 1992, after
which the development plateaued over the next three decades. The most recent decade has
shown another growth in interdisciplinarity.
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4.3. Interdisciplinary Placing

Figure 6 shows the interdisciplinarity of individual subjects and their affiliation to
individual scientific disciplines. The stress value of 0.137 denotes a decent ordination. The
ordination is determined by the number of edges and their rank-based strength. Nodes
close to each other are more similar, thus more interdisciplinary. Generally, nodes in the
center are more interdisciplinary as their ordination in the center is based on a relatively
high similarity, thus interdisciplinarity, with all other nodes. A clear pattern is observable
as distinct scientific disciplines form clusters. Namely, “Physical Sciences” are rather
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located in the middle and the other clusters are rather close to nodes from their own
cluster. This ordination shows that subject areas are rather more collaborative within their
cluster than with other clusters. Physical sciences form the center of the ordination, thus
distinguishing it as the most interdisciplinary cluster. Taking the strength of edges into
account points out that the strongest connections are between the physical sciences, social
sciences and Humanities and life sciences, indicating that these disciplines exhibit a higher
interdisciplinarity. The results stay relatively stable when using a higher resolution, namely,
scientific classification instead of scientific areas (Figure S1).
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5. Discussion

A bibliometric method assessing interdisciplinarity based on papers and their cited
references was introduced, based on Scopus entries between 1972 and 2020. Interdisci-
plinary collaboration was mapped by a co-citation matrix based on integration employing
a bottom-up approach [9]. For the first time, a picture of interdisciplinary research in the
field of heavy precipitation is drawn.

The literature agrees on interdisciplinarity as a highly desirable paradigm for multisec-
toral research. In recent years the demand and application of interdisciplinary collaboration
has gained popularity [36–39]. However, the analysis presented here highlights this be-
ing only partly implemented in research on heavy precipitation (Figure 4A). Although
interdisciplinarity has increased, its actual numerical increase is negligible (Figure 5). A
small number of “Classifications” account for a large share of the research area’s interdisci-
plinarity (Figure 4C), indicating that relatively few areas of research are characterized by
interdisciplinary work. At the same time, this implies that the majority of research areas
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show a lack of interdisciplinarity. Since many universities, research institutes and funding
bodies are still structured in a disciplinary manner, it is not surprising that the results
reveal the described pattern [40,41]. Furthermore, it proves that even in the digital age with
extensive information availability, disciplinary glasses are worn and interdisciplinarity is
not the modus operandi (Figure 6).

As with other challenging research topics, the collaborative research output related to
heavy precipitation events has experienced an increase over the last 50 years [42]. However,
an appreciable temporal development of interdisciplinarity is not detectable (Figure 5). The
level of interdisciplinarity has remained relatively constant over the last 40 years with an
initial increase 50 years ago, while the number of publications has generally increased over
time. Hence, based on these results, it is obvious that despite the simplicity in exchange
and availability of information in the age of the Internet, complex issues in socio-economic
contexts are often not addressed in an interdisciplinary manner.

This result becomes even more intriguing considering the ever-growing number of
branches of research. With newly emerging research fields, an increase in interdisciplinarity
is mandatory for the subject disciplines as any collaborative effort leads to more interdisci-
plinarity. Thus, measured by the initial and final values, which behave linearly, the actual
increase over the last 40 years is trivial. Thus, the assumption of a growth in interdisci-
plinarity over time can be refuted. However, increased interdisciplinarity could still be
particularly true for individual disciplines (Figure 4C).

The analysis detected some collaborations and placing between and within clusters.
“Physical Sciences” were found to be the most interdisciplinary cluster (Figure 6 and Figure
S1, but also see Figure 4A,B and Figure 5). Thus, it is pivotal for research on heavy rainfall.
For a long time, the issue of heavy precipitation events have been an important topic in
many subject areas in physical sciences, particularly in “Environmental Science”, “Earth
and Planetary Science” and “Engineering”, for which environmental-related scenarios are
at the core of their research. The hierarchy of the four subject areas with respect to heavy
rainfall events is coherent, namely, in descending order: physical sciences, life sciences,
social sciences and humanities and, finally, health sciences. Heavy rain events have the very
first point of contact with physical sciences, as they deal with the immediate problem; be it
solutions for the drainage of large water volumes or the interim storage of water. However,
after the failure or the overuse of physical strategies, which can happen for various reasons
(e.g., climate change, growing population), other areas are affected to a greater scale.
Certainly, this is generalized, as for the physical solutions, but the encouragement of the
other areas is needed.

Life sciences, second in the order, are affected after the management of heavy rainfall
fails, even for short time events or even single events. Stormwater runoff is known for
carrying particular loads and pollutants, thus having eventual toxic and anaerobic effects
for aquatic organisms. The impairment of biological services and functions (e.g., ecosystem
services, unusable recreational areas) call for the third subject area, social sciences and
humanities, to come into play, which ensures that public understanding is sensitized and
that the acceptance of making the scarce resource of money available is increased. Health
sciences are last in line; however, that does not imply that it is of less importance. Heavy
rainfall events cause threats to human life and not just by physical factors. Pathogens are
known to be discharged into the environment due to sewage overflow, thus posing risk to
human health. At this point one has to acknowledge that the used search string may be se-
lective for individual scientific fields or even subject areas, which does not make the results
less trustworthy, but makes them highly specific for the heavy rainfall events. Analyzing
another dataset created with a different search string will certainly change the hierarchy
of subject areas regarding their interdisciplinarity. However, it was not the objective of
this study to make a general statement about interdisciplinarity or the interdisciplinarity
of another challenging research field, but to investigate the interdisciplinarity regarding
research affiliated with heavy rainfall events by using a new approach.
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Certainly, bibliometric analyses are affected by limitations [43]. Drawing general
conclusion of interdisciplinarity is not possible when applying pre-selective search strings.
For doing that, one has to use either a neutral search string, which is barely possible due
to the unique and biased language in different research fields, or one has to work with
randomly chosen publications, which are large enough in number to be representative for
the used database. Using the shown method here, with a representative and randomly
chosen publication dataset, would be a promising approach to make a statement about
the general interdisciplinarity. Bibliometric databases such as Scopus or Web of Science
vary concerning their coverage of research areas and types of publications [23,26]. Authors
from the “Social Sciences”, “Humanities” and some applied fields often publish in books,
reports, proceedings and journals, which are not recorded by bibliometric databases [11].
Furthermore, “Social Sciences” and “Humanities” results are often published in the lan-
guage in which they were collected. Therefore, Scopus and Web of Science are unbalanced
between countries and languages [26]. Furthermore, scientific databases such as Scopus,
Web of Science or Google Scholar use different assignments of scientific fields. Therefore,
interdisciplinarity varies based on the underlying codification [11]. In addition, this study
is limited due to the defined search term. The pre-selection, performed by the use of search
terms, enabled it to perform a bibliometric analysis on the research areas dealing with
heavy rainfall events. However, at the same time a search term always either defines the
topic too narrowly or is too general to precisely cover the desired research field.

6. Conclusions

The method introduced here makes interdisciplinarity more tangible and measurable.
Furthermore, this approach is replicable and based on already accessible data structures.
It shows how the current state of research is still struggling to accomplish multisectoral
outcomes. While interdisciplinarity is required and encouraged, we show here that the
actual interdisciplinarity of research fields dealing with heavy rainfall events is mostly con-
sidered to be low. This implies that the vast majority of research fields are not satisfactorily
interdisciplinary and that despite the recent popularity of interdisciplinarity, it is a rather
rare phenomenon. In addition, we show that when different research fields collaborate,
most of them work under a common overarching research cluster (e.g., life sciences and
health sciences).

However, crossing disciplinary boundaries in a more ambitious way is feasible. This
is proven by a few fields of research excelling over others in terms of their interdisci-
plinary collaboration.

If interdisciplinarity is the gold standard for complex challenges such as research
regarding heavy rainfall events, one would have expected a more dynamic growth. Over
the last five decades, interdisciplinarity has increased, but, especially under the premise
of extensive information availability, this development can be neglected. Accordingly, the
underlying potential to address a wide variety of issues (e.g., heavy rainfall events) is
enormous, creating tremendous opportunities as soon as a truly interdisciplinary approach
is employed. Starting from the results of this analysis, obstacles must be identified and
ways of overcoming them have to be sketched out.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/w14193001/s1. Table S1: Dictionary of the existing Scopus hierar-
chy of individual subject areas, associated classification abbreviation and codes, Table S2: Frequency
distribution of the 27 subject areas within the data corpus, Table S3: Symmetric Jaccard similarity
matrix of the 27 subject areas, Table S4: Symmetric Jaccard dissimilarity matrix of the 318 Classifi-
cations, Figure S1: NMDS of the “Classifications” based on their affiliation to their superordinate
“Subject Areas” and their Jaccard dissimilarities, after removing outliers to enhance the resolution, as
individual single “Classifications” had a dissimilarity of 1 to every other “Classification”. Stressvalue:
0.0586. Point color denote the affiliation of individual “Classifications” to “Clusters”. Orange: life
sciences, pink: social sciences & humanities, blue: physical sciences, green: health sciences.

https://www.mdpi.com/article/10.3390/w14193001/s1
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