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Retrospective analysis of published hydrological researches: models, trends and
geographical aspects over the last two decades of hydrological modelling

The expanding knowledge of natural processes, increasing computing capacity and
demands related to the current environmental changes has resulted in more complex
and a greater number of hydrological models. The amount of papers or studies has
been rising sharply, especially over the last two decades. To understand the evolution,
we statistically analysed papers involving the field of hydrological modelling. We
explored the records of the SCOPUS web database for the time period of 1998 —
2017. Nearly 760 publications were identified. First, we compared the number of the
papers to determine trends of their production. In the analysis, we focused on the clas-
sification of pre-defined factors — authorship, geographic origin, and the spatial and
temporal scales of every model. We also conducted cluster analysis to highlight possi-
ble links between the individual models and the above-mentioned factors. The analy-
sis of the data shows significant changes in the methodology applied iFn hydrological
research as a result of the growing data availability, new sources of information and
the importance of global research endeavours. Our findings highlight the increasing
quantity and internationalization in the field.
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INTRODUCTION

Hydrological modelling can be defined as a package of tools to solve and de-
scribe the behaviour of the hydrological cycle, including the repeat simulations of
real processes in unreal temporal, spatial, environmental and social-economic con-
ditions (Makel and Turbek 2008). A considerable number of studies involving hy-
drological modelling are published in numerous journals, such as Journal of Hy-
drology, Hydrological Processes, Hydrology and Earth System Sciences but also
journals as diverse as Journal of the American Water Resources Association, Ad-
vances in Water Resources, Science of The Total Environment, Physics and Chem-
istry of the Earth, Climatic Change and Environmental Modelling and Software.
The published papers take advantage of diverse spatial scales (catchment — state/
regional — continental/planetary) and temporal scales (minute/hour — day/week —
month/year — period). To characterize the actual state of hydrologic research, it is
important to describe the evolution of quantity, themes and used models. Partial
analyses have occurred in several papers.

Bizek et al. (2011) presented a brief overview of hydrological modelling as a
suitable tool for water management and environment control. The wide range of
possible applications of hydrological modelling was mentioned, together with the
list of suitable hydrological models with detailed information of each model. They
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also described how to sort models through several classifications based on a) the
purpose of application, b) the type of simulated system, c) the simulated hydrologi-
cal process, d) the principle of cause and consequence, and e) the rate of temporal
and spatial discretization. Pechlivanidis et al. (2011) mentioned the calibration ap-
proaches and uncertainty analysis of hydrological models to reveal and discuss re-
lative advantages and limitations of each type of model. The “model set up” should
be a part of all papers dealing with the application of any model, and Pechlivanidis
et al. (2011) presented summary of different methods to quantify uncertainty in the
model’s predictions that could sit well within a model evaluation framework and
highlighted the recent developments in hydrological modelling together with the
list of the most used models. Most review papers bring only the listing of chosen
models with a basic description and traditional model classification; however,
some trend analysis of the field development has been neglected. An example of
broader statistical analysis can be found in Salvadore et al. (2015), where the future
directions of hydrological modelling in urbanized areas were presented. The paper
exposed the current and future main topics and theses in urban hydrology, a list of
43 appropriate models with examples of applications and emphasized the challeng-
es of the field itself.

The rapid progress of hydrological modelling during the last three decades has
been mentioned by Beven (2001), Lindenschmidt et al. (2005), Silberstein (2006)
and Roudier et al. (2015). Pechlivanidis et al. (2011) claimed that the hydrologic
community has devoted considerable effort to understanding existing hydrological
systems in pursuit of more accurate and powerful models during the past few years.
The computational power has been strongly increasing since the beginning of the
21th century, corresponding to improved methods and an increasing amount of hy-
drological models and Salvadore et al. (2015) added the important role of spatially-
distributed digital data. Additionally, hydrological modelling has become a whole
field in itself, strengthening its position among the sciences. As observed by Kizza
etal. (2011), Beven (2012), and Hailegeorgis and Alfredsen (2015), and continuing
with e.g. Emam et al. (2015), Jie et al. (2016), Szolgay et al. (2016) and Zeng et al.
(2016), hydrological modelling is the ability to solve and describe the hydrological
cycle thanks to an innumerable range of methods and tools, and simulate the real
processes in artificial conditions of temporal and spatial scales together with envi-
ronmental, social and economic (present and future) changes, with the capability
to repeat calculations. The definition by Szolgay in Makel and Turbek (2008) pre-
sents a hydrological model as an abstract or material implemented system used for
simulating the hydrological characteristics of water bodies and processes and is
capable of substitution in the process of attaining knowledge. According to Wheat-
er et al. (2008) and Gayathri et al. (2015), a hydrological model is a simplification
of a real world system, used mainly for the prediction of hydrological processes
and based on variables such as rainfall, drainage area (topography), soil properties,
vegetation cover, and runoff models and can be defined as a sef of equations that
enables the estimation of runoff as a function of various parameters used for de-
scribing watershed characteristics.

Thanks to new technologies in the 21th century (e.g., PC, radar and UAV),
flood research has been expanded, taking advantage of knowledge in the fields of
evapotranspiration, snow cover, etc., and new topics have been revealed. Accord-
ing to Lindenschmidt et al. (2005) and Sangati et al. (2009), floods have become
more dangerous, notwithstanding the better predictions and protective systems, and
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Furusho et al. (2013) noted the problem of suburban rivers and the increasing risk
of floods (using ISBA-TOPMODEL). For example, flash floods are very danger-
ous and hardly predictable, and have been investigated more often in recent papers
(Collier 2007, Zanon et al. 2010, Coustau et al. 2012 and Pekarova and Miklanek
2014). The influence of climatic and environmental changes on floods has been
discussed frequently since the year 2000 (e.g., Tague and Band 2001, Danihlik et
al. 2004, Alfieri et al. 2011 and Szolgayova et al. 2014). In Kocicky et al. (2008),
Wheater and Evans (2009) and Pechlivanidis et al. (2011), land use and land cover
changes are linked to climate change, socio-economic drivers, fires and ecosystem
dynamics, and quantification of the effect of land use change on the catchment’s
hydrological response has long been an area of interest for the hydrological com-
munity. The effect of such processes on human activities has been discussed many
times, e.g., the issue of freshwater supply for cities, lower agricultural yields, etc.
(e.g., Kovar et al. 2001, Schneiderman et al. 2007, Jha and Gassman 2014 and
Guse et al. 2015). Salvadore et al. (2015) mentioned the increase in importance of
urban hydrology related to the growing concern about water sustainability and hu-
man health protection. SWAT model and SCS-CN method have often been used in
such research endeavours, sometimes in combination with other models (e.g.,
GWLF in Schneiderman et al. 2007). Of course, many environments have been
changing, and this topic has been discussed more often in many papers dealing
with water ecosystems (river fauna and flora), water pollution (mainly phospho-
rus), river construction projects (dams, polders and others — e.g., Benjankar et al.
2011, Goebel et al. 2012 and Buchanan et al. 2013). In some cases, it was neces-
sary to develop a new hydrological model based on the unique local conditions,
e.g., CASiMiR (Benjankar et al. 2011) and SDDH-VSA (Goebel et al. 2012). Ad-
ditionally, snow cover has been discussed and solved in specific models (e.g., AL-
PINE3D) with application in unique testing areas (mountain and sub-glaciers
zones). The vast majority of snow cover research has been conducted in European
and North American mountains (e.g., Lehning et al. 2006, Hlavcova et al. 2007,
Alaoui et al. 2014 and Parajka et al. 2018). Hughes (2009), Nunes et al. (2009), and
Garambois et al. (2013) published such studies, simulating the amount of surface
and groundwater, predicting future development in these areas and presenting new
models (MEFIDIS, Pitman, MARINE, etc.).

Calibration, validation and verification of models, followed by quantification
and representation of uncertainty in hydrological modelling, are an integral part of
the modelling process to find out a better model structure together with an im-
provement of model aspect and model parameters. That’s why the majority of pa-
pers employ more than one model (the most common combinations are SWAT,
MIKE SHE or VIC with other models), which means the consideration of the dif-
ferent model’s outcomes for better results (e.g., Danihlik et al. 2004, EI-Nasr et al.
2005, Schneiderman et al. 2007 and Viney et al. 2009). These papers presented
descriptions of the entire water cycle (on or beneath the surface) of the catchment
and sometimes only determined differences among models. A large portion of the
papers, taking advantage of one model, have tested a new model or parameters
(e.g., Danhelka et al. 2003, Cho and Olivera 2009 and Hernandez et al. 2012) or
explored fundamental elements of the water cycle (e.g., Su et al. 2000, Lehning et
al. 2006 and Al-Hamdan et al. 2015). Kovaf and Nachtnebel (1996) mentioned in-
creasing interest in the use of GIS for hydrological modelling (pre-processing and
evaluating of datasets, modelling and result visualization). Sinka et al. (2015) char-
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acterized GIS as a suitable tool for the management, actualization and access of
large amounts of data. Nevertheless, GIS-based models represent only one part of
the field, and models based on fluid hydraulics constitute a second part.

Each model is unique, provides typical results and fits best for a defined pur-
pose. Therefore, it is critical to choose an appropriate hydrological model or com-
bination of models. Kizza et al. (2011), Beven (2012) and Emam et al. (2015) pre-
sented hydrological models as useful tools to guide decision making of problems
related to water resource planning, flood forecasting, hydrological design and im-
pact studies of climate change and land-use change. Hydrological models may be
sorted according to several aspects. To many authors (e.g., Yevjevich 1987, Becker
and Serban 1990, Beven et al. 1995, Beven, 2001, Bizek et al. 2011 and Unucka
2014) and also the World Meteorological Organisation (WMO), hydrological mod-
elling involves decisions of basic philosophy on whether a model should be
lumped or distributed, deterministic or stochastic, and conceptual, empirical or
physical.

Stochastic models calculate the probable occurrence of a given value at a partic-
ular point. The hydrologic process is defined along with a discussion of the tenden-
cy, periodicity and stochasticity in the hydrologic series (Yevjevich 1987, Beven
2001 and Unucka 2014). In contrast, deterministic models are models in which out-
comes are precisely determined through known relationships among states and
events, without random variation. Deterministic models are more often used in hy-
drological research than stochastic models, and these models are divided into
groups — conceptual, physical and empirical (Beven 2001, Bizek et al. 2011 and
Unucka, 2014).

Conceptual models reflect physical laws in a simplified form, containing empir-
ical derived relationships. These models suppress a space component, supposing
changes of state parameters in concrete representative points (Becker and Serban
1990, Kulhavy and Kovatr 2002 etc.). Physical models are based on fundamental
physical laws (e.g., conservation of matter, energy and momentum; Darcy’s laws)
together with knowledge of hydrodynamics, thermodynamics, chemistry and biolo-
gy (Becker and Serban 1990, Daiihelka et al. 2003 etc.). Empirical models are the
simplest, depending on data representing the relationship between input and output
series. All processes of the system are hidden in the model (Bizek et al. 2011 and
Unucka 2014).

Another frequently presented classification for hydrological models is based on
space discretisation, partitioning models into lumped, distributed and semi-
distributed models (Bizek et al. 2011 and Unucka 2014). In lumped models, a
catchment is a single entity (or a small number of entities, such as reservoirs), and
such models can simulate state variables and fluxes into and out of the catchment
as a whole. Distributed models divide the original catchment into many entities
(small representative parts) and the state variables and fluxes among the entities are
defined across the catchment. Semi-distributed models are a combination of
lumped and distributed models, dividing a catchment into hydrotops (small ele-
mentary catchments with some homogenous parameters, e.g., soil type, vegetation
cover, etc.).

Based on the above-mentioned studies, it is evident that hydrological modelling
has rapidly changed over the last two decades. This paper is focused on providing
an overview of the geographic and temporal trends in hydrological modelling be-
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tween 1998 and 2017, and documenting the models used in published studies. We
focused on the SCOPUS web database which contained the majority of the cited
papers. We statistically and critically analysed almost 760 published papers, in
which 119 models were found. No detailed analysis of this evolution had been pre-
viously conducted, and as such, we formulated the main aims of this paper as fol-
lows:

—to quantify in detail the evolution of the hydrological modelling,

—to identify the global centres and scientific teams with predominant publishing
activity in the field,

— to evaluate the changes in both the spatial and temporal complexity of the re-
search in which hydrological models have been employed,

— to assess the variability in hydrological models and determine the most fre-
quently types used through the study period,

—in light of the characteristics of the aforementioned models, to verify, whether
there are certain links between the individual models manifested by clusters.

MATERIALS AND METHODS

We first identified papers involving hydrological modelling in the Scopus elec-
tronic web_database between 1998 and 2017 by using two simple keywords:
“hydrology” and “model”. Nearly 17,000 papers concerning flooding, modelling of
river and catchment processes, 1nclud1ng sediment transport, landscape denudation
and other related topics were found. Using pre-defined filters (Environmental Sci-
ence + Earth and Planetary Sciences + hydrological modelling + hydrological mod-
els + hydrological modelling), we identified 2,925 papers for subsequent searching.
We looked through these papers and ultimately chose 756 items focusing on mod-
elling of rainfall-runoff processes and containing the required information for the
following statistical processing. The big number of rejected papers dealt with bio-
logical, chemical, social, politic and economic modelling, and to a lesser extent
with hydrological modelling, or were not available on the websites.

Our trend analysis was similarly based on the classification used in Piégay et al.
(2015). We examined the selected papers, and for each paper, we noted the title,
the journal’s name, the year of publication, the first author’s name and country of
origin, the international cooperation, the location of the study site, and the infor-
mation based on the Tab. 1. In specific cases, it was difficult to determine the cor-
rect spatial and temporal classification of a paper. We analysed the main topics and
theses in chosen 756 articles to reveal the subject matter of hydrological modelling.

According to Piégay et al. (2015), we explored the temporal evolution of au-
thorship (number of authors and author’s origin), journals, and both temporal and
spatial scales from their annual frequency. We also determined a trend coefficient
R (correlation coefficients between the annual frequency of a given parameter and
the year) for each paper. We also found out the temporal evolution of the diversity
and the equitability using the two Shannon’s indexes, H and Ey (O'Neil et al.
1988), with p; representing the frequency of the i-th natlonallty (among S nationali-
ties).
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Shannon’s indexes are used to quantify diversity in groups and to understand
the groups’ structure. The index H, represented by a value greater than 0, is used to
characterize the diversity of types in a group. A higher value of the H index ex-
presses a wider range of types within the group. The £y index represents the equi-
tability of the group and assumes a value between 0 and 1, with 1 corresponding to
complete evenness (e.g., one representative for each type in the group).

Tab. 1. Characteristics recorded for each paper reviewed

Temporal scale:

the papers deal with studies of one concrete situation (e.g., flood

Event .
reconstruction)

the papers deal with the modelling of the future hydrologic progression

Prediction in the study site

Other remaining papers of the temporal classification

Spatial scale:

the study site is a small and specific research area (e.g., urban site, research

Locality station surrounding)

Catchment the papers deal with studies of one particular catchment with many rivers
Or reservoirs
Revi the papers deal with studies of pre-defined area (e.g., particular state, karstic
egion ; .
system, two and more catchments in the same region)
the papers deal with studies of large area (e.g., entire continent, more than

Transregion
g one state)

Types of models applied (see Table 2 with the list of applied models)

Determination of the models was complicated, requiring that we carefully read
at least the section involving the materials and applied methods. Three hundred and
seventy one models (or GIS tools) were found in 756 papers. This is a tremendous
number of models which were applied in various researches across the world. We
focused only on models used more than twice in all papers. Two hundred and fifty
two models were presented only once in the papers, focusing on special research or
new technics and approaches, e.g., ALPINE model for mountainous regions. These
models were frequently based on older models to improve the applicability through
the new opportunities of the hydrological research and fast evolution of the IT
technologies (PC, UAV, radar etc.). The resultant list of 119 hydrological models
is shown in Tab. 2. The classification of the models shown in Tab. 2 was based on
a review of published papers and their documentation, together with information
from the model-producer’s website. In the next step, we constructed a database of
rows (corresponding to the remaining papers) and columns (corresponding to the
models recorded, with each considered as present (1) or absent (0)), which was
analysed together with the chosen paper’s information.
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Tab. 2. The list of applied models in chosen papers

Model D S €C P E L D SD Year MIKE?21 . . . 1990s
ACRU . . L * 1970s MIKE SHE . . . 1980s
ADAPT . . . 1987 MODCOU . . . 1984
AGWA . . . 2002 MODFLOW . . . 1988
ANN LI . 2010 MOHYSE . . . 2007
ARW . . . 2003 MORDOR . . . 1990s
AWBM . o e . 1993 MOUSE . . . 1990s
BASINS . . . 1996 MPI-HM . . . 2003
CATHY . . . 2009 NAM . . . 1990s
CREST . . . 2011 NICE . . . 2000s
CRHM . . . 2007 ParFlow . . . 2000s
DBH . . LI 2006  ParFlow-CLM . . . 2000s
DHSVM . . . 2004 PCR-GLOBWB - . . 2009
DiCaSM . . . 1997 PDM LI . 1985
DRAINMOD . . . 1978 PERSIST . . . -
ECOMAG . . . 1997 PREVAH . . 1999
G2G . . . 2000s PRMS . . . 1983
GBHM . . . 1998 PROMET . . . 1990s
GEOtop . . . 2004 RHESSys . . . 1990s
GR2M . . . 1989  Rive-2D . . . 2002
GR4J . . . 1999 SAC-SMA . L . 1973
GSM-SOCONT . . 2005 SCS-CN . e o+ o 1956
GSSHA . . . 2002 SHETRAN . . . 1995
GWLF . . L . 1987 SCHEME . . . -
HO8 . o e . 2008 SIMHYD . . . 2005
HBV . . . 1976  SLURP . . * 1990s
HEC-HMS . . L *  1990s SMAR . . . 1992
HEC-RAS . . . 1990s SPARROW . . . 1997
HL-RDHM . . . 1995 STREAM . LI . 1999
Hgsim . . . 1996 SUPERFLEX . . . -
HSAMI . . . 2000 SURFEX . . . -
HSPF . . . 1997 SWAP . . . 2003
HYCYMODEL . . . 1986 SWAT . LI 1986
HydroFlow . . . 2012 SWIM . . e 1990s
HydroGeoSphere  * . . 2000s SWMM . . . 1969
Hydrotel . . . 2001 TANK . . . 1979
HYDRUS . . * 1990s TETIS . . . -
HYDRUS-1D . . * 1990s TOPKAPI . . 1995
HYDRUS-2D . . * 1990s TOPLATS . . 1994
HYMOD . . . 2001 TOPMODEL . . 1995
Hype . . . 2008 TopNet . . . 2001
HySIM . . . 1977 TOPURBAN . . 1998
IHACRES . . . 1997 tRIBS . . . 2004
INCA . . . 1990 UHP . . * 2004
InHM . . . 1999  Vflow . . . 2004
InVEST . . + 2014 VHM . . . 2014
ISBA . . . 1989 VIC . . . 2004
J2000 . . . 1997 W3RA . . . 2010
KINEROS . . . 1990s  WaSiM-ETH . . . 1999
KINEROS2 . . . 1990s WASMOD-D . . 1996
Lascam . . . 1996 WaterGAP . . . 1999
LEW . . 2006 WaterGAP3 . . . 1999
LISFLOOD . . . 1999 WATFLOOD . . . 1993
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Continuation of Tab. 2

LPJmL . . . 2003 WBM . . . 1990s
Mac-PDM.09 . . 2010 WEB-DHM . . . 2008
MATSIRO . . . 2003 WEHY . . 2004
MESH . . e 2007 WEPP . . 1995
MGB-IPH . s e e 2001 WetSpa . . . 2004
mHM . . . 2010 XAJ . . . 1980
MIKE 11 . LI 1990s YHyM . . . 1999

Note: D — deterministic; S — stochastic; C — conceptual; P — physical; E — empirical; L — lumped; D — distributed; SD — semi-
distributed.

Grey highlights — variable models’ classification due to their parallel affiliation with different model categories (resulting from the
models* development and adaptations to different purposes).

In the final step, we took advantage of the chosen information from papers to
conduct statistical analyses on the dataset using the programming language R for
sorting the hydrological models into clusters using the hierarchical clustering meth-
od. Based upon the analysis by Piégay et al. (2015), we used the procedure intro-
duced by Chavent et al. (2012), namely, the ascendant clustering algorithm. The
method is based on the homogeneity criterion, which corresponds to the sum of
correlation ratios to a systematic variable that summarizes the variables in each
cluster as accurately as possible (Piégay et al. 2015). In our case, the clustering
method was based on 999 applications of 119 chosen models, because several
models were used more than twice in investigated papers. The cluster analysis per-
mits us to reveal possible relationships between the hydrological models and their
characteristics with regard to the separation into clusters. Moreover, it is possible to
assess the significance of the models’ characteristics on different levels of the clus-
tering.

RESULTS

Geographical aspect

The first authors of the papers incorporated into our research were based in 50
different countries, of which the 20 most frequent are listed in Fig. 1. Authors from
these countries produced nearly 91% of all papers. The greatest number of works
come from the USA (23%), followed by Canada (10%), Germany (10%) and China
(10 %). The other countries’ participation is less than 5 % each. Of the 4 dominat-
ing countries, all show a decreasing trend, excluding China (R = + 0.89). From a
global perspective, the major production comes from the USA and Canada
(together accounting for 43% of papers), followed by European countries (39%),
among which Germany (10%), the United Kingdom (4%) and the Netherlands
(4%) have the highest contributions. Asian countries only account for approximate-
ly 12% of the global production. The dominant countries are China (10%), Japan
and India (2% each). Australia and New Zealand account for less than 5 % of the
papers. Such low percentages of paper production is probably related to the rela-
tively small number of applicable rivers in these countries. The remaining areas,
including Africa (1%) and Latin America (2%), produced the lowest proportion
(3%) of the papers. A quite significant decrease has been recorded in the currently
leading countries, namely, USA and Canada (R = — 0.57). Simultaneously, papers’
production has been increasing, especially in Asia (R =+ 0.58), and Latin America
(R =+ 0.61), which is confirmed by balanced papers’ production of anglophone
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and non-anglophone countries. Fig. 2 points to the contrast between the country of
origin of the papers’ first author and the location of the published research. The
study areas are located across the entire world, mainly in North America, western
Europe and south-eastern Asia. Africa is often discussed in papers (especially cen-
tral Africa — the area of the Upper Nile), however only a small number of authors
come from this area.
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Fig. 1. First twenty countries by nationality of the papers’ first author. Total number
of chosen hydrological papers published in the Scopus web-database between
1998 and 2017.

Through the analysed period, transnational co-publication exhibited an increas-
ing trend. These papers account for more than one third of all the papers of interest.
However, a significant decrease was recorded in 2003 and 2005, when a substantial
portion of the published papers came from the USA and European countries (e.g.,
Germany, Belgium, and the UK). We examined both US and European legislation
and funding programmes, from which the research might have been financed to
determine a reasonable explanation for these two discrepancies in the overall trend.
However, no sufficient explanation was identified.

Growing values of the Shannon Index H validates the above-mentioned trends.
As provided in Fig. 3A, the number of first author’ nationalities together with the
research’s location doubled over the investigated period. The Shannon Index Ey
indicates the stable distribution of paper production among countries, nevertheless
the locations of the hydrological research are relatively more variable. Fig. 3B
shows that £y increased slightly for both. An obvious decrease of both indexes was
recorded in 2005, which corresponds to the above-mentioned decrease in transna-
tional co-publication in 2005. In 1998, all of the chosen papers were written by
authors from one country (Canada). The authorship (number of authors) increased
dramatically from 1998 (Fig. 4), but the equitability of authorship was stable over
time (one article per capita). The temporal evolution of journals followed an as-
cendant evolution until 2007; meanwhile, the equitability decreased and fluctuated
over the investigated time (gradual increase in the number of utilized journals).
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Fig. 2. The world map of the first authors’ country of origin together with the location
of published research on Scopus web-database during the time period 1998 to 2017
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Fig. 3. Temporal evolution of the nationality of the first author and the research’s location
of chosen hydrological papers published in the Scopus web-database between 1998 and
2017, expressed as the Shannon Index. (A) The diversity (H). (B) The equitability (Ep).
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Fig. 4. Temporal evolution of the authorship of chosen hydrological papers published
in the Scopus web-database between 1998 and 2017, expressed as the Shannon
Index of diversity (H)
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Spatial and temporal complexity of research

In terms of temporal scale, 63% of the investigated papers were concerned with
the category Other, 36% with Prediction and only 1% with Event. Fig. 5 shows the
trend of timescale groups. It is quite obvious that the category Other slowly de-
creased over time, which is related to the rising trend of Prediction. However, this
trend turned around during the last five years. Only a minor portion of the papers
applied hydrological models for the category Event.
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As for the spatial scale, studies most frequently focused on the scale Region
(50%), followed by Catchment (36%), Transregion (8%) and Localzty (6%).
Trends of all groups fluctuated, however, papers involving the Transregion spatial
scale increased from 2003 (Fig. 6), which could be related to the increasing trans-
national co-publication trend. Correlation coefficients reveal great differences be-
tween the scales. A rising trend was recorded for the Locality (R = + 0.62) and
T ransregion (R= + 0.64) scales. The reverse trend was observed for the Region (R
=—0.37) and Catchment (R = — 0.11) scales. In light of these findings, scientists
have been 1ncreas1ngly concerned w1th cross-boundary hydrological research on
regional scales (100 km? — 1 000 km?).

Annual frequency (%)
(4
o

mEvent m=Prediction = Other

Fig. 5. Annual frequency (in %) of the time scales covered in chosen hydrological papers
published in the Scopus web-database between 1998 and 2017

Finally, we assessed the independence among all parameters using t-tests. Cor-
relations seemed to exist between the amount of published papers, authorships, first
author nationalities, journals and transnational co-publications. Nevertheless, our
results show dependence only between the amount of published papers and author-
ship (p < 0.05), and nationalities, journals and transnational co-publications (p <
0.005). No connection was found between the EHs, Ey and H indexes (p < 0.05),
however, there is relevant dependence among H indexes (p < 0.005) as we had pre-
viously hypothesized.
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Fig. 6. Annual frequency (in %) of the spatial scales covered in chosen hydrological papers
published in the Scopus web-database between 1998 and 2017
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Most frequent journals

Qualitative analysis has revealed 3 journals with the greatest number of papers
concerning hydrological models — Hydrological Processes (HP — 185 papers, i.e.,
24.8%), Journal of Hydrology (JH — 138, 18.5%) and Hydrology and Earth System
Science (HESS — 96, 12.9%). All together they account for 56.2% of the papers of
interest here. A Journal s significance among other scientific periodicals is ex-
pressed by impact factor (IF). It represents the rate at which an average article in a
particular journal has been cited within a defined year or period. The IF values are
ordinarily noted on the journals” web pages. HESS showed the highest IF (4.437),
followed by the JH (3.483) and HP (3.014) — valid February 21th 2018).

The similar objective of these three journals is to publish original scientific and
technical papers in all the subfields of the hydrological sciences and to improve our
understanding of hydrological processes. The scope of published papers encom-
passes disciplines focusing on the physical, biogeochemical, mathematical and
methodological aspects of hydrological processes together with research on social
science perspectives on hydrological problems such as resource and ecological eco-
nomics, environmental sociology, psychology and behavioural science, manage-
ment and policy analysis, as well as sustainable management of water resources,
water quality and water-related natural hazards. Therefore, journals have the ambi-
tion to serve, not only the community of hydrologists, but all earth and life scien-
tists, water engineers and water managers etc.

Subject matter of published research

Three main topics of published researches have been identified — Hydrological
modelling, Environment alteration and Model development (Fig. 7). The Hydrolog-
ical modelling deals with the fundamental hydrological tasks, taking advantage of
primary hydrological functions and interactions in the study areas. The first main
topic of this group is to understand the basic hydrologic cycle in the study area to-
gether with catchment behaviour and stream flow responsibility. Beighley et al.
(2005) describe the water cycle through the distribution of dominant runoff form
and behaviour, which is useful for interpreting functions of runoff in the recruit-
ment and transport of sediment and other contaminants. Butts et al. (2014) devel-
oped a dynamically coupled climate-hydrology system to evaluate the simulations
of water cycle against measured climate variables, energy fluxes and flows. Flood
research is the second main topic and the research can be separated into flood and
flash flood research, dealing mainly with reconstructions of known flood events to
develop flood forecasting system and appropriate model accessories. An example
of this kind of the research was published by, e.g., Sharif et al. (2006), Collier
(2007), Zanon et al. (2010) and Fares et al. (2014). The last subject matter of this
group is eco-hydrology, which connects hydrological and biological research to
investigate the ecosystem behaviour in stream flow and catchment environment.
Tague and Band (2001), Goebel et al. (2012) and Whitehead et al. (2014) presented
such oriented research.

The second main topic is the Environment alteration which investigates changes
of the water cycle under climate, land use and land cover changes forced by human
activities and disturbances. Nunes et al. (2009) or Jha and Gassman (2014) dis-
cussed the impact of climate change on the precipitation, moisture content and
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evapotranspiration on the study sites. Land use and land cover changes together
with human activities (agriculture, urbanization, etc.) and strongly affect the envi-
ronment, especially deforestation and urban constructions. Bormann et al. (2009),
Maalim et al. (2013) and Badar et al. (2013) described the importance of human
activities, the need for the understanding of their impact on catchment conditions,
which can lead to inevitable disturbances of the total ecosystem and water budget.

Fig. 7. The main topics of published papers on Scopus web-database during the time peri-
od 1998 and 2017

The last group of papers presents the Development of hydrological models, de-
scribing the development of new models with an example of application, calibra-
tion and testing of the model, and statistical analysis of model sensitivity to input
data sets and physical geographic conditions of the research area. For example,
Boughton (2004) presented the origin and development of the AWBM model in
Australia, and Lehning et al. (2006) described the structure of a new model for
mountainous regions based on snow melting information. The importance of the
model calibration to study area conditions was presented by Su et al. (2000) and
Cho et al. (2013). Model sensitivity is another important topic, and, e.g., Kalinga
and Gan (2006) investigated model sensitivity on gauged and radar rainfall data
and Manfreda et al. (2011) determined the model sensitivity to various datasets.

Hydrological models

In the scope of our investigation, the most frequently employed models were
SWAT (used in 15.6 % of the papers), followed by VIC (6.9 %), HBV (6.1%),
MIKE SHE (3.8%) and TOPMODEL (3.2%). Many models have been frequently
used in last few years, e.g., the ten most commonly used models are MOHYSE (R
=+0.92), LISFLOOD (R =+ 0.91), HO8 (R =+ 0.88), GR4J (R = + 0.87), Hydro-
GeoSphere (R =+ 0.86), HYMOD (R =+ 0.83), HYPE (R = + 0.83), MGB-IPH (R
=+ 0.74), MORDOR (R =+ 0.74) and Mac-PDM.09 (R = + 0.73). A general de-
cline in use was observed for the above-mentioned TOPMODEL (R = —0.37), fol-
lowed by WATFLOOD (R = —0.28), TOPLATS (R =-0.27), MODFLOW (R = —
0.26), SLURP (R =—0.25), KINEROS (R =-0.24), AGWA (R =-0.22), ADAPT
(R=-0.21), MODCOU (R =—0.21) and RHESSys (R = 0.21). The application of
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the rest of the most frequently used models stagnated or slightly grew — MIKE
SHE (R =-0.05), VIC (R=+0.1), SWAT (R =+ 0.22) and HBV (R =+ 0.33).

Cluster analysis

The arrangement of the hydrological models clustering is depicted in Figure 8,
followed by Figure 9, which provides the overview of the percentages of the mod-
els’ tributes in each cluster, and can be described as follows:

Based on the criterions in section Methods, 756 scientific papers were chosen
for analysis. In these papers, 119 hydrological models were applied; in much re-
search more than one model was used. We calculated the total of 999 applications
of the models in the papers. Each paper was assigned several attributes of which
the year of publication, international cooperation, temporal category (Event, Pre-
diction and Other) and spatial category (Location, Catchment, Regional and
Transregional) are relevant for characterisation and interpretation of the clusters.
The cluster analysis was conducted by the Chavent et al. (2012) method.

Two clusters

The initial clustering sorts the models into Cluster A and Cluster B. Cluster A
includes 18 models that were applied in 243 publications. With 101 models applied
in 756 papers, Cluster B is considerably greater. The main difference of these two
groups of models is in the percentage of international cooperation (57.2% in Clus-
ter A versus 37.7 % in Cluster B), temporal category Event (31.3% in Cluster A
versus 54.8% in Cluster B; e.g., HEC-RAS in Sheffer et al. 2008), temporal catego-
ry Prediction (66.3% in Cluster A; e.g., VIC in Vetter et al. 2014, versus 41.8% in
Cluster B). Also, there is a prevalence of spatial category Transregional (47.3%) in
Cluster A (e.g., HBV in Vetter et al. 2014) compared to Cluster B (9.3%). In con-
trary, Cluster B shows a greater percentage of spatial category Catchment (40.5%),
which is only 10.7% in Cluster A.

Three clusters

Cluster B splits into Cluster B.1 (30 models, 262 applications) and B.2 (71
models, 494 applications). Beside the higher percentage of the spatial category Lo-
cality in Cluster A (16.0% versus 6.7% in Cluster B), the two clusters do not show
any considerable difference.

Four clusters

Cluster B.2 separates to form Cluster B.2.1 (53 models, 370 applications) and
Cluster B.2.2 (18 models, 124 applications). There is a prevalence of temporal cat-
egory Event among the models in Cluster B.2.1 (60.5%; e.g., GR4J in Ficchi et al.
2016) indicating that in most research, the models were used, for example for case
studies. In Cluster B.2.2, the temporal category Prediction shows a greater percent-
age than the other cluster (52.4%; e.g., HSAMI in Chen et al. 2017, versus 38.1%;
e.g., TOPMODEL in Metcalfe et al. 2017).

Five clusters

Cluster A is divided into Cluster A.1 (8 models, 44 applications) and A.2 (10
models, 199 applications). The clusters differ in multiple aspects. Cluster A.1 in-
cludes models that were applied in works published not earlier than 2012. Cluster
A.1 also shows a greater percentage of models that were used in international col-
laboration. The spatial category Transregional is considerably higher in Cluster A.1
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Fig. 8. Dendrogram of model/tool clusters used in chosen hydrological papers published
in the Scopus web-database between 1998 and 2017

than in Cluster A.2 (88.6%; e.g., PCR-GLOBWB in Bosmans et al. 2017; versus
38.2%; e.g., HYPE in Pechlivanidis et al. (2016). This shows, a more frequent use
of the models in Cluster A.1 in complex studies focusing on hydrological research-
es in large areas. On the other hand, the percentage of applications with the spatial
category Regional is much lower in Cluster A.1 in comparison with Cluster A.2
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(6.8% versus 43.7%; e.g., SWIM in Lobanova et al. 2016). Also, the proportion of
spatial category Catchment in Cluster A.l is lower than in Cluster A.2 (4.5% ver-
This indicates a prevalence of models applied in smaller scales in

sus 12.1%).
Cluster A.2.

2 clusters

3 clusters

4 clusters

5 clusters

6 clusters

6+ clusters.

Fig. 9. The characteristics of the models’ attributes in each cluster based on the model’s
applications in chosen hydrological papers published in the Scopus web-database between
1998 and 2017. The first number is number of models in cluster, and the second number
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presents the total applications of models in cluster.
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Six clusters

At the level of 6 clusters, Cluster B.2.2 splits into Cluster B.2.2.1 (8 models, 85
applications) and B.2.2.2 (10 models, 39 applications). In Cluster B.2.2.1, the
greatest portion of applications is in the temporal category Prediction (58.8%; e.g.,
KINEROS-2 in Gal et al. 2017), whereas in Cluster B.2.2.2, the greatest percentage
is recorded for spatial category Event (61.5%; e.g., DHSVM in Zhao et al. 2016).
Looking at the spatial categories, the main difference is the higher percentage of
category Transregional in Cluster B.2.2.2 (15.4%; e.g., HYDROTEL in Muerth et
al. 2013; versus 4.7% in Cluster B.2.2.1). The arrangement of the spatial categories
outlines that Cluster B.2.2.2 includes mainly models used for studies dealing with
greater areas.

Clusters B.1 and B.2.1 include a great number of models (30 and 53). There-
fore, both of them have been split into 2 sub-clusters to assess. Cluster B.1 sepa-
rates into Cluster B.1a (17 models, 124 applications) and B.1b (13 models, 138
applications). Cluster B.la shows the greatest percentage for temporal category
Event (52.3%; e.g., ISBA in Vincendon et al. 2016). In Cluster B.1b, temporal cat-
egory Prediction is the most frequent one (49.3%; e.g., MIKE SHE in Sonnenborg
et al. 2015). Cluster B.1b shows a prevalence of spatial categories of greater scales
(Regional and Transregional) in comparison with Cluster B.1a.

Cluster B.2.1 splits into clusters B.2.1a (4 models, 23 applications) and B.2.1b
(49 models, 347 applications). The main difference is that in Cluster B.2.1a the
temporal category Prediction is the most frequent one (60.9 %; e.g., AWBM in
Haque et al. 2015). In Cluster B.2.1b temporal category Event shows the greatest
percentage (62.2 %; e.g., TETIS in Segura-Beltran et al. 2016). As for the spatial
categories, Cluster B.2.1a includes models with a prevalence of spatial categories
Regional and Transregional, whereas in Cluster B.2.1b, there is a considerably
greater proportion of the category Catchment.

The cluster analysis also shows that there is a relation between the year of pub-
lication and the distribution of percentages over the categories of interest. The ini-
tial separation into clusters A and B shows that there is not a significant difference
between the two clusters in terms of years of publication (2000 — 2017 in Cluster
A, 1998 — 2017 in Cluster B). This influence is more apparent when Cluster A sep-
arates to form Custer A.1 and A.2. The former one includes models applied within
the period 2012, the latter one during the period 2000 — 2017. Unlike Cluster A.2,
Cluster A.1 has the maximum percentage in temporal category Prediction. The mist
frequent spatial category is Transregional. Moreover, the proportion of internation-
al cooperation is higher. On the other hand, Cluster A.2 shows the maxima in the
categories Event and Region. A very similar situation occurs in the separation of
Cluster B.2.1. There is a prevalence of categories Prediction and Transregional in
Cluster B.2.1a in comparison with Cluster B.2.1b where the categories Event and
Catchment are dominant. However, this arrangement is not always that clearly ex-
pressed, as in the example in the splitting of Cluster B.1. Nevertheless, the present-
ed cluster analysis indicates, that in recent years, there has been a shift in the focus
of scientific research to greater/global scales. Also, the proportion of international
research has increased. These findings can be attributed to the challenges arising
from the currently experienced environmental problems associated with climate
changes in all parts of the World.
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In terms of the temporal evolution over the investigated period of 1998 to 2017,
the increasing trend was found in cluster A.1 (R = + 0.6) and cluster A.2 (R =+
0.5). The cluster B.1 (R = + 0.1), cluster B.2.1 (R = + 0.24) and cluster B.2.2.2
(R=+ 0.07) stagnated during the period, and the cluster B.2.2.1 (R =—-0.12) gAS
slightly decreased. Fig. 10 shows the annual frequency expressed as the percentage
of clusters used in the chosen papers during the investigated period. It is apparent
that cluster 2 includes two of the most frequently used hydrological models (HBV
and VIC), followed by cluster 3 (MIKE SHE) and cluster 4 (SWAT).
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Fig. 10. Annual frequency (in %) of each of the model/tool clusters used in chosen
hydrological papers published in the Scopus web-database between 1998 and 2017 based
on the hierarchical classification (colours correspond to clusters of Fig. 8)

Annual frequency (%)

DISCUSSION

The development in the hydrologic modelling was stated by numerous scientists
during the last decades (Beven 2001, Lindenschmidt et al. 2005, Silberstein 2006
and Roudier et al. 2015). However, no recent complex analysis has been conducted
to detect trends and changes in the field. Piégay et al. (2015) presented an example
of such analysis describing the evolution of methods applied within studies in geo-
morphology, which pointed to fast changes in geomorphological research. This
methodology, based on the paper’s review connected with statistical analysis of
chosen papers’ characteristics, is very useful for an evaluation of changes in topics,
authorships, models, and temporal and spatial scales of published research during
the last decades. Notwithstanding, the ambiguous classification of several papers
can affect the results, which presents the vulnerable part of this methodology.

The traditional classification of hydrological models is based on hydrological
model parameters and the models’ sorting system following the established classi-
fications (in accordance with stochasticity, space and time discretisation). Bizek et
al. (2011) presented the comparison of several classifications together with a list of
hydrological models and a brief description of the model’s applications. Pech-
livanidis et al. (2011) added the need of a “model set-up” and the quantification of
uncertainty in the model’s predictions and highlighted the recent developments in
hydrological modelling. A great analysis was also conducted by Salvadore et al.
(2015), who has been focused on an assessment of approaches in urban hydrology.

Building upon the methodology by Pi¢gay et al. (2015), this work centered on
the quantification of the development of modelling procedures applied in hydrolo-
gy during the last two decades. The results outline that the field changed quickly
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during the period, which is manifested by an increasing number of published pa-
pers, authors and the expansion of new research areas across the world. This
growth is probably forced by multiple factors such as economic, social and politi-
cal. However, the availability of new technology and of quality input data, together
with financial support poses the main impulses (Kovar et al. 2001, Kizza et al.
2011, Hailegeorgis and Alferdsen 2015 and Jie et al. 2016). These new capabilities
are especially well pronounced in changes of researchers’ spatial scales. On the one
hand, we are able to target detailed aspects thanks to the higher resolution of spa-
tially-distributed data (Salvadore et al. 2015). On the other hand, hydrological
models can be applied to much larger spatial scales, as on a continental or even a
global level. This permits the study of the global consequences of the hydrological
cycle (Brakenridge et al. 2012, Sperna Weiland et al. 2012, Decharme et al. 2014
and Khaki et al. 2017). In accordance with the i increasing proportlon of research at
a continental or world level, the percentage of international cooperation in research
activities has been increasing.

As for the papers’ topics, the results revealed that most of the new research has
focused on the predictions of the future evolution of the hydrological cycle corre-
sponding to other works (Tague and Band 2001, Danihlik et al. 2004, Cho and Oli-
vera, 2009, Alfieri et al. 2011, Bjorn et al. 2015, etc.). We also found that the pro-
portion of papers focused on “Events” (case studies) has reduced, as the papers
focusing on the flood modelling (the flood reconstruction) are overtaken by the
hydro-climatological topics on the planetary level. In this context, the land use
changes in all scales are a frequently discussed topic and very often, the hydrologi-
cal models pervade the group of erosion models in this subject matter. That’s why
some of the hydrological models can be also classified as erosion models, e.g., the
SWAT model. The last of the great topics is the development and the setting of
hydrological models in general, which contains the model design, calibration and
testing (validation and verification) and the sensitivity analysis. Danihlik et al.
(2004), El-Nasr et al. (2005), Schneiderman et al. (2007), Viney et al. (2009), and
Pechlivanidis et al. (2011) compared several hydrological models and mentioned
the need for the accurate model’s setting, and the importance of the “set up” part
was emphasized in all analysed papers.

CONCLUSIONS

In this study, we focused on a quantitative and qualitative analysis of scientific
papers concerning hydrological modelling to reveal the evolution of the field dur-
ing the period 1998 —2017. Beside several partial analyses, such a complex study
for SCOPUS web-database has not been conducted in a similar way. A similar
methodology as that used by Piégay et al. (2015) was applied in this study. Almost
760 published papers in the Scopus web database were analysed to characterize
trends in hydrological research.

Our research reveals the rapid development of the field as manifested by the
rising diversity of research localities across the world (Fig. 3), together with the
expanding list of used models (371 hydrological models were identified within the
756 papers), which corresponds to an increasing number of authors (Figs. 3 and 4)
and countless research topics addressing the physical, mathematical, methodologi-
cal, biochemical, environmental, social and economic behavioural aspects of hy-
drologlcal processes (Fig. 7). This multidisciplinarity of the field demonstrates the
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need for cooperation among scientists not only from different countries or conti-
nents (almost 50% of contemporary papers were created within the international
cooperation) but also from other scientific fields (e.g. IT, agriculture, engineering
and economics). From a geographical point of view, the diversity of the papers’
countries of origin has been growing. Nevertheless, we identified three global cen-
tres of hydrological research — North America, Europe and South-East Asia
(Fig. 2).

Based on our classification system of different spatial and temporal categories,
we identified six clusters/groups of hydrological models. Additionally, 78% of the
models were utilized for ‘catchment’, ‘regional’ or ‘trans-regional’ research of dif-
ferent temporal scales. The remaining hydrological models do not show significant
relationships with any spatial or temporal category. We detected three models em-
ployed in 28.5% of the investigated papers — SWAT, VIC and HBV. These models
address hydrological processes of various scales and represent characteristic ap-
proaches of research in hydrological modelling.

It should be noted that our results are influenced by the fact that we focused on
papers from only one web database, Scopus (with the largest amount of suitable
papers). Extending our research to other databases, such as Science Direct and Web
of Science, would provide a different dataset to be analysed. Thus, slightly modi-
fied results could be obtained. The next challenge in this line of inquiry might be to
compare information acquired from more web databases and to explore a wider
range of papers to extend our database.

To conclude, hydrological modelling is becoming more accessible for other sci-
ences. Technological progress and the narrowly specialized research demand inter-
disciplinary cooperation of scientists and the introduction of new approaches. The
advancing trans-national cooperation and global exchange of information will
probably erase the differences among various regions.

This study was supported by the Specific Research project at Masaryk Universi-
ty (MUNI/A/1251/2017, Integrated research of environmental changes in the land-
scape sphere I11). The authors thank the agency for their research support.
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RETROSPEKT{VNA ANALYZA PUBLIKOVANYCH
HYDROLOGICKYCH VYSKUMOV: MODELY, TRENDY
A GEOGRAFICKY ASPEKT HYDROLOGICKEHO
MODELOVANIA V POSLEDNYCH DVOCH DEKADACH

Tato praca si kladie za ciel’ zhodnotit’ vyvoj v oblasti hydrologického modelovania za
poslednych dvadsat’ rokov s pouzitim kvantitativnych a kvalitativnych analyz. Analyzova-
nych bolo 756 vedeckych ¢lankov, ktoré boli vyhladané pomocou webovej databazy
SCOPUS. Vybrané ¢lanky pokryvaji casové obdobie 1998 az 2017 a prezentuju roznorodé
prace vyuzivajuce 371 hydrologickych modelov. Statistické spracovanie udajov je zalozené
na metodike Piégay et al. (2015).

Vysledky dokumentuju rychly vyvoj v tejto oblasti vyskumu, ¢o doklad4 neustale sa
zvysujuci pocet ¢lankov a tiez aplikovanych hydrologickych modelov. Hydrologické mode-
ly mozno rozdelit pomocou mnohych klasifikacii. V tomto ¢lanku je prezentovany novy
pristup delenia modelov na zaklade charakteristik ich jednotlivych aplikacii v rdmci vybra-
ného suboru ¢lankov a zaroven analyzované stcasné trendy vyvoja discipliny. Rastaci po-
¢et novych autorov sa venuje velkému mnozstvu tém — od matematického a fyzikalneho
modelovania prirodnych procesov, cez environmentalne a biochemické studie, az po do-
sledky zmien hydrologickych procesov na socidlne a ekonomické spravanie spolocnosti.
Trendom je rastica interdisciplinarita hydrologického modelovania a medzinarodné timy.
Za hlavné centrd vyskumu mozno povaZovat’ Severni Ameriku, Eur6épu a juhovychodni
Aziu.

Klasifika¢na metodika vychadzajica z réznych priestorovych a ¢asovych parametrov
aplikovanych modelov odhalila Sest’ hlavnych skupin/klastrov. Modely su najcastejsie apli-
kované v mierke povodi a regionov, pracuji s réznym Casovym rozliSenim, ale v posled-
nych rokoch pribudaji prace venované rozsiahlym oblastiam s rozlohou viac ako 10 000
km?, &o stvisi s rasticim zaujmom o §tadium dosledkov klimatickych a environmentalnych
zmien. Tri najcastejSie pouzivané modely su SWAT, VIC a HBV, ktoré sa objavili
v 28,5 % Clankov.

Zaverom mozno povedat, Ze hydrologické modelovanie je dynamicky sa vyvijajuce
odvetvie. Vyznamnou hybnou silou st dostupné technoldgie na spracovanie velkych obje-
mov kvalitnych dat. Vsetky tieto aspekty umoziuju aplikaciu naro¢nych postupov, vd’aka
ktorym je mozné simulovat’ zlozité prirodné procesy v roznych ¢asovo-priestorovych mier-
kach. V poslednych rokoch sa zvySuje pocet prac zameranych na kontinentalne az globalne
modelovanie.
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