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ABSTRACT

Green infrastructures (GIs) have in recent decades emerged as sustainable technologies for urban stormwater management, and numerous studies have been con-
ducted to develop and improve hydrological models for GIs. This review aims to assess current practice in GI hydrological modelling, encompassing the selection of
model structure, equations, model parametrization and testing, uncertainty analysis, sensitivity analysis, the selection of objective functions for model calibration,
and the interpretation of modelling results. During a quantitative and qualitative analysis, based on a paper analysis methodology applied across a sample of 270
published studies, we found that the authors of GI modelling studies generally fail to justify their modelling choices and their alignments between modelling ob-
jectives and methods. Some practices, such as uncertainty analysis, were also found to be limited, despite their necessity being widely acknowledged by the scientific
community and their application in other fields. In order to improve current GI modelling practice, the authors suggest the following: i) a framework, called STAMP,
designed to promote the standardisation of the documentation of GI modelling studies, and ii) improvements in modelling tools for facilitating good practices, iii) the
sharing of data for better model testing, iv) the evaluation of the suitability of hydrological equations for GI application, v) the publication of clear statements

regarding model limitations and negative results.

1. Introduction

During recent decades, green infrastructures (GIs), such as green
roofs and bio-retention cells, have emerged as sustainable alternatives
for the improvement of urban stormwater management. They attempt to
mimic the natural water cycle in urbanized catchments by increasing
both vegetation cover and surface permeability, thus enhancing catch-
ment evapotranspiration (ET), interception and infiltration. GIs thus
serve to delay, attenuate and reduce stormwater runoff (Hamouz et al.,
2018; Johannessen et al., 2018; Stovin, 2010; Stgvring et al., 2018), and
can also be used to improve runoff quality (Huang et al., 2016; Hunt
et al., 2006), enhance a city’s visual amenity (Jungels et al., 2013),
promote citizen health and wellbeing (Tzoulas et al., 2007), as well as
improve the urban micro-climate and bioclimate (Back et al., 2021), and
enhance biodiversity (Wooster et al., 2022).

Quantification of the hydrological performance of a GI based on its
physical properties and climate conditions is crucial. An appropriate
modelling tool is required to aid the design and selection of GI geome-
tries and configurations, and the materials needed to achieve desirable

hydrological performance while supporting future technology develop-
ment. Numerous studies have been conducted in order to develop and
improve existing modelling tools with the aim of supporting these tasks
and acquiring a deeper knowledge of the processes underlying GI (Li and
Babcock, 2016; Soulis et al., 2017; Vesuviano et al., 2013).

In response to numerous published studies in this field, a number of
review articles have appeared attempting to summarise the current
status of GI modelling. The first review of note was completed by Elliott
& Trowsdale (2007), in which the authors compared ten existing
modelling tools used to simulate the quantity and quality of GI runoff.
Kaykhosravi et al. (2018) have since expanded this approach by
comparing a further eleven tools developed after the publication of
Elliott & Trowsdale (2007). Both papers adhered to a similar method-
ology, which made it easy to compare their findings and at the same time
apply their conclusions as an aid in the selection of fit-for-purpose
modelling tools. Lerer et al. (2015) have reviewed a number of tools
that can be used to assist in GI design and planning. They categorized
these into several groups based on their modelling domains and the
types of issues they addressed. Similarly, Kuller et al. (2017) reviewed
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tools, including models, in support of a best practice for GI planning,
while Voskamp et al. (2021) compared several decision-making tools for
GI planning and implementation by identifying the capabilities and
challenges they offered to end-users. Other reviews have presented a
more specific focus. For example, Li & Babcock (2013) focused on the
hydrological modelling of green roofs, while Jayasooriya & Ng (2014)
presented an economic analysis, comparing various financial issues
linked to ten selected GI modelling tools, but with a de-emphasis on the
hydrological modelling aspect.

The aforementioned reviews have all focused on the advantages and
drawbacks of tools such as the Storm Water Management Model
(SWMM) (Rossman, 2015) and Hydrus software (Simiinek et al., 2016).
None, however, has specifically assessed how the practice of hydrolog-
ical modelling has been dealt with in the GI literature. A modelling
practice defines the steps required to achieve the aims of a given
modelling task. Such steps include the selection of a model structure and
relevant equations, model parametrization and testing, sensitivity and
uncertainty analyses, the selection of an objective function for model
calibration and testing, as well as interpretation of the results (Jakeman
et al., 2006). A ‘good modelling practice’ serves to promote a better
understanding of the processes being modelled, leading to an improve-
ment in model accuracy (Crout et al., 2008) and result reproducibility.
This in turn enhances the quality of model-based decision-making,
because high-quality models and modelling lead to better informed
decisions (Rokstad and Ugarelli, 2015).

Guidelines for good modelling practice have been published in
several scientific fields in which numerical models serve as essential
tools. For example, Jakeman et al. (2006) identified ten iterative steps
that ensure good practice in environmental modelling. Crout et al.
(2008) published guidelines for environmental modelling with an
emphasis on model development, evaluation and application. In the
field of hydrological modelling, specific guidelines have been published
as aids to model semantics (Beven and Young, 2013), parameterization
(Malone et al., 2015) and evaluation (Moriasi et al., 2007).

However, in spite of an abundance of guidelines, ‘good modelling
practice’ is frequently not adhered to. Schmolke et al. (2010) reported
having found modelling practice in ecological studies to be unsatisfac-
tory. Similarly, Pappenberger & Beven (2006) proposed several reasons
why proper uncertainty analysis is not common practice in hydrological
modelling. In acknowledgement of these studies, the present work aims
to review current practice in GI hydrological modelling and to suggest
improvements. The review comprises two main tasks:

1. A qualitative and quantitative analysis of the practice of GI model-
ling and its evolution.

2. A proposal of a best practice framework for GI modelling based on
findings from current practices.

This paper deals with the hydrological aspects of stormwater GI
modelling at ‘building to block’ scales. A number of other aspects are
also of interest in this field, but are regarded as beyond the scope of this
paper. These include the planning of stormwater GIs at entire city or
catchment scale, water quality processes (pollutants transfer and
removal), economic and financial issues, integrated urban water man-
agement, and scenarios that couple grey and green infrastructures.

2. Methodology
2.1. Selection of papers

Our review was initiated by first conducting a systematic search for
relevant articles. The first step was to generate a list of relevant key-
words, as shown in Table 1. Keywords were grouped into one of three
levels, where Level 1 contains the different terminologies often used to
describe GI, as summarised in the review of Fletcher et al. (2015). Level
2 represents the various hydrological processes within a GI, while Level
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Table 1
Keywords used to search for the relevant articles.

Keyword level 1 AND Keyword level 2 AND Keyword

level 3
"SUDS" OR "LID" OR "BMPs"  "hydrolog*" OR "Detention" OR “Model*” OR
OR "WSUD" OR "GI" OR "Retention" OR "Runoff* OR “Simulat*” OR
"IUWM" OR "LIUDD" OR “Hydraulic” OR “Infiltration” “Equation*”

OR “Exfiltration” OR “snow” OR
“Evapotranspiration” OR
“Evaporation”

"best management
practices" OR "green
infrastructure" OR "low
impact development" OR
"low impact urban design
and development" OR
"sustainable urban
drainage systems" OR
"urban stormwater
management" OR "water
sensitive urban design"
OR "Green Roof" OR "Rain
garden" OR "Bioretention"
OR "permeable pavement*
OR “Bio-swales"

3 was included to ensure that the paper encompassed terms related to
modelling tasks. The search employed the tools Web of Science (www.
webofknowledge.com) and Scopus (www.scopus.com) and produced a
total of 945 relevant articles after title screening. Our sample consists of
papers that were published before April 2020, which was the start date
of the review process. We excluded studies dealing with GI modelling at
catchment scale, focusing exclusively on those that were developed
based on and/or used a model on single GI units, such as individual
buildings. Of the initial 945 papers, 270 were subsequently selected for
review once the titles had been read and the abstracts screened.
Figure Al illustrates the steps followed to identify the relevant papers
used in the review.

We note here that other terminologies associated with GI, such as
‘Sponge City’ and ‘Blue-Green Infrastructure’ have emerged since pub-
lication of the review by Fletcher et al. (2015). Such terms were not
included as part of the keyword search performed for this review.
However, most papers that use these new terminologies also use the
keywords selected for our search. Thus, since full exhaustiveness was not
our objective (and is in any case almost impossible to achieve due to the
extremely high and fast-growing number of papers in this field), we
decided that the number of papers selected for review, and the time
period chosen, were sufficient to represent the scope of current publi-
cations dealing with dissemination of the recent evolution of GI
modelling tasks and modelling practice. Dissemination in this context
refers to communication of the details of modelling tasks by means of
peer-reviewed publications.

2.2. Bias and limitations

We selected relevant papers by employing an approach similar to
that described by Moher et al. (2009). This involved a keyword search in
two databases, duplicate removal, title screening, abstract screening,
and finally, full-text screening. Based on the papers ultimately selected,
examples of good practice were highlighted and discussed.

This review aims to be systematic and in so doing restrict bias
(Moher et al., 2009). We managed bias in two ways. The first was by
applying a systematic reading approach to each paper, and the second
by making the reader aware of existing biases.

2.2.1. Selection of papers and selection bias

The papers selected consist of 270 articles published up until April
2020. This in itself constitutes a possible limitation because numerous
papers have been published in the period between April 2020 and mid-
2022, when the present article was first drafted. However, the reading
and detailed analysis of the 270 papers was a lengthy task. We believe
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that by further increasing the number of papers to include those pub-
lished after April 2020, this may have introduced an additional bias due
to the fact that the authors would not have been able to maintain their
reading analysis of the original 270 papers. Of course, reading analysis
evolves with time, depending on experience and results linked to the
initial phases of the process. One of the aims of this review is to evaluate
if and how modelling practice has evolved in recent years. Trends are
identified by assessing statistics across yearly subsamples. We believe
that extending the period from which the papers were selected would
not have significantly changed the results, but only extrapolated them
into more recent times.

2.2.2. Paper analysis bias

We reviewed each of the 270 papers in our sample by employing a
‘paper analysis methodology’, which is set out in Section 3. The meth-
odology consisted in separating the different aspects of modelling in
several categories. In each categories items were defined to describe the
existing practice. The methodology involved systematically assigning
items to different categories as a means of assessing the modelling
practices described in each of the papers. Details of these items and
categories are given in Section 3. Items were defined iteratively for each
category. A first draft was tested on a test subset and the results and
limitations analysed by all co-authors as a means of revising the items.

In order to maintain analytical consistency, we conducted the review
category by category. On the basis of expertise, one of the co-authors
was assigned the task of analysing all the papers in the sample against
each defined category. Time constraints made it impossible for this work
to be replicated by another co-author. Two actions were implemented
with the aim of limiting biases inherent in individual readings. The first
was to conduct an automatic word search in each of the papers in order
to achieve a prior categorization. Expert knowledge was then employed
to analyse each paper and decide on a posterior categorization. In sit-
uations where an aspect of modelling practice in a given paper was
found to lie between two items of the category considered, a discussion
was held amongst the co-authors to decide the matter. Table A1 in the
Supplementary Materials provides some examples of where several
items could have been chosen for as many as three selected studies.

For each categories, we labelled some papers as ‘not relevant” when
the context of their study did not make the evaluation of practice rele-
vant in the category considered. These papers are indicated by the suffix
‘NR’ in Table 2. For the categories related to the choice of hydrological
processes and equations, only a few papers were labelled as ‘NR’. One of
these papers dealt primarily with experimentation, but was retained
during the selection process because it referred to modelling practices
linked to empirical models. In the case of objective functions and
objective function values, some papers were labelled as not relevant if
they were based on a previously calibrated model. Some studies did
consider neither model calibration nor model testing, and these were
also labelled ‘NR’. The proportions of papers labelled as ‘NR’ in the
matters of model testing and of objective function selection differ: . some
studies were labelled ‘NR’ for objective function selection while pre-
senting a qualitative testing of the model. In the case of parameter se-
lection, ‘NR’ was assigned to papers identified as lying in a ‘grey zone’
during the selection of papers. The terme ‘gey zone’ refers to papers that
were only considered relevant for a few categories of practice. We
labelled some papers ‘NR’ for parameters selection on a case-by-case
basis if they were based on non-parametric models, or potential
evapotranspiration models relying mostly on measurement.

2.2.3. Data availability and reproducibility

The paper analysis methodology adopted in this review is presented
in detail Section 3, and examples of items assignment for three selected
papers are presented in the Supplementary Materials (Table A3). A list of
the selected 270 papers, together with the items assigned for each
category, is also available in the Supplementary Materials. However, in
terms of reproducibility, the items assigned should be considered with a
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number of caveats. As noted in the previous section, some papers fall
within the ‘grey zone’. Their evaluation may contain biases and should
thus be regarded as at least partly subjective. Item assignment was
performed with the aim of identifying general trends of practice in the
field and not the individual assessment of each papers. Therefore, the
assessment of a paper taken out of this context should be considered
carefully. Since the analysis was conducted category by category, some
residual inconsistencies may exist between categories. Some papers may
also describe several practices related to each category, but our
approach was such that only one item could be assigned per paper and
category. In the main body of the text, we have elected to focus on
highlighting good examples of modelling practices rather than sharing
examples of papers describing limited practices.

3. Paper analysis methodology

The articles studied in this review were assessed on the basis of ten
different categories allocated to five sections based on published
guidelines for good modelling practice (Crout et al., 2008; Jakeman
et al., 2006). These in turn were adapted to the context of GI modelling
and the investigation of alignments between objectives and methods
(Table 2). The five sections are as follows: i) general study frame, ii)
model assumptions and selection, iii) the use of objective functions, iv)
uncertainty and sensitivity and v) parameter selection and model
testing. Our assessment criteria are applied to an evaluation of how each
of the reviewed studies addressed the ten categories that employ cate-
gorical or ordinal variables, as shown in Table 2.

It should be noted that the steps involved in ‘good modelling prac-
tice’, as shown in Table 2, are interconnected and as such should be
assessed by means of an iterative process (Jakeman et al., 2006).
However, the order in which we present the categories here is not
arbitrary. The section ‘uncertainty and sensitivity’ was deliberately not
placed at the end of the list in order to highlight that these aspects are
indissociable from modelling tasks, i.e., not separate tasks. Items in the
‘parameter selection and model testing’ section are directly linked to
monitored data, and were thus placed at the end of the list. This is
because monitored data is normally considered as a source on which
models are developed. Moreover, monitored data must also be used at a
later stage for model testing and uncertainty propagation.

3.1. General study framework: how did the authors of the selected papers
frame their work and communicate research objectives and limitations?

Good modelling practice requires that the objectives and limitations
of a modelling study are clearly stated. In this review, we assessed the
quality of stated objectives at three different levels (Table 2a). A clear
formulation of objectives serves to aid other researchers in selecting
relevant studies for their own research, and this is very important given
the increased number of publications currently emerging in this field
(Jakeman et al., 2006).

Limitations are defined in Table 2b, and vary from none, to those that
are related to methods (model assumptions), those related to the study
framework (direction for further research), and those related to both
practices. The way in which a study’s limitations are formulated defines
the boundaries of a study and how well it is embedded in the field of GI.
Limitations can help to clarify additional knowledge and the point from
which further research can take place. They should consist of clearly
formulated assumptions and should make reference to any processes
neglected in the modelling methodology (Crout et al., 2008; Jakeman
et al., 2006). The use of an existing tool or software also involves some
assumptions and limitations, and these should also be clarified as an aid
to direct future research.



V. Pons et al.

Table 2
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Definitions of the items identified for each section and category of practice. The items in underlined characters ("ObjUncl" and items ending with "None") represent the
lower boundary of observed practices. Specifically, this means the absence of mention, explanation, or clarity depending on the category. The items in light grey
(ending with "NR") were assigned to papers considered not relevant for the category of practice considered in the assessment.

i) General study frame

a) Are the objectives of the study clear?

ObjUncl

ObjMent

ObjClear

Some objectives are defined but without clearly stated research
questions.

The study presents both a research question and research
objectives.

The study presents a research question, objective for the research
and detail how they intend to achieve the objectives.

b) Are the modelling task limitations stated?
LimNone  The limitations of the study and the methodology are not clearly stated

LimFurt Limitations or suggestions for further work are stated (related to objectives)

LimMeth  Limitations or suggestions to improve methodology are stated
LimBoth Both limitations and suggestions to improve the methodology and for further work

ii) Model assumptions and selection

¢) Are the choices of the selected hydrological processes justified?

HyNone
HyMent

HyJust

HyNR

The hydrological processes are not mentioned

The hydrological processes selected are mentioned

The selection of hydrological processes is justified (e.g., from
literature or conceptualisation of the system)*

It is not relevant to mention the hydrological processes

d) Are the choices of the selected/major equations justified?
EqNone  None of the equations are mentioned

EqPart Some of the selected equations are mentioned

EqMent  All the selected equations are mentioned

EqJust The choice of the equations is justified (e.g., from literature or equation properties)*
EqQNR It is not relevant to mention the selected equations

iii) Use of objective functions

e) How does the objective function choice align with model and study

f) How are the objective functions used for model evaluation?

objective?
OFNone  No objective functions used or mentioned OFVNone  No threshold or no explanation
OFPop Objective functions used because of their wide use and not because of OFVPop Threshold selected because of its wide use in the literature (i.e., not justified)
their properties (i.e. not justified)
OFRed Redundant objective functions set used without justification OFVLit Justified from literature or through author argumentation
OFJust The selection of objective function is justified* OFVObj Justified based on the objectives of the study*
OFNR It is not relevant to select objective functions OFVNR It is not relevant to use objective functions

iv) Uncertainty and Sensitivity analysis

g&h)“* How is Uncertainty/Sensitivity analysis included in the study?

UncNone/SenNone
UncMent/SenMent
UncUse/SenUse
UncSpec/SenSpec
UncJust/SenJust
UncDed/SenDed

The concept of uncertainty/sensitivity is not mentioned

The concept of uncertainty/sensitivity is mentioned in the results

A method of uncertainty/sensitivity analysis is used but not specified

A method of uncertainty/sensitivity analysis is specified but not justified

The method (or absence of method) is justified in the context of the study (hypothesis)*
The objective of the paper directly involves applying uncertainty/sensitivity analysis

v) Parameters selection and model testing

i) How are the model j) How is the model tested?
parameter selected?
The TesNone  The model is not tested, and it is not justified why it is not tested

ParNone

ParMent

ParLitJust

ParMan

parameters
selection
process is
not
mentioned
or not
aligned
with the
objectives

The TesLim The data for testing are limited (i.e., it is not explained why the dataset is sufficient) and it is not justified

parameters
are selected
from
literature or
measured

The TesLJust  The data for testing are limited, but the limitations are stated, or the dataset is presented

parameters
are selected
from
literature or
measured;
it is
explained
why their
choice is
relevant to
the study

A manual TesSJust  The dataset is sufficient (i.e., it is justified why the data are sufficient through the convergence of performance indicators), and the dataset

calibration is presented*
is used to

select

parameters

(continued on next page)
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v) Parameters selection and model testing

ParJust The
parameters
are selected
through
automatic
calibration,
or their
choice is
justified by
the authors

ParNR Selecting TesNR It is not relevant to test the model.

parameters

is not

relevant in

the study

" The term “justification” or “justified” refers to justification how a choice is aligned with the study objectives.
" Uncertainty and Sensitivity analysis are two separate categories (g and h) that are merged here because their items are very similar.

3.2. Model assumptions and selection: how did the authors of the selected
papers justify the hydrological processes described and their selection of
equation(s)?

In good modelling practice, researchers develop a conceptualization
of the system they are modelling and demonstrate how inputs to the
modelled system are linked to its outputs (Jakeman et al., 2006). In the
context of GI modelling, this will include the selection of the hydro-
logical processes that will be included in, or excluded from, the model
and a description of how these processes are interlinked (Table 2c).
Following conceptualization, choices concerning formulations and as-
sumptions related to the model should be clearly stated and justified
(Crout et al., 2008). These choices will include the selection of model
equations to simulate the hydrological processes, taking into consider-
ation the theoretical limitations of these equations, as well as their data
requirements and suitability for the study objectives (Table 2d). This
step is necessary even when using existing software. Suitability re-
quirements must always be checked and the chosen options justified.

3.3. Use of objective functions: how did the authors of the selected papers
evaluate the models they used?

In order to ensure good modelling practice, researchers generally
aim to employ an unbiased and transparent framework to evaluate their
modelling results. Firstly, this framework should involve the use of
objective functions (Bennett et al., 2013; Kouchi et al., 2017; Krause
et al., 2005) that are aligned to the modelling task (Table 2e). In this
regard, our focus was directed at evaluating how researchers in the field
of GI modelling justified their selection of objective functions. Indeed, as
highlighted by Bennett et al. (2013), objective functions may have
different properties that make them suitable for the assessment of
different parameter sets, depending on specific modelling objectives. For
example, the Nash-Sutcliffe Efficiency (NSE) is best suited to estimations
of peak outflow from a GI, but is less suitable for assessing retention
performance. Secondly, an evaluation framework should define how the
values of objective functions should be interpreted, not least in terms of
the level of accuracy required for the modelling task (Table 2f).

3.4. Sensitivity and uncertainty analyses: how do the authors integrate
these key concepts into their studies?

3.4.1. Definition and concepts

The increasing use of green infrastructure and its implications for
urban water management make it essential to assess uncertainties linked
to models, parameters and performance. An evaluation of uncertainty
serves to inform both design and decision-making processes.

Uncertainty is inherent to all aspects of modelling and can be defined
along three dimensions (Tscheikner-Gratl et al., 2017; Walker et al.,
2003):

i) the source of uncertainty (model input, calibration and model
structure)
ii) the type of uncertainty (along a continuous spectrum from deep
uncertainty to the theoretical horizon of determinism)
iii) the nature of uncertainty (differs according to whether it can be
reduced with additional knowledge (epistemic), or not
(random)).

Modelling uncertainty stems from inputs, assumptions, and simpli-
fications in the model design, and will thus propagate to the outputs of
the model (Deletic et al., 2012). Uncertainty analysis (UA) aims to
quantify the level of confidence in a modelling result, and two classes of
methods have been identified (Renard et al., 2011):

e Forward uncertainty quantification (propagating uncertainty from
input to outputs)

e Inverse uncertainty quantification (parameter estimation and model
calibration)

In a modelling context, a sensitivity analysis (SA) refers to how
variations in inputs and model assumptions contribute to the variability
of the output. In other words, which aspect of the total uncertainty can
be allocated to given assumptions and inputs (Saltelli et al., 2007). In
this sense, it differs from uncertainty quantification, which simply ad-
dresses the magnitude of uncertainty.

According to Saltelli et al. (2007), a sensitivity analysis can be
allocated to one of two main categories:

e Local (LSA) or global (GSA), depending on whether the effect is
studied at a local scale by means of derivatives, or for the entire input
space;

e One-At-a-Time (OAT) or All-At-a-Time (AAT), depending on whether
variations in model parameters are simultaneous, or not.

They serve three primary purposes:

Screening, i.e. qualification of inputs that are influential and those
that are not.

Ranking, i.e. quantification of the influence of the inputs considered.
Mapping, i.e. identification of regions in the input space that produce
a specific output.
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3.4.2. Assessment of uncertainty and sensitivity analysis practice

This study has reviewed the common practices involved in uncer-
tainty analysis (UA) and sensitivity analysis (SA) in the field of GI
modelling. We checked each reviewed article to see if UA and SA were
mentioned or applied, and if application was accompanied by trans-
parent justification and alignment to the study objectives (Tables 2g,h).
Due to their very nature, even the most advanced physically-based
models are subject to uncertainties. Their use also requires an under-
standing of their sensitivity. A knowledge of both uncertainty and
sensitivity is crucial to our understanding the modelling phenomenon,
as well as for model improvement and as a basis for robust decision-
making (Pappenberger and Beven, 2006). Uncertainty analysis
methods are sometimes used as part of pre- or post-processing
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approaches by which uncertainty is either measured prior to a modelling
task or propagated through a calibrated model, respectively. However,
such methods may lead to a misunderstanding of the nature of the
models. Deletic et al. (2012) suggest that by describing uncertainty
methods as intrinsic to a modelling task we may improve practice. This
means that the selection of a given model should be carried out in par-
allel with the selection of the of SA and UA methods in a way that is in
accordance with the objective of the study and the resources, such as
computational power, available.
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absent (e.g. where the concept of ‘uncertainty’ is not mentioned). Items coloured light grey are assigned to papers that were regarded as not relevant to the

practice category.
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3.5. Parameter selection and model testing: how did the authors select
their parameters and test their model?

This review has also evaluated the practice of selecting model pa-
rameters and testing datasets (Table 2h,i). In environmental study
contexts, models require relevant parameters and inputs that are suited
to their objectives. For this to be achieved, a framework is required as an
aid to parameter selection. Parameters may be chosen from the litera-
ture or may be based on expert knowledge. They can be set by manual
calibration, or assigned by automatic calibration. Furthermore, an
evaluation of whether a calibrated model is suited to its study objectives
will be influenced by the selection of its testing dataset (Beven and
Young, 2013; Sargent, 2004; Shen et al., 2022). In this context, Silber-
stein (2006) emphasized the importance of collaboration between ‘ex-
perimentalists’ and ‘modellers’. The difficulties inherent in
environmental models (we refer here to ‘model equifinality’: (Beven,
2006)) mean that achieving a calibrated model suited to all conditions,
and which encompasses all processes, is unlikely (Beven and Young,
2013). The selection of testing datasets must therefore be performed
with care in order to be able to justify that a model is fit for purpose. The
same applies to the selection of calibration datasets, which is outside the
scope of this review. A large uncertainty should be assigned to conclu-
sions drawn from models utilized outside their calibration range. Sil-
berstein (2006) has illustrated this point using an example in which the
selection of a testing dataset concealed a seasonal pattern, leading to a
significant change in model performance. Thus, good practice demands
an investigation not only of how parameters are selected, but also of the
extent to which the dataset used for model testing is aligned with the
objectives of model utilisation.

4. Current hydrological modelling practices as applied to GIs
4.1. Clarity of modelling studies and their limitations

The practice of communicating modelling objectives was standard in
most of the reviewed papers. Only very few failed to clearly state the
authors’ objectives and research questions, as is shown in Fig. la.
However, only half of the papers selected presented a clear and detailed
description of their objectives and the means by which they intended to
answer their research questions. We believe that the approach to
communicating study objectives should be improved and perhaps
standardized. For example, Stovin et al. (2013) first present the aim of
their study, followed by an explanation of their modelling approach,
before then providing further details in the subsequent sections of the
manuscript. Whist, it could be debated which level of detail should be
given in the introduction, it should be clear enough to make the infor-
mation rapidly available for the reader. Peng et al. (2019) first present
the aim of their paper, followed by an explanation of how this aim is
addressed by means of a number of sub-objectives, which themselves
serve effectively to communicate the structure of the paper. We regard
this as an example of good practice.

Our study of limitations revealed an opposing trend. There is no
systematic statement of the limitations of the studies (Fig. 1b), or more
specifically of the modelling approach. This may be linked to the authors
experiencing a limited incentive to publish negative results or a failure
of their approach. Suggestions for further studies are presented most
often in the conclusion. Some papers, such as Locatelli et al. (2015),
offer a section in their paper, just prior to the conclusion, in which they
describe the limitations of their approach in the light of their modelling
assumptions. Others, such as Versini et al. (2015), discuss limitations
very clearly in the discussion section. We regard this as good practice
because by adopting this approach, the authors succeed in relating the
limitations of their model directly to the context of the study and its
results. Good practice in communicating limitations should not neces-
sarily be restricted to the model assumptions, but should also be adopted
when discussing data and methods. For example, Stovin et al. (2012)
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acknowledged the limitations of their data and the consequences these
have on their results. They further acknowledged the limitations of
event definition.

4.2. Selection of hydrological processes and model equations

Our findings show that almost all of the papers reviewed (>95%)
clearly indicated all the hydrological processes that were selected for
modelling, as shown in Fig. 1c. Moreover, about 64% of the studies
included attempts to justify the selection of these processes, either by
means of a conceptual description of the GI hydrological cycle (Yanling
Li and Babcock, 2016; Stovin et al., 2013; Vesuviano et al., 2013), a
description of a laboratory GI model (Carbone et al., 2014; Jahanfar
etal., 2018; Martin et al., 2020; Yio et al., 2013) or a sensitivity analysis
using a numerical model (Hakimdavar et al., 2014). We found that a few
studies also stated which hydrological processes were excluded from
their modelling, a feature that we consider to be good practice. For
instance, Hakimdavar et al. (2014) justified why the parameter ‘ET" was
considered negligible in their event-based simulations. They had
assessed the sensitivity of the parameter during single events using
HYDRUS and found it to be insignificant.

We found that most of the studies (>80%) provided an explicit
presentation of all the model equations selected. However, we identified
a gap in practice in that it was only in only about half of the studies that
the authors presented any justification for the selection of their equa-
tions. As we have noted previously, we consider that ‘good modelling
practice’ requires equation selection based on suitability to the model-
ling objectives, and a clear justification of why the selected equations are
fit for purpose. However, it appears that the selection of most GI equa-
tions is dictated not by suitability, but by the availability of modelling
tools such as SWMM and Hydrus. For example, as is shown in the Sup-
plementary Materials (Figure A2b), we fount that the infiltration equa-
tions most commonly selected were ‘Green Ampt’ (Green and Ampt,
1911) and ‘Richards’ (Richards, 1931), which simply reflects the
popularity of the SWMM and Hydrus tools, respectively. Equation se-
lection may also be the result of a hypothetical consensus regarding the
use of established equations for which, in many cases, authors see no
reason to justify. However, we identified no study that either indicated
or justified such a consensus.

4.3. Objective functions and the interpretation of model results

As is demonstrated in the Supplementary Materials (Figure A2c), the
parameters Nash Sutcliffe Efficiency (NSE), percentage bias (PBIAS) and
determination coefficient (R%) were the most popular objective func-
tions applied in the reviewed studies, in spite of the fact that the latter
has been shown to exhibit clear shortcomings (Kvalseth, 1985). The
majority of studies applied more than one objective function to assess
model accuracy. For example, Haowen et al. (2020) applied six objective
functions for model calibration and validation. The Kling Gupta Effi-
ciency (Gupta et al., 2009) which, according to (Knoben et al., 2019)), is
one of the most common objective functions used in the hydrological
modelling of catchments, was not used by the authors of any of the 270
papers reviewed for this study. Only a very few recently published
studies in the field were found to use the KGE parameter (Abdalla et al.,
2022; Iffland et al., 2021).

We have found indications that objective functions are commonly
selected on the basis of popularity rather than their suitability to the
modelling task. Some objective functions are known to be more suitable
for certain tasks (low flows, high flows, etc.) than for others (Wohling
et al., 2013). However, there is a general lack amongst authors of GI
modelling studies both to present a clear justification for the selection of
objective functions and to discuss the effects of selection on model
calibration and evaluation. We believe that this issue should be the
subject of further investigation.

The values of objective functions are commonly interpreted to offer
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an evaluation of the accuracy of modelling results. We found that most
of the reviewed papers used subjective terms such as ‘accurate’, ‘good’,
‘satisfactory’, ‘poor’, etc., without providing definitions of what these
terms meant in terms of modelling results. Twenty-eight of the reviewed
papers included definitions of threshold values taken from previous
literature as a basis for describing modelling results as either ‘good’ or
‘poor’. For example, we found that many authors used a threshold value
of NSE >0.5 to indicate ‘satisfactory’ modelling results based on an
earlier study by Rosa et al. (2015), who justified their selection by citing
the work of Dongquan et al. (2009). The latter authors in turn based
their threshold value on a modelling protocol suggested by Engel et al.
(2007). Another example is the study of Moriasi et al. (2007), which
provided a protocol for hydrological modelling. This paper is commonly
cited in GI modelling studies because it offers threshold values as a basis
for describing modelling results as either ‘good’ or ‘unsatisfactory’.
However, the limits provided by Moriasi et al. (2007) were based on the
authors’ experience with catchment modelling, which may not be
comparable with GI applications in terms of scale. Moreover, the authors
suggested that the limits they stated were valid only for continuous,
long-term simulations using monthly time steps, and strongly recom-
mended that these values be adjusted in other situations.
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4.4. Sensitivity and uncertainty

As is shown in Fig. 2, uncertainty and sensitivity analyses (UA and
SA) are not applied systematically in GI modelling studies. In fact, these
topics are not even mentioned in connection with GI modelling before
2008. More than half of the papers reviewed in our study do not mention
uncertainty or sensitivity, and UA or SA methods are either named or
used in less than 25% of the studies. This low percentage can be
explained by the complexity and computational cost of such methods,
perhaps combined with a lack of knowledge of their use amongst some
authors despite the efforts made to communicate the importance of UA
and SA and the establishment of frameworks to facilitate their dissem-
ination (Deletic et al., 2012; Dotto et al., 2010; Pappenberger and
Beven, 2006; Tscheikner-Gratl et al., 2019). Fig. 2 shows that the
application of best practice in UA and SA methods, as defined in this
study by the terms ‘SenJust’ and ‘UncJust’ in Table 2(h,i), has not
increased in recent years. This is a major issue in terms of the devel-
opment of the field. We found that it is rare to apply a method that
propagates uncertainties to model outputs, and this places limits on the
reliability of the published results. UA and SA methods may have been
ignored by researchers in green infrastructure modelling because the
most commonly used software applications (SWMM and Hydrus, used
by 27% and 10% of the reviewed papers, respectively) do not include
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Fig. 2. Evolution of the practice of applying uncertainty and sensitivity analyses in green infrastructure modelling. The figure shows a 95% confidence interval with
a 2-year moving window. This accounts for the size of the sample used to estimate usual practice. The categories used are defined in Table 2.



V. Pons et al.

built-in functions for this purpose.

Some of the studies we reviewed in fact exercised ‘good modelling
practice’ when it came to UA and SA methods. For example, Simiinek
Brunetti et al. (2018) compared different UA methods based on their
performance and computational cost. They recommended the use of
formal Bayesian methods such as Markov-Chain Monte-Carlo (MCMC)
in preference to the Generalized Likelihood Uncertainty Estimation
(GLUE) method applied by (Beven and Binley, 1992). GLUE was also
used by authors such as (Feng et al., 2018; Krebs et al., 2016). Fuzzy set
theory has recently been used by Lu & Qin (2019) to implement fuzzy
parameters in SWMM after sensitivity analysis with the aim of permit-
ting vagueness. In general, UA frameworks remain underused when
compared with SA methods.

As mentioned in Section 1, GI placement studies at city or catchment
scale are beyond the scope of the present review. However, we make a
brief mention of these in the following. As is the case with Lu & Qin
(2019), such studies commonly involve a high level of uncertainty
(Walker et al., 2013), leading to the use of a different set of approaches,
such as ensemble modelling and scenario-based uncertainty. Such
methods are often used in climate modelling and climate change adap-
tation studies (Lee et al., 2021). For example, ensemble models are used
to qualify a range of uncertainty when formal statistical methods cannot
be applied, and scenario-based approaches may be applied to split a
range of uncertainty into subregions in order to facilitate its
management.

The Elementary Effect Test is an SA method, also known as the
Morris method (Morris, 1991), which has been widely used by the au-
thors of the papers reviewed in our study (Baek et al., 2020; Simiinek
Brunetti et al., 2018; Garcia-Serrana et al., 2018; Jiake Li et al., 2020). It
should be noted that although this method is sometimes cited, it is rarely
justified or aligned with modelling objectives. Indeed, since the method
suffers from the limitations of being a One-At-a-Time (OAT) approach,
we agree with Saltelli et al. (2007) that it should only be used in
restricted contexts, such as for screening purposes. Other methods such
as e-FAST, Monte-Carlo filtering, subset simulation or PAWN (Brunetti
et al., 2016; Siminek 2018; Garcia-Serrana et al., 2018) may also be
mentioned here. However, in most cases, even the authors of the studies
reviewed here apply only a local perturbation (one of the LSA methods)
to the parameters one-at-a-time. These methods can be applied without
programming skills, since the number of simulations can be handled
manually. However, the information gained from this practice is limited
and can be misleading if not analysed carefully (Saltelli et al., 2007).

4.5. Parameter estimation and model testing

Almost half of the reviewed papers (approx. 48%) selected their
modelling parameters not on the basis of calibration but on values taken
from the literature or laboratory measurements. These include papers in
which parameters were obtained through model calibration by the same
authors in a previous study. For example, Palla & Gnecco (2020) used a
calibrated hydrological model to quantify the hydrological impact of
green roofs after having previously calibrated the same model as part of
a formal study (Palla and Gnecco, 2015). As shown in Fig. 2, the practice
of model calibration has increased in popularity in the field of GI
modelling in recent years, and we believe that this is the result of the
recent increase in availability of measured Gl-related data.

Although the practice of calibration is gaining popularity, we have
found that clear documentation on the calibration methods applied is
lacking. Sixty per cent of the studies that performed model calibrations
(82 papers) did not clearly state the algorithm or the tools used for the
calibration. Moreover, global calibration algorithms are still rarely
available GI modelling tools. Only 23% of the studies (33 papers) per-
formed model calibration using automatic algorithms. As is demon-
strated in Figure A2 in the Supplementary Materials, there is no
consensus on the calibration algorithm used in GI modelling, and
manual calibration, employing a trial-and-error method, was stated as

Water Research 236 (2023) 119958

being applied in as many as 23 papers.

In some of the more recently published papers, we found evaluations
of the transferability of calibrated parameters between similar Gls
located in different regions (Abdalla et al., 2022; Johannessen et al.,
2019). The results of these studies suggested that even calibrated pa-
rameters could yield poor simulations if applied in climatic conditions
that differed from those used to calibrate the model. However, in terms
of the evaluation of climate change impacts, most studies applied pa-
rameters from the published literature or used calibrated models. In
both cases (different region, and different period), the climatic condi-
tions might differ significantly leading to a possible model trans-
ferability issue. In such cases, the use of ensemble modelling (Le Floch
et al., 2022), multi-objective calibration (Fowler et al., 2016), and
multi-data (Abdalla et al., 2022) may offer solutions to account for the
uncertainty. We recommend the use of such approaches in future
studies.

As Fig. 1j, current model testing practice (as defined in Table 2) relies
on limited data volumes, and this has characterised 60% of the papers
reviewed. In a limited number of studies, we have judged that their data
volumes have been sufficient for model testing, as is the case for the
multimodel comparison published by (Zhang and Guo, 2015). In gen-
eral, however, we consider that continuous GI time-series data such as
soil moisture, regulated discharge, overflow, infiltration, etc., have not
been proven to belong enough to ensure sufficient data representative-
ness to achieve the modelling objectives. A ‘long enough’ dataset is
defined as being of sufficient extent in time to permit convergence of the
estimated quantity of interest. More specifically, there may be a differ-
ence between an estimator of the performance of a GI in a specific
location based on available data, and that based on theoretically suffi-
cient data. The difference between the ‘true’ performance, and an esti-
mator based on limited data, has to be sufficiently small in accordance
with the objectives of the study. In addition to proving convergence,
good practice in situations where limited data are available must
encompass; i) a presentation of the characteristics of the testing dataset
that includes the number and characteristics of rainfall events, as is the
case in Carson et al. (2013), who classify these events based on their
depth, and ii) the consequences and uncertainty linked to a limited
dataset, as is the case in Maniquiz et al. (2010), who state that due to
limited data, calibration and validation were unable to provide a reliable
parameterization of their model. An increase in levels of justification by
authors of their testing datasets should help to increase the confidence in
developed models. Likewise, the sharing of data may help to push back
limitations linked to limited data volumes. Another approach to the
management of limited data sets, especially in the case of rare and
extreme precipitation events, consists of creating a database based on an
experimental setup. Experiments can readily be designed to provide
relevant data with the aim of aligning modelling objectives with cali-
bration or testing (e.g., Hamouz et al., 2020; Vesuviano et al., 2013).

5. Recommendations for better practice
5.1. Standardized documentation of modelling studies

We found that a clear lack of effective communication by authors, in
particular in relation to their justification of GI modelling practices, was
found to be a common issue in the papers reviewed for this study. We
assume that the existence of generic frameworks for model development
(Crout et al., 2008; Jakeman et al., 2006) are not reaching all GI model
developers and users. Indeed, while the paper analysis methodology that
we apply in this article is itself generic and could be applied to other
fields, we found that practice is less than satisfactory. Saltelli et al.
(2007) succeeded in developing a generic framework for good practice
in the field of sensitivity analysis (SA) by unifying practices across a
number of different fields. However, we find that in the field of GI, SA is
only applied to a limited extent. The issues of sensitivity analysis and
uncertainty management have recently been introduced to the field of
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urban drainage (Deletic et al., 2012; Tscheikner-Gratl et al., 2019) but
do not appear to have had any impact in the sub-field of GI modelling. It
may therefore help to introduce a supplementary step involving imple-
menting these aspects in practice by means of a practice tracking
framework. The use of such frameworks in modelling studies could be
subject to peer review on the submission of manuscripts for publication.
Alternatively, a framework could be filled by journal editors in agree-
ment with reviewers, or verified by a qualified reader as part of an open
forum discussion. This may improve the practice in the field if requested
by journal editors and reviewers. In this regard, we have attempted here
to develop such a framework, called the ‘STAMP’ framework (STorm-
water infrastructure Alignment of Modelling Practices), which we
believe offers a transparent and efficient means of sharing
meta-information related to GI modelling tasks (Error! Reference
source not found.). Our aim here is not to impose the use of any specific
method, but to promote transparency in the communication of model-
ling tasks.

Method selection options and the directions of current research are
manifold, so it may seem presumptuous of us to propose the introduction
of a rigid framework for good practice, since such frameworks are likely
to evolve in any event. However, we believe that it is important to make
the effort to facilitate access to the content of papers in the field of GI
modelling, and to promote transparency in the modelling process itself.
It should be noted that the meta-information displayed in STAMP in-
cludes a revision of some of the items described in Sections 2 and 3 of
this paper. This review methodology is aimed at mapping current
practice, so it seemed appropriate to adjust some items of good practice
in order to achieve better alignment with existing practice. The STAMP
framework, on the other hand, aims at enhancing good practice. As such
it is aligned with our present recommendation for good practices
(Table A2) and not on current practices. The modifications introduced
emphasize the distinction between ‘mentioning’ (by which authors
mention an item without explaining it), ‘analysing’ (by which an item is
presented and explained), and justification (by which an item is clearly
aligned with the objectives of the study).

5.2. Improving modelling tools that facilitate good practice

Researchers in the field of GI hydrological modelling often confuse
the terms ‘model” and ‘modelling tool’. In the case of the latter, they may
be referring to a computer program or software. A model is a simplified
representation of a physical world (Wheater et al., 2007), which may be
in a mathematical or scaled-down physical form (Jajarmizadeh et al.,
2012). A modelling tool is used to facilitate the modelling process and
often includes several models and model choices. In the case of mathe-
matical models, such tools may consist of software packages with a user
interface, such as SWMM and Hydrus.

Our review indicates that the most commonly used modelling tools
exert a major influence on many of the steps of GI modelling practice.
For instance, the current version of SWMM, which was applied by 27%
of the authors reviewed as part of this study, does not include built-in
functions for automatic model calibration, sensitivity analysis or un-
certainty analysis. We suggest that extending these open tools to include
such functionality will represent a positive step towards promoting a
good modelling practice by making the process more user-friendly for
non-programmer users.

There have been several attempts made recently to develop software
tools and programming packages that will enable SWMM to perform
model calibration and other functions. Examples include the ‘swmmr
library for R’ (Leutnant et al., 2019) and the ‘pyswmm package for Py-
thon’ (McDonnell et al., 2020). Despite some disparities in their capa-
bilities and documentation, both of these libraries enable the user to
modify parameters, execute modelling and extract the results of models
developed in the SWMM tool. Such functionality includes modelling
tasks such as calibration, sensitivity, and uncertainty analysis. The use of
these libraries requires a certain level of programming skills, which may

10

Water Research 236 (2023) 119958

be challenging for some GI researchers and stormwater practitioners,
such as engineers and urban planners. Alternatively, a small number of
external software tools with user interfaces have been developed with
the aim of calibrating models developed by SWMM. These include
OSTRICH-SWMM (Shahed et al., 2020) and SWMM2PEST (Lin et al.,
2019). The former requires the pre-processing of optimizing files using a
Python package.

We believe that the development of user-friendly tools is an impor-
tant step in the promotion of good modelling practice. Nevertheless, we
also argue that it this may not be sufficient to increase the adoption of
the steps involved in ‘good modelling practice’. For example, the Green
Infrastructure Flexible model (GIFMod/https://gifmod.com/) enables
users to build GI models at various levels of complexity, and also in-
cludes built-in functions for automatic model calibration, sensitivity
analysis, and uncertainty analysis (Massoudieh and Aflaki, 2017). To
date, according to the Web of Science, GIFMod has only been applied in
four published studies (Alikhani et al., 2020; Almadani et al., 2023;
Chen and Chui, 2022; Yang and Chui, 2019). In comparison, the SWMM
software has been applied in more than 700 published studies since the
release of GIFMod. It should be emphasised that our intention in this
paper is not to promote a specific tool, but to highlight the fact that
alternative, high-capability software tools to SWMM do exist, even
though they are still rarely applied.

5.3. Sharing data for improved model evaluation

Collecting GI-related hydrological data is a relatively new and
growing field of research. As a result, there are only limited amounts of
GI data available on which to apply good modelling practice. This re-
view has also shown that the practice by authors of presenting datasets
for model testing is limited. We believe that the sharing of datasets that
have been applied and analysed will offer great opportunities for the
improvement of GI models and modelling practice. The study by Versini
et al. (2020), in which they provided hydrological measurements of a
large-area green roof in Paris, represents one of the early attempts to
share GI data. In the field of hydrological modelling at catchment scale,
many large-scale measurement datasets have been published that have
led to the development and verification of a number of modelling
techniques. Examples include the CAMEL dataset applied in the US
(Newman et al., 2015) and the CAMELS-GB in Great Britain (Coxon
et al., 2020).Such practice should be integrated into tthe field of GI and
GI modelling, taking the opportunity of the international drive toward
data-sharing. Similarly, we encourage the sharing of both knowledge
and tools as a means of standardising the management of monitoring
data (Bertrand-Krajewski et al., 2021).

5.4. Evaluating the suitability of hydrological equations for GI application

A rational selection of model equations requires comparisons of the
outputs of the equations with measurements made under different
conditions. We require more studies that compare the choice of the
modelling equations under varying climatic conditions because this will
help researchers in their attempts to select the relevant equation for
their specific cases. We found that many GI studies conducted in-
vestigations of the suitability of evapotranspiration (ET) equations for GI
modelling in different climatic regions. Examples include (Marasco and
Mcgillis, 2015; Hess et al., 2019; Lazzarin et al., 2005; Poé et al., 2015;
Skala et al., 2020; Wadzuk et al., 2015), amongst others. Indeed, these
papers provided valuable resources as a basis for the selection of suitable
ET equations and were cited by the authors of many subsequent GI
studies in the justification of selection of their ET equations. In contrast,
we have found that there is a lack of studies that compare the suitability
of equations used in other GI processes such as infiltration, runoff
routing and snowmelt.

We found that very few studies were useful in terms of the selection
of suitable infiltration models. A recent study by Parnas et al. (2021) has
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compared the performance of the three equations ‘Green-Ampt’, ‘Hor-
ton’ (Horton, 1939), and ‘Holtan’ (Holtan, 1961), which were designed
to simulate infiltration in urban catchments. In addition, (Liu and
Fassman-Beck, 2017,2018; Simtnek 2018; Zhangjie Peng et al., 2019)
have provided valuable insights into the estimation of soil properties
such as the water retention curve (WRC), the relationship between
volumetric water volume and the suction head, and unsaturated hy-
draulic conductivity, which influences the output of the Richards
equation.

The modelling of Gl-related runoff routing and snowmelt has
received less attention in the literature. We identified only two studies
(Hamouz and Muthanna, 2019b, 2019a) that modelled snow in
connection with GI, using the conceptual equation for snowmelt avail-
able in SWMM. The authors reported unsatisfactory modelling results
during snow periods, indicating the unsuitability of the snowmelt
equation for their particular GI application.

5.5. Statements of model limitations and encouragement of the
publication of negative results

We believe that the sharing of negative results and case studies in
which models have performed poorly is very important for the progress
of science. Beven & Young (2013) have previously stated that a model
structure or parameter set is more than likely to fail if it is evaluated
continuously under different conditions. However, we believe that the
publication of such failures will lead to an improvement in model
structures, data collection, and parameterization. Unfortunately, our
experience is that there is a tendency amongst authors only to publish
positive modelling results, and to omit limitations in the field of GI
hydrological modelling — a practice similar to that observed in other
scientific fields (Smaldino and McElreath, 2016). In this regard, the
recently issued Journal of Trial and Error (https://journal.trialanderror.
org/) may offer an incentive to researchers, and in doing so help to
improve practice.

Only a few of the GI modelling studies reviewed in this study pub-
lished negative results with discussions of the implications for current GI
models. Peng & Stovin (2017) discussed the unsatisfactory performance
of an uncalibrated SWMM-LID module in connection with the modelling
of runoff from large-area green roofs. They also discussed issues related
to evapotranspiration modelling in their SWMM-LID module. Randall
et al. (2020) also evaluated the SWMM-LID module in the case of a
single-event modelling of a permeable pavement. They pointed out some
of the limitations of the module when it came to simulating events with
multiple peaks.

6. Conclusion

The application of a paper analysis methodology to a large sample of
270 papers published in the field of GI modelling has revealed important
limitations in the justification by authors of their modelling choices.

e Communication of the limitations of studies and the methods applied
can be improved.

Justification for the choice of modelling equations is lacking and
seems to be driven by selection of the modelling tool.

The choice of objective functions and their interpretation for model
evaluation is directed primarily by their use in the literature rather
than being based on an alignment between their properties and the
modelling objectives.

In spite of a few examples of good practice, the use of uncertainty and
sensitivity analyses was found to be limited and not justified when
applied.

Despite improvements in recent years, authors continue to fail to
justify the selection of model parameters and provide clear docu-
mentation of the methods they use. The representativeness of data
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used to test models is only rarely discussed, revealing a clear flaw in
model testing practice.

In order to improve the alignment between modelling methods and
objectives, the authors propose the adoption of a standardized model-
ling framework (named STAMP). This could help researchers and re-
viewers to document and justify their modelling steps. The authors also
suggest that modelling tools should be enhanced in order to make the
implementation of ‘good practice steps’ more user friendly. We also
recommend better sharing of datasets, and more thorough analysis with
the aim of enhancing model testing and transferability. Finally, we
recommend that the publication of negative results and model limita-
tions could lead to an improvement of current GI models, and that this
should be actively pursued and encouraged.
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