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Abstract. Problems of water system integration occur when
a model’s boundaries are too narrow to capture interactions
and feedbacks across the terrestrial water cycle. We propose
that integrated water systems models are required to over-
come them and are necessary to understand emergent system
behaviour, to expand model boundaries, to evaluate interven-
tions, and to ensure simulations reflect stakeholder goals. We
present the Water Systems Integrated Modelling framework
(WSIMOD) software as one such approach and describe its
theoretical basis, covering the node and arc nature of simu-
lations, the integration framework that enables communica-
tion between model elements, and the model orchestration to
customise interactions. We highlight data requirements for
creating such a model and the potential for future develop-
ment and refinement. WSIMOD offers a flexible and power-
ful approach to represent water systems, and we hope it will
encourage further research and application into using model
integration towards achieving sustainable and resilient water
management.

1 Introduction

Water fluxes and their pollution concentration are influenced
by the interactions and management of all components that
make up the human-altered terrestrial water cycle, including
but not limited to hydrological and groundwater catchments,
agriculture, upstream rivers, reservoirs, freshwater treatment,
distribution networks, residential and non-residential water
consumers, foul sewers, urban drainage, storm sewers, and
wastewater treatment works (and the many physical and op-

erational processes within each component). The importance
of this interconnectedness is most evident in rivers, which
reflect the overall condition of the catchment system since
they aggregate behaviour over such large areas (Dobson and
Mijic, 2020; Kirchner, 2009). Hydrological catchments are
rarely dominated by the behaviour of any specific compo-
nent or any individual stakeholder’s decisions. For exam-
ple, 60 % of English hydrological catchments that do not
achieve a “good” status in the Water Framework Directive
(WFD) do so because of multiple different pollution sources,
with wastewater infrastructure and agriculture being the most
prevalent drivers, each affecting 50 % of hydrological catch-
ments (Environment Agency, 2020a). The implication is that
a modelled representation focussing on any individual com-
ponent is unlikely to give accurate estimates of impacts be-
yond that component (Dobson et al., 2019; Beven, 2007;
Schmitt and Huber, 2006; Blair et al., 2019). Furthermore,
estimates within a subsystem representation may be inaccu-
rate if sensible boundary conditions cannot be defined, some-
thing that water managers are highly sensitive to (Holler-
mann and Evers, 2017).

We briefly pose a variety of questions to further motivate
these challenges, some of which are developed throughout
the paper. Can changes in agriculture fertilising behaviour
offset the increased sewage due to population changes down-
stream (Liu et al., 2022)? Will water-efficient appliances con-
centrate household sewage to the extent that river water qual-
ity is worsened (Mott MacDonald, 2023)? Will wastewa-
ter reuse worsen low-flow conditions in rivers downstream
of the wastewater treatment plant where it is implemented
(Mott MacDonald, 2023)? Can upstream water supply river
abstractions be strategically reduced on sewer overflow days
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to dilute the spill without compromising supply reliability
(Dobson and Mijic, 2020)? Will increasing prevalence of
“working from home” change where sewage is produced
to have knock-on impacts on wastewater infrastructure and
rivers (Dobson et al., 2021)? In a multi-polluter hydrological
catchment, can combinations of pollution reduction achieve
a target water quality at a downstream checkpoint (Liu et al.,
2023b)? For each of these questions, there will be water sys-
tems where these questions are true and cases where they are
not. We term these problems of water systems integration,
and it follows that understanding the terrestrial water cycle
(“water cycle” hereafter) as a whole is needed to address
them. Models that take such an approach will better capture
component boundaries and the wider impacts of stakeholder
decisions, ultimately enabling more accurate representations
of water quality in rivers, which is essential to effectively
manage, for example, water supply (Mortazavi-Naeini et al.,
2019) and biodiversity (Dobson et al., 2022a).

In this paper we introduce the theoretical underpinning be-
hind a novel method for modelling integrated water systems
to address these challenges. Firstly, the need for integrated
water cycle simulation models is explained, including their
current coverage. The importance of parsimonious represen-
tations within an integrated model is then discussed, along
with the methods used to achieve integration.

The environmental modelling research community has re-
sponded to problems of water systems integration primar-
ily through computer simulation models (Bach et al., 2014;
Rauch et al., 2017; Whitehead et al., 1998; Best et al., 2011;
Douglas-Mankin et al., 2010; Tscheikner-Gratl et al., 2019).
We distinguish an integrated water system modelling ap-
proach from a system dynamics approach (see Zomorodian
et al., 2018) by further specifying that component represen-
tations must have a physical basis, which is needed to link
observational data to model behaviour and to capture inter-
ventions (e.g. new infrastructure or changes to operations).
We define integrated water system models as those which
link component representations to capture and understand the
complex interactions and feedbacks that occur between com-
ponents. We categorise the four key goals of these models:
(1) to understand which fundamental processes drive emer-
gent behaviour at a whole-water system scale; (2) to avoid
simulation inaccuracies caused by narrow boundary condi-
tions; (3) to test interventions to the physical system or op-
erational behaviour in order to understand their water-cycle-
wide impacts or interactions; and (4) to capture impacts that
align more closely with desired water system outcomes, in
addition to performance indicators of individual components.
For example, in-river pollutant concentration is a better in-
dicator of wastewater system performance than the more
typically monitored number of sewer spills (Giakoumis and
Voulvoulis, 2023).

In addressing problems of water systems integration, ex-
isting modelling approaches have made significant progress.
Bach et al. (2014) set out a comprehensive typology for in-
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tegrated urban water systems modelling. However, among
the reviewed models, only CityDrain3 (Burger et al., 2016),
WEST (Vanhooren et al., 2003), and SIMBA (IFAK, 2007)
can represent receiving water bodies (i.e. rivers), which is
where the importance of an integrated representation is most
pronounced. Furthermore, due to the urban focus of these
models, the ability to simulate pollution concentrations in
receiving waters impacted by upstream hydrological catch-
ments is highly limited yet is central to quantifying in-river
impacts (Liu et al., 2022). A more recent effort to charac-
terise integrated water systems modelling places importance
on in-river conditions (Tscheikner-Gratl et al., 2019) and
presents a comprehensive review of urban and rural water
cycles and their impacts on rivers. However, the reviewed
modelling approaches omit some key factors: the importance
of water resources infrastructure, which plays a significant
role in concentrating pollution during low flows if abstrac-
tions take place; the relevance of groundwater, which pro-
vides baseflow to dilute pollution during low flow periods;
and consideration of agricultural processes and associated
pollution that results from them, which is a critical source
of water pollution worldwide (Tang et al., 2021; Mateo-
Sagasta et al., 2017) and the second most common hydro-
logical catchment pollution source in England (Environment
Agency, 2020a). Integrated models that capture groundwater
and agricultural processes are present in the modelling lit-
erature, such as INCA (Whitehead et al., 1998) and HYPE
(Lindstrom et al., 2010); however, in contrast, these are lim-
ited by their ability to capture urban systems. Thus, while
water systems integration is well-served from a rural or urban
modelling perspective, we identify that there is not yet an ap-
proach that offers a self-contained representation to capture
all key processes required to model in-river water quality at
a whole-water-cycle scale.

A further critical factor in creating an integrated water sys-
tems model is how components are represented. In general,
current approaches have favoured identifying pre-existing
detailed component representations which are then integrated
(Schmitt and Huber, 2006). For example, DAnCE4Water
(Rauch et al., 2017), which is the most comprehensive ap-
plication to date, includes high-resolution and sophisticated
models for a wide range of urban components. However,
as more and more components are captured by integrated
modelling, it becomes increasingly difficult to parameterise
such detailed models. Simply combining separately cali-
brated models provides no guarantee of performance as a
whole (Lee, 1973). Meanwhile, integrated models typically
have many parameters that may compensate each other, thus
making calibration a challenging and risky process (Voinov
and Shugart, 2013). An alternative approach is to forego cal-
ibration altogether by adopting parsimonious models with
fewer parameters and ideally deriving those parameters from
best available data (Dobson et al., 2021). Although com-
plicated modelling approaches are needed for specific tasks
such as design, these approaches are also more difficult to ap-
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ply widely and thus may hinder the goals of integrated water
systems modelling. For example, building scientific under-
standing requires repeated testing of an approach in various
locations, and customising the model to match local condi-
tions is essential when representing interventions. Therefore,
a modelling approach that can be easily deployed on a wider
scale is of significant benefit to problems of water systems
integration.

To ensure that a range of water system configurations can
be accommodated, flexibility or customisability must be in-
corporated into the approach for integration. Integration ap-
proaches vary broadly between tightly coupled and loosely
coupled. In a tightly coupled approach, equations and inter-
actions are pre-defined to create a self-contained integrated
representation, such as with JULES (Best et al., 2011) or
INCA (Whitehead et al., 1998). In a loosely coupled ap-
proach, component representations are self-contained, and
the integration occurs by facilitating their interactions, fill-
ing the role as a message-passing interface, such as with
OpenMI (Harpham et al., 2019) and DAnCE4Water (Rauch
et al., 2017). Belete et al. (2017) describe the arrangement
of components and their interactions as integrated model
orchestration, highlighting that different orchestrations are
suitable for different applications. While looser coupling pro-
vides greater control over orchestration, and thus greater abil-
ity to customise and capture a wide variety of systems, it also
creates a higher user burden to set up and understand many
subsystems, considered to be a key barrier to the uptake of
such approaches (Zomorodian et al., 2018). Conversely, a
tightly coupled model that represents the same components
as a loosely coupled one may be easier to set up but typically
offers less control over orchestration. In the middle ground is
an integrated representation that gives flexibility around or-
chestration but comes with self-contained components that
do not need to be onerously set up by a user, such as the
CityDrain3 software for modelling urban drainage systems
(Burger et al., 2016). We propose that this middle ground
is the most beneficial for a modeller and believe that such
an approach to integration is the most productive avenue to-
wards creating highly flexible, user-friendly models of the
integrated water cycle.

The concepts introduced above suggest that, for many
problems of water systems integration, capturing a broad rep-
resentation of the water cycle and interactions between its
components is equally important as detailed component rep-
resentations. We have created a tool to implement this mod-
elling philosophy, the Water Systems Integrated Modelling
framework (WSIMOD), which is an open-source Python
package for flexible and customisable simulations of the wa-
ter cycle that treats the physical components of the water cy-
cle as nodes connected by arcs that convey water and pollu-
tant fluxes between them. The software source code and on-
line tutorials are published by Dobson et al. (2023a); in con-
trast, this paper presents WSIMOD’s theoretical underpin-
ning with a discussion on model setup and of integrated wa-
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ter system modelling in general. To address the difficulties in
application associated with integrated modelling mentioned
above, WSIMOD contains a library of built-in component
representations covering a more complete water cycle cover-
age than any identified integrated models and a default but
customisable orchestration deemed to be suitable for many
catchments and regional water systems coordination. Where
possible these representations are based on parsimonious and
peer-reviewed models. Extensive model documentation with
worked examples is provided online (WSIMOD documenta-
tion, 2024), enabling users to gain confidence and become
familiar with using WSIMOD.

2 WSIMOD

WSIMOD is an integrated modelling framework that pro-
vides ready-to-use objects (nodes, arcs, water stores, and
model orchestration) that are suitable for a wide range of wa-
ter systems and described in greater detail in the following
sections. However, WSIMOD is not intended to be a one-
size-fits-all solution; indeed, the ubiquity of non-textbook
water systems led us to create a more customisable mod-
elling approach in the first place. This paper describes the
theory behind WSIMOD in general and user-friendly terms,
avoiding the use of equations and technical details, while fur-
ther documentation can be found online (WSIMOD docu-
mentation, 2024). The WSIMOD framework is implemented
in Python 3, which is widely practised in the environmental
modelling community and facilitates quick setup and easy
customisation. WSIMOD is the combined effort of many
studies, conducted as part of the CAMELLIA (Community
Management for a Liveable London) project (https://www.
camelliawater.org/, last access: 24 May 2024), which are
linked to relevant sections of the model description to high-
light the range of possible applications.

An example WSIMOD model schematic is shown in
Fig. 1. The arrangement is based on the city of Oxford, UK,
and is used in a demonstration in Sect. 3. Oxford was selected
because its water cycle is highly integrated but also spatially
contained. We first use this schematic to explain the generic
water cycle implemented in WSIMOD; however, we note
that this is customisable — see Sects. 2.2.3 and 2.3. A given
time step (see “Orchestration” in Fig. 1) begins at fresh-
water treatment works (“FWTW”), which pump water from
various sources (groundwater and a reservoir in this exam-
ple), treat that water to fill their service reservoirs, and send
sludge to the “Foul sewer” node. Note that capitals are used
hereafter to denote nodes. Demand nodes (i.e. population
and other water users) then generate water demand, retrieve
water from the FWTW service reservoirs via a Distribution
node, satisfy any garden irrigation demands (the link between
Demand and Land), and discharge wastewater to foul sew-
ers. The hydrological and agricultural processes are then run
within the Land node; these are substantial and have a tutorial
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Orchestration (one
timestep)

1. Abstract and treat freshwater
(FWTW)

2. Generate sewage (Demand)
3. Drainage (Land)

4. Drainage (Storm and Foul
sewer)

6. Treat and discharge (WWTW)
7. Baseflow (GW)

8. River pumping (Reservoir)

9. Route (River)

Legend Schematic
Groundwater

Q O River
network

O Flow/pollution
generation

Q Network
infrastructure
Treatment
Plants

¢ Arcs conveying
pulls

¢ Arcs conveying
pushes

Figure 1. An example WSIMOD model for Oxford, UK. Orchestration is shown demonstrating the high-level functions called for each
time step. Nodes are shown as circles and arcs as arrows. WWTW stands for wastewater treatment works, and FWTW stands for freshwater

treatment works.

in the online documentation (https://imperialcollegelondon.
github.io/wsi/demo/scripts/land_demo/, last access: 8 April
2024). In short, they track crop growth and calendars; apply
fertilisers, nutrient cycling, and erosion; and generate imper-
vious runoff (to Storm sewers), percolation (to Groundwa-
ter), and surface/sub-surface flows to the River. Foul sewer
and Storm sewer node processes then run, generating flows
to the wastewater treatment works (WWTW) and into the
River, respectively. Baseflows are then calculated based on
conditions in the Groundwater node, and reservoir abstrac-
tions are made. The time step completes by routing upstream
to downstream along the river network.

The aggregated nature of the components depicted, e.g.
an individual node represents the entire storm sewer net-
work, is a common feature of many WSIMOD models (but
not always; see Dobson et al., 2022b). A general philoso-
phy that drives WSIMOD, as anticipated in the Introduc-
tion, is that it is easier to introduce complexity into an al-
ready integrated model rather than to integrate separate com-
plex models. To achieve such customisation and introduction
of new behaviours, WSIMOD uses object-oriented program-
ming (OOP), which classifies components by common at-
tributes and behaviours (classes). All objects in WSIMOD
are a subclass of WSIODbj, which predefines efficient arith-
metic operations for water quality and volume; however,
users will typically instead interact with the subclasses de-
scribed in the following sections. Additionally, users may
customise a model’s high-level control over how interac-
tions take place within a time step or the model’s orches-
tration (Belete et al., 2017), which is a unique feature of
WSIMOD and further developed in Sect. 2.3. Thus, while
Fig. 1 depicts one possible arrangement and selection of
nodes and arcs, a wide variety of water systems can be rep-
resented. Section 3 presents this Oxford WSIMOD model
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in its simplest integrated form and demonstrates how to in-
troduce complexity into such a model (specifically, in this
example, to introduce more complex water resources be-
haviour). If readers wish to be involved with the develop-
ment of WSIMOD, e.g. identify bugs, or require further clar-
ification in terms of documentation, we recommend view-
ing the Contributing section of the main repository page
(https://github.com/ImperialCollegeLondon/wsi, last access:
8 April 2024).

2.1 Nodes represent water cycle components

Physical representations of the different components in the
water cycle are typically implemented as WSIMOD nodes,
Fig. 1. In the software implementation, all nodes are in-
stances of the “Node” class or its subclasses. Formulation
of components as nodes using OOP draws heavily on the
CityDrain3 software (Burger et al., 2016). Our generic def-
inition allows nodes to represent diverse entities, e.g. a col-
lection of manholes representing a region of sewer network
or individual manholes that can be connected to represent a
sewer network, as demonstrated in Dobson et al. (2022b). In
this section we describe the Node class, summarise the ex-
isting node subclasses currently implemented in WSIMOD,
and describe how to customise them.

2.1.1 The Node class

The Node class in WSIMOD is a generic class that is ex-
pected to be the parent of any component represented. The
class captures three key behaviours. Firstly, it predefines de-
faults for much of the interaction functionality later described
in Sect. 2.2. Secondly, it contains a variety of useful func-
tions to interact with other nodes via arcs (see Sect. 2.2.1).
Thirdly, it enables mass balance checking (see Sect. 2.3.2).
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| Node|Node: base node class, can be a simple junction

Land|Sub-catchment: Hydrology, agriculture, urban drainage

Waste|M0de| outlet: needed for mass balance

Catchment|Upstream catchment: reads flow/pollution data

T 1T 1. 17

WTw|Treatment plant: transforms pollutant amounts

FWTW|FWTW: includes service reservoirs storage

WWTW|WWTW: includes temporary storm storage

DemandIWater user: pulls water and pushes wastewater

ResidentialDemand|Residentia| water user: with per capita calculations

Foul |Fou| sewer: for foul wastewater only

DistributionIDiStI"ibution: junction to supply demand nodes

UnlimitedDistribution|Un|imited water supply: if network not represented

Ti
_I
4
%
4
_I
4
_I

Storage |Water store: node wrapper for tank object

—I RiverIRiver: water storage and in-river processes

—| Groundwater|GrOundwater (linear): with residence time

i{ QueueGroundwater|Gr0undwater (nonlinear): with queued travel time

—| Reservoir

Reservoir: storage that abstracts from other nodes

lt‘ RiverReservoir

Sewer|Sewer: used as a storm or combined sewer |

Run of river reservoir: with environmental flows

Figure 2. An inheritance diagram of components implemented as nodes in WSIMOD; arrows indicate that a node is a subclass of another

node. The courier text is the name of the node in WSIMOD.

For these reasons, physical components should generally be
implemented in WSIMOD as a subclass or variation of a
Node, even if the computational implementation is simply a
wrapper for another, pre-existing, model. Although the base
Node class does not implement any physical processes, it
may serve as a junction for branches or convergences in the
water system, such as river bifurcations and confluences.

2.1.2 Node subclasses

To ensure WSIMOD is as easy to be implemented as pos-
sible, a variety of water cycle components have been de-
veloped in Python as Node subclasses. We summarise these
components in Fig. 2 and the “Component Library” section
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in the online documentation; for full details, we recommend
viewing the API reference and “Key assumptions” section of
Node subclasses in the online documentation, as well as var-
ious tutorials on their use (WSIMOD documentation, 2024).
As anticipated in the introduction, these components are de-
signed for parsimony and can be instantiated with as few pa-
rameters as possible, thus minimising data requirements and
maximising utility. We note that this summary is up to date
as of time of writing; however, the Imperial College London
Water Systems Integration research group will be continually
upgrading and adding new functionality to WSIMOD.
Many node types include water stores, which are suffi-
ciently prevalent in water systems to warrant their own class
in WSIMOD, referred to as a Tank, with further details pro-
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vided in Sect. A1, “Tank object to generalise water stores”. It
is important to note that a tank is not a node, but a node may
have a tank. The number of tanks a node subclass may have
varies depending on what it represents, with some having
none (e.g. Demand), one (e.g. Reservoir), or multiple tanks
(e.g. Land). If a user requires a tank that can act as a node,
they can utilise the Storage class to achieve this functionality.

2.1.3 Customising nodes

We do not expect that the provided WSIMOD components
will be sufficient to cover every water system or be suitable
in cases where detailed representations are necessary. Where
possible, users should consider customising model orchestra-
tion (Sect. 2.3) or component interactions (Sect. 2.2.3) to rep-
resent these cases. However, new physical subsystems may
also be represented based on those defined in Fig. 2. Describ-
ing the variety of techniques to customise subclass behaviour
in OOP is outside the scope of this paper, but they have been
discussed extensively elsewhere (Gamma et al., 1995). In
general, these techniques aim to avoid duplication of effort,
because most functionality will be predefined in an existing
class that can maintain specific interactions between existing
subclasses. We enthusiastically encourage users to contribute
to the open-source package to create a better software for the
wider environmental modelling community, though we re-
quest that contributors read our online guidelines before do-
ing so to avoid highly duplicative and bloated components
that are likely to confuse others. If a pre-existing model aims
to be integrated and it would be too significant a program-
ming effort to re-implement under this philosophy, then we
would request that wrappers are used to treat the model as a
node and interface with the existing software.

To highlight the flexibility offered by WSIMOD, we
briefly discuss some examples of complex behaviour be-
ing captured through node customisation. In Dobson et al.
(2021), demand nodes were assigned time-varying popula-
tion, water use behaviour, and pollutant generation to capture
changing commuter patterns in London that resulted from the
COVID-19 pandemic. In Liu et al. (2023a), the hydrologi-
cal processes in land nodes were customised in a variety of
ways to represent nature-based solutions. We note that these
examples are provided with open-source code but are not in-
cluded in the WSIMOD repository; they have significant data
requirements to set up that are context specific and thus are
unlikely to be generalisable to a wide range of cases. In the
software documentation, we also provide a how-to guide for
node customisation (WSIMOD documentation, 2024).

2.2 Integration framework
The WSIMOD integration framework facilitates interactions
between nodes by serving as a message-passing interface

that transfers information relating to water quality and quan-
tity. It was developed in an application to London’s wa-
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ter cycle at a wastewater catchment scale (Dobson et al.,
2021). It draws significantly on the OpenMI (Harpham et al.,
2019) and Open MPI (Graham et al., 2006) interfaces but
has been tailored to water systems by providing a variety
of built-in behaviours. The integration framework consists
of three key concepts: arcs, pushes and pulls, and requests
and checks (demonstrated in Fig. 3 and described in the
following sections). Arcs are a class that facilitate interac-
tions between nodes but can also represent physical entities
(e.g. pipes). Arcs convey both water quality and quantity
fluxes, which are discretised and packaged together, based
on concepts from CityDrain3 (Burger et al., 2016). Pushes
and pulls differentiate between the directionality of an inter-
action. Requests and checks differentiate between informa-
tion passing that simulates the movement of water (requests)
and that which does not (checks). While we do not recom-
mend changing the integration framework itself, we provide
a generic method to accommodate a wider variety of interac-
tions in Sect. 2.2.3.

2.2.1 The Arec class and fluxes

Arcs are a class to establish connections between nodes.
They transmit all passing messages and track fluxes when re-
quests are made. Arcs can have a capacity property that limits
the flow in a given time step, which can also be customised
to be dynamically calculated, e.g. to implement Manning’s
equation along pipes (Dobson et al., 2022b). Additionally, if
multiple arcs are linked to a single node, they can be assigned
a preference attribute. This enables the node to prioritise cer-
tain arcs over others. For example, a sewer node may connect
to a wastewater treatment plant (WWTW) and to a river via a
sewer spill. In this case, the spill arc could be assigned a low
preference to ensure that it is only utilised if the WWTW
cannot accept any water.

Fluxes in WSIMOD are described in discrete packages
called volume-quality information packages (VQIPs). A
VQIP is a dictionary that contains entries for volume and all
simulated pollutants. Calculations in WSIMOD are typically
performed on VQIPs rather than simply flows, thus ensuring
simulation of both water quantity and quality. The core par-
ent class (WSIODbj) of all WSIMOD classes provides func-
tions to perform basic operations with VQIPs in place of the
normal arithmetical operations that would typically be only
performed on flows or volumes. VQIPs track water quality
as mass rather than as concentration to accommodate cases
where pollutants are being moved with no associated water
quantity, except for non-additive variables such as tempera-
ture or pH. WSIMOD refers to anything tracked in a VQIP
that is not water volume as a pollutant; however, this should
be interpreted as a water quality constituent and does not im-
ply that everything simulated (e.g. temperature or dissolved
oxygen) is a pollutant from an environmental/management
perspective.

https://doi.org/10.5194/gmd-17-4495-2024
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Figure 3. An example of the WSIMOD integration framework, illustrated through the automatic behaviour triggered when the create_demand
function is called by a Demand node during orchestration. The node pulls water via an arc from a distribution network and pushes foul
wastewater via an arc to a sewer. The figure further illustrates the use of handlers and tags to customise interactions between nodes. Italicised
text indicates that it is a function. Nodes are shown as circles or rounded squares, while arcs are shown as coloured arrows or sharp coloured

squares.

WSIMOD can simulate any number of pollutants in a mass
balance approach, also referred to as conservatively, provided
their sources into the water cycle can be identified and quan-
tified. However, biochemical changes for pollutant decay can
also be represented; see Appendix A, Sect. A2 “Non-flux
pollutant changes”. Other more complicated pollutant trans-
formation can be captured on a case-by-case basis, e.g. to
capture nutrient cycling in the soil pool, using equations from
Liu et al. (2022).

A further consideration commonly required in water sys-
tems is that of travel time of water, which requires its own
specific implementation due to the discrete nature of flux and
VQIPs in WSIMOD:; further details are provided in Sect. A3,
“Travel time of water”.
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2.2.2 Types of interactions: pushes/pulls and
requests/checks

In order for a simulation to occur in a non-tightly coupled
integrated representation, something must trigger the inter-
actions that are conveyed via arcs. High-level controls that
govern these behaviours are described as model orchestra-
tion (see Sect. 2.3); however, a key benefit to using this in-
tegration framework is that the user does not have to prede-
fine all possible interactions in advance. Because information
transmitted by arcs automatically triggers further informa-
tion transmission in connected nodes, a user may customise
their nodes, arcs, and orchestration, without onerously up-
dating every possible interaction that may take place in the
model, as visualised in Fig. 3.

To represent a wide variety of behaviours, WSIMOD cat-
egorises interactions based on directionality of intent and
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Table 1. The default reply from each kind of component interaction with an example.

Push \ Pull
Reply Example ‘ Reply Example

Request  Amount not A sewer sends a push request to a | Amount sent A FWTW sends a pull request to a reser-

received WWTW. The WWTW calculates the voir. The reservoir calculates how much
available capacity, updates its state vari- of the request can be met, updates its state
ables to represent the increased through- variables to decrease the current volume,
put, and replies with how much water and replies with the amount of water ab-
from the request that could not be re- stracted.
ceived.

Check Maximum A sewer sends two push checks to two | Maximum A FWTW sends two pull checks to two
volume downstream sewers (required to calcu- | volume reservoirs (required to determine what
available late what proportion to discharge water | available proportion to pull water from them). The
to push to them). The two sewers reply with to- | to pull reservoirs reply with each of their current

tal amount of water that they can each re- abstractable volumes.
ceive.

whether they represent flux or not. Directionality of intent
refers to either cases when a node has water that must be
sent somewhere, called a push, or when a node needs water
from somewhere, called a pull. Interactions between nodes,
whether pushes or pulls, may convey flux of water and pol-
lutants and simulate the movement of water, or they may
convey non-flux information necessary for achieving realis-
tic simulations. An interaction conveying flux is referred to
as a request, while a non-flux interaction is a check.

Pushes occur when a node needs to discharge water. For
example, when a wastewater treatment works (WWTW)
must discharge effluent to a river or a hydrological catchment
must discharge runoff downstream. In general, push scenar-
ios are more common in water systems because water travels
from upstream to downstream. Meanwhile, pulls occur when
a node requires water. For example, when a farmer pumps
water from a borehole to fill their irrigation reservoir. Pulls
typically represent human-related effort to move water in a
non-natural way.

A request occurs when a node intends to push or pull a
certain amount of water to or from another node, regardless
of the connected node’s current state. For example, in the
pull case, a demand node will intend to satisfy its entire wa-
ter needs by pulling water from the distribution network, and
this intention is independent of the availability of water in
the distribution network. For example, in the push case, a de-
mand node will always intend to send the entire volume of
its foul water to a sewer system, even if the sewer cannot
accommodate the full amount. All water flux in WSIMOD
is ultimately simulated by requests; however, most cases are
not as straightforward as the above examples, and nodes of-
ten require additional information about the state of giving or
receiving nodes to calculate their requests. Interactions pass-
ing such non-flux information are referred to as checks.
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Generically a check is any kind of non-flux information
passing between nodes; it enables a node to use the state
of the nodes that it interacts with to calculate its requests.
For example, when a freshwater treatment works (FWTW)
can draw water from multiple viable reservoirs collectively
containing more water than needs to be treated, a calculation
is required before requesting water. The FWTW will send
checks to the connected reservoirs to determine their avail-
able water capacity and calculate the appropriate ratio to sat-
isfy its treatment demand. Only then will the FWTW send
requests for the required water.

2.2.3 Default and customised interactions

During simulation, a node needs to make responses when it
receives a push/pull request/check, which we term as a re-
ply. We formulate four types of predefined replies that are
widely observed in node interactions in the water systems.
These default replies allow nodes to interpret the responses
of requests/checks sent to the interacting nodes without the
need to understand their detailed behaviour. These defaults
are set out in Table 1 with examples.

While these default interactions are likely to accommo-
date much of the information passing required to simulate
an integrated water cycle, further customisation may be nec-
essary to allow specific nodes to respond differently to oth-
ers. For example, a sewer node might respond differently to
a push request from another sewer than from a land node
because sewer-to-sewer travel time may be calculated dif-
ferently than land-runoff-to-sewer travel time. Furthermore,
the default check behaviour which transmits capacity infor-
mation may not be sufficient for a component to calculate
where to push/pull water. For example, due to the impor-
tance of head in determining flow, the amount of water that a
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floodplain can discharge would not be based on the receiving
river’s capacity but instead its head (Liu et al., 2023a).

To define what a node does in reply to an interaction, all
WSIMOD interactions pass through “handlers” that are as-
sociated with a “tag”. A handler is a Python dictionary be-
longing to a node, and the tag is a key to the handler that
determines which function is called during a given interac-
tion (see Fig. 3). All nodes must have handlers which con-
tain a “default” tag, thus enabling any node to interact with
any other node. However, additional tags and replies can be
added to enable different behaviours based on the type of
node that is interacting with it. An example interaction for
a Demand node draining to a Foul sewer node is given in
Fig. 3. The generation of wastewater in the Demand node
is triggered by orchestration and sent as a push request, via
an arc, to a sewer node, with a tag “Demand” to indicate
how the sewer node should reply. The sewer node has pre-
defined behaviours for tags: “default”, “Sewer”, “Demand”,
and “Land”, with different functions associated with these
tags. The sewer node uses the handler to identify that it
should evaluate the “push_set_land” function (which calcu-
lates the travel time through the sewer using the same equa-
tion as is used for calculating travel time of runoff arriving
from a land node) and returns the reply via the arc. The base
node predefines simple default handlers that enable it to con-
vey interactions to connected nodes, e.g. a push request to a
node will trigger push requests to connected nodes; in this
way, the node can behave as a simple junction. A how-to
guide to explain this behaviour in greater detail, with exam-
ples, is available in the documentation (WSIMOD documen-
tation, 2024).

2.3 Orchestration to manage and enable simulation

As defined by Belete et al. (2017), orchestration is how nodes
and their interactions are managed and enabled. The default
steps that we consider to be important to include in orchestra-
tion for many water systems are shown in Fig. 1. In integra-
tion frameworks such as OpenM]I, all interactions in a simu-
lation occur by nodes triggering pulls to other nodes, orches-
trated by a single external pull each time step (Harpham et al.,
2019). Meanwhile, in WSIMOD, a finer level of control of
orchestration is given to a user. We argue that the WSIMOD
approach is better at capturing complex within-time-step be-
haviours.

In Fig. 4, building on the system shown in Fig. 1, we pro-
vide a motivating example of how it is more efficient to cus-
tomise the behaviour of water systems by customising or-
chestration, rather than customising/adding nodes or arcs, as
would be required in other integration frameworks. We con-
sider a common case for an integrated water system of re-
quiring the simulation to perform downstream re-abstraction
of wastewater effluent, visualised by the red arc in Fig. 4.
Wastewater re-abstraction (water from W reaching A) re-
quires available wastewater at W to be matched against de-
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mand for re-abstracted wastewater at A, with both calcula-
tions involving the interconnected node, J.

To capture such an interaction without customising or-
chestration and using only pulls, as would be required with
an OpenMI approach (Fig. 4b), customisation of J would
need to specify whether the pull is originating from A or O,
and this information would need to be conveyed to W. If the
pull is intended to route the system for that time step (i.e.
it is originating from O via J), then W should release all its
effluent, while if it is intending to satisfy the demand (i.e. it
is originating from A via J), it should only release enough
to meet A’s requirements. Additionally, the external pull that
initially triggers all interactions must be customised to pull
from A before O so that W does not fully route before ab-
stractions can be made.

Instead, a user with a broad overview of the water cycle
may more easily accommodate such behaviour if given high-
level control over the model orchestration (Fig. 4c). During
a time step, the orchestration can specify that W first cal-
culates its treated effluent without discharging it into a re-
ceiving river (abstractions are triggered at A), which draws
water from W via J, and then W discharges any remaining
effluent into its receiving water. This flexibility in orchestra-
tion enables representations of a wide variety of water sys-
tems while minimising changes to the behaviour of underly-
ing components.

2.3.1 The model class

A “Model” class contains all nodes, arcs, and forcing data
and provides a default orchestration that we expect can repre-
sent a wide variety of water systems. Whether the WSIMOD
default orchestration is used or whether an entirely new or-
chestration is defined, we recommend the use of a model
class for a variety of reasons. Firstly, built-in load and save
functionality enables easy sharing and editing of a specific
model. Secondly, it contains a run function that can carry out
orchestration, perform mass balance checking (see following
section), store simulation results, and trigger end-of-time-
step functions. Thirdly, it enables easy collection and group-
ing of nodes to facilitate orchestration, e.g. all WWTWs are
referenced by dictionary belonging to the model class so that
they can easily be triggered during a time step. A tutorial on
the use of the model class is provided in the online documen-
tation (WSIMOD documentation, 2024).

2.3.2 Software quality control

Due to the integrated nature of the water systems that WSI-
MOD simulates, it can be easy to introduce errors that are
difficult to spot. We provide extensive unit testing in line with
best software development practice, which enables ensuring
that changes to code do not introduce unintended behaviour
changes. However, a further safeguard against this is a uni-
fied method for mass balance error checking. Both nodes and
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Figure 4. (a) An example water system based on the Oxford example from Fig. 1 that includes re-abstraction of treated effluent (red
arc). (b) The model steps to achieve re-abstraction of effluent when using a pull-driven integration framework, of the kind used in OpenMI,
without customisable orchestration and (¢) when using a push-driven integration framework, of the kind used in WSIMOD, with customisable

orchestration.

arcs have predefined lists of functions to calculate the total
inflows, total outflows, and change in any storage. Any newly
defined behaviour for nodes and arcs must then also consider
how mass balance checks will be impacted and thus update
the lists of functions associated with inflows/outflows/change
in storage.

Because the core functionality of WSIMOD that performs
mass balance checking is indifferent to units (see Sect. 2.3.3)
and because some pollutants exist in far smaller quantities
than others, it is possible that both incredibly small and large
numbers may be present in VQIPs in the model. Therefore,
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mass balance checking compares at the magnitude of the
largest value of inflows/outflows/storage for a given pollutant
or water volume for a given model element in each time step.
Any discrepancy that is larger than a user-specified value is
reported, although because of floating-point accuracy some
discrepancies will be unavoidable. We encourage users to ex-
ercise common sense to not chase down incredibly small dis-
crepancies while seeking to understand larger discrepancies,
which are usually indicative of some implementation error.
The user control over orchestration typically makes debug-
ging WSIMOD models easier than most integrated models,

https://doi.org/10.5194/gmd-17-4495-2024



B. Dobson et al.: Modelling water quantity and quality of the integrated water cycle with WSIMOD 4505

\ T"fafmoo\l'iabstraction

de tﬁgn&es’\
\ I’

'thames_mixer

| '/Hames_a bove_abingden

Figure 5. Map of the model nodes and arcs over the city of Oxford;

map base layer ©OpenStreetMap contributors 2024. Distributed un-
der the Open Data Commons Open Database License (ODbL) v1.0.

as a user may step through each set of triggers in the orches-
tration and recheck mass balances until the error occurs.

2.3.3 Units and time steps

While the core of WSIMOD is agnostic of units, many nodes
are parameterised and assume input data are in SI units; thus,
we recommend use of ST units throughout. If extensive work
would be required to re-implement equations in new units,
we recommend converting before and after the calculations
from/to ST units.

Because the time step size will vary depending on the ap-
plication of WSIMOD, nodes do not necessarily make as-
sumptions about time step, instead requiring the user to de-
fine the time step that is consistent with their parameters
and input data. This enables significant flexibility in repre-
sentations that can enable studies investigating the impact
of time step size on simulations (Dobson et al., 2022b). We
note that the detailed biochemical processes used in agricul-
tural surfaces and rivers assume a daily time step. In addition,
these processes are developed to focus on pollutants associ-
ated with crop nutrient cycles.
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3 Demonstration

Throughout this paper, numerous WSIMOD case studies
are referenced. However, to illustrate how WSIMOD works,
we present a demonstration case study. We have chosen a
model featured as a tutorial in the online documentation so
that readers will be able to easily reproduce, run, and edit
it (https://imperialcollegelondon.github.io/wsi/demo/scripts/
oxford_demo/, last access: 8 April 2024). The demonstra-
tion covers the area of Oxford, UK, depicted in Fig. 5 as a
map and Fig. 1 as a schematic. We highlight that this sim-
ple demonstration and online tutorial is included because of
its usefulness in explaining the underlying functionality and
flexibility of WSIMOD, rather than for motivating the com-
plexity and importance of integrated modelling in general.

The model includes four upstream hydrological catch-
ments, a reservoir-based water supply system, and a com-
bined sewage system, all of which ultimately combine and
drain into the river Thames. Because the model is primarily
demonstrative, the parameters given in the model are esti-
mated based on local knowledge. However, high-resolution
(weekly sampling) water quality data are available in the area
(Bowes et al., 2018), thus enabling accurate boundary condi-
tions at upstream hydrological catchments and water quality
representations in the model. In Fig. 6, we plot simulations
against the weekly sampling; the water quality indicators to
plot were selected based on those that had data for all loca-
tions for the simulation duration.

In addition to WSIMOD’s capabilities as a general-
purpose simulator of hydrological and water quality, it is also
a valuable tool for management and interventions. The soft-
ware’s design prioritises customisation, making it easy to in-
corporate specific operational preferences which are not typ-
ical to capture due to the limited modelling scope of most
water simulators. For example, in the online customisation
guides (https://imperialcollegelondon.github.io/wsi/how-to/,
last access: 8 April 2024), we show how the behaviour of
nodes and arcs can be altered to accommodate changing ab-
straction licensing and environmental flow requirements for
the Oxford case study, with results shown in Fig. 7. Liu
et al. (2023b) demonstrate how a user can implement highly
sophisticated water quality management strategies in WSI-
MOD based on pollution load allocation.

4 Discussion

4.1 Why are integrated water systems models
necessary?

We defined four key goals for integrated models of water sys-
tems. In this section we will discuss how WSIMOD helps to
meet these goals.
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Figure 6. Demonstration of simulated levels of chemical water quality indicators against spot samples.
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Figure 7. Example of implementing a “hands-off flow” (HOF),
which abstractions cannot draw water below, for the reservoir ab-
straction node in the Oxford case study model. The “customised”
simulations are with HOF implemented, and “baseline” simulations

are without.

4.1.1 Integration to understand emergent behaviour in

water systems

Emergent behaviours in human and environmental systems
arise from the interactions between multiple components and
are difficult to predict and understand without addressing
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the complexity that occurs from this interconnectedness (Liu
et al., 2007). The human-altered water cycle covers a diverse
set of components and so any attempt to understand the fun-
damental (physical and operational) drivers behind emergent
behaviours must acknowledge the interactions and feedbacks
between humans and hydrological processes (Wada et al.,
2017). WSIMOD represents many components within the
water cycle needed to capture these interactions to reveal and
quantify fundamental processes, e.g the fact that in-river wa-
ter quality during wetter periods is driven by agricultural pro-
cesses and during drier periods by urban processes (Liu et al.,
2022). Without integrated modelling, we risk oversimplify-
ing the system and omitting feedbacks that could have signif-
icant implications for water management decisions (Dobson
and Mijic, 2020).

Understanding and reducing the uncertainty behind be-
haviour in hydrological systems require the intercomparison
of hydrological process representations and thus a flexible
modelling framework (Knoben et al., 2019). We suggest the
same is true for the wider water cycle, and so we anticipate
that the flexible approach to integrated modelling in WSI-
MOD is well suited for these purposes, e.g by comparing dif-
ferent assumptions around water consuming behaviour (Dob-
son et al., 2021). Furthermore, customisability enables ac-
commodating unconventional water systems that may stress
the assumptions of underlying process representations. This
approach can help identify any weaknesses or gaps in the
model and refine our understanding of both the process in
question and the behaviour of the wider system. For exam-
ple, the poor simulations of hydraulic structures identified
in Dobson et al. (2022a) are a result of reduced accuracy in
capturing water head, in turn caused by the discrete mod-
elling scheme inherent to a non-tightly coupled integrated
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framework. Identifying this weakness has implications be-
yond simulating hydraulic structures and provides guidance
for future work.

Finally, research that contributes to knowledge must be re-
producible; if it is not, then it can hardly be considered sci-
ence (Hutton et al., 2016). To ensure that WSIMOD appli-
cations are reproducible, the software is open source with a
permissive licence, and it is provided with significant doc-
umentation and worked examples to ensure that it is used
as intended. This documentation transparently lists the as-
sumptions made for each model component, both in the
source code of that component and in a self-contained li-
brary page (WSIMOD documentation, 2024). Furthermore,
the ability to save the model class in a self-contained and
human-readable file enables publishing WSIMOD applica-
tions in an easy-to-reproduce way.

4.1.2 Integration to expand model boundaries

The WSIMOD modelling framework offers a versatile ap-
proach to representing various processes that are commonly
treated as boundary conditions in water cycle models. One
example is the agricultural-hydrological Land node, which
utilises the CatchWat model to estimate the pollution and
flow in rivers upstream of the model region (Liu et al., 2022,
2023a). Accounting for upstream pollution and dilution is
crucial for accurately assessing the impact of urban processes
on in-river conditions. By incorporating the Land node, WSI-
MOD provides a means to capture the typically neglected
upstream agricultural system in urban wastewater studies,
which is often viewed as a boundary. WSIMOD also facil-
itates the representation of boundary conditions within urban
systems. For instance, it allows for the inclusion of abstrac-
tions, which are critical for understanding in-river impacts
of wastewater effluent because of their influence on dilution
during low flows (Dobson and Mijic, 2020).

Besides achieving accurate simulations, we further pro-
pose that a modelled representation of boundary conditions
is essential towards assessment of the system under future
scenarios. For example, by treating the upstream river as a
model rather than as a fixed boundary condition, the in-river
impact of the wastewater system for future scenarios can be
quantified, which would not be possible if the changes to up-
stream river behaviour under the future scenario were fixed
(Mijic et al., 2022).

4.1.3 Integration to evaluate intervention impacts at
whole-water-system scale

The OOP deployed in WSIMOD enables flexibility to incor-
porate a variety of different physical and management inter-
ventions to the water cycle. As demonstrated in Liu et al.
(2023a), the included WSIMOD nodes may be customised
both in terms of their parameters and in terms of their phys-
ical processes to represent a range of nature-based solutions
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such as flood plains, runoff attenuation features, regenerative
farming, urban green space, and urban wetlands. Because all
WSIMOD nodes can communicate with all other nodes, this
is a reasonably straightforward exercise as new rules for in-
teractions with other model components do not need to be re-
defined when additional components are added to the model.

Due to the flexibility and coverage provided by WSI-
MOD models, it is often straightforward to include decision-
making, policy constraints, and operational rules (Dobson
and Mijic, 2020). The high-level control over orchestration
provides an ideal place to represent these stakeholder actions
that require information on a multitude of states across the
wider system. For example, the amount available to be ab-
stracted from the river Thames, UK, is based off of both
reservoir levels and river flow, meaning no specific node
has access to all of the information required to determine
abstraction amount (Lower Thames Operating Agreement,
28/39/M/2). Rather than creating a complicated interaction
between London reservoirs and the river Thames, a modeller
may more simply inspect the state of these two systems in the
orchestration to dynamically set the abstraction capacity, fill-
ing the role of an operator (Dobson and Mijic, 2020). Thus,
the nationally important question of modelling changes to ab-
straction policies may easily be implemented in WSIMOD,
and the impacts of these, both on water supply and in-river
water quality, may be quantified (Mijic et al., 2022).

The parsimonious methods selected to represent physical
components in WSIMOD ensure that simulations are com-
putationally efficient. Further to this, if computational speed
is of critical interest, then we have demonstrated that varying
time step and spatial resolution is possible while still achiev-
ing accurate simulations (Dobson et al., 2022a). The result is
an integrated water cycle model that can be used for purposes
that are not typically computationally tractable. Dobson et al.
(2022a) demonstrate that exploration of uncertainty in sewer
model parameters (roughness and runoff coefficient) is possi-
ble with WSIMOD,; this study is the first of its kind because
pipe network models are typically too computationally ex-
pensive to perform the numerous simulations required for un-
certainty analysis. Meanwhile, Liu et al. (2023a) demonstrate
that regional portfolios of 5-year catchment-scale nature-
based solutions can be created by applying optimisation to
a WSIMOD model spanning 32 hydrological catchments.

4.1.4 Integration to align simulations with systems
level outcomes

A key benefit we have found in applications of WSIMOD
is that, due to the breadth of systems that are represented,
performance metrics that are relevant to different stakehold-
ers can usually be included in the model in a physically
based way. The most obvious example, which we have drawn
on throughout this paper, is the ability to place in-river im-
pacts central to decision-making. This enables better align-
ment with policy goals, such as the Water Framework Direc-
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tive chemical water quality classifications, which are defined
based on in-river average pollutant concentration (Environ-
ment Agency, 2020a). However, a variety of other metrics
can be conjunctively included such as the reliability of wa-
ter supply. For example, Dobson and Mijic (2020) examine
both the water quality and water supply benefits of a vari-
ety of water cycle interventions (leakage reduction, rainwater
harvesting, etc.). Such an approach is particularly beneficial
to stakeholder engagement, because non-water-facing stake-
holders can still be represented and understand their inter-
actions with the water cycle and system-wide goals. For ex-
ample, Puchol-Salort et al. (2022) demonstrate how develop-
ers can measure the impacts of new developments on flood-
ing, water quality, and water supply. Furthermore, this study
demonstrates how integrated modelling can enable them to
quantify how to ensure developments achieve a net-zero im-
pact on these metrics, interestingly revealing that retrofitting
households outside of the development area is typically re-
quired to offset changes.

4.2 Data to support water systems integration

A key challenge to the application of an integrated approach
to water systems modelling is the difficulty of setting up
models and associated availability of data. In WSIMOD, we
provide parsimonious but physically based representations
to ensure parameterisation is possible with widely available
data, and we propose model evaluation with observed in-river
flow and water quality. The catalogue of documented nodes
in WSIMOD (WSIMOD documentation, 2024) presents data
requirements to help users understand how feasible it will be
to apply the approach in their study area. The data require-
ments will be entirely dependent on what nodes and at what
resolution a model user chooses to represent. However, we
provide a broad overview of data requirements for a generic
catchment-scale WSIMOD case study in Table 2, which may
help to develop future automatic model setup at national and
global scales to facilitate applicability.

4.2.1 Future work and research direction

One of the main concerns that other modellers have ex-
pressed regarding a WSIMOD-like approach is the level of
detail with which components are represented. While hy-
drologists and agricultural modellers are often comfortable
with parsimony and aggregation in their catchment mod-
elling, most other parts of the water cycle tend towards more
complexity in their representations. This desire for complex-
ity is likely due to the detailed application context in which
different models have been developed. For instance, design-
ing a new process in a wastewater treatment plant inevitably
requires a highly detailed model (Hreiz et al., 2015). How-
ever, questions are being raised in many fields with a tra-
dition of complex modelling about the need for such com-
plexity. Models of in-river phosphorus (Jackson-Blake et al.,
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2017), urban flooding (Li and Willems, 2020), and sewer
flow (Thrysge et al., 2019; Dobson et al., 2022a) have shown
that good results can be achieved with simpler approaches.
While practical modellers typically question what level of
complexity is necessary to answer their questions, scientific
modellers examine the impacts of assumptions to build evi-
dence around whether they are suitable and under which cir-
cumstances. WSIMOD prioritises integration of the whole
water cycle, which is enabled by reduced-complexity mod-
elling of the system components. In the examples provided,
we demonstrate that sacrificing complexity in terms of detail
should be viewed as an opportunity to better accommodate
and contextualise components in the wider water cycle, as
well as highlighting the importance of interactions between
components.

We see the WSIMOD platform as an ideal opportunity
for the environmental modelling community to implement
and compare (or benchmark) different modelling assump-
tions and examine water cycle impacts. We plan to continue
developing the representation of different components and
continue testing whether more complex representations can
improve simulations. Our focus will be on representations of
a wider range of nature-based solutions, treatment plants, and
urban sewer network hydraulic structures. Furthermore, we
believe that complementing WSIMOD with machine learn-
ing representations of components that are too complex to be
captured in a physical way can be a promising approach, thus
implementing a “surrogate” strategy (Razavi et al., 2012,
2022).

A key opportunity for improving the accessibility of WSI-
MOD will be in the development of a graphical user inter-
face (GUI). The current implementation as a Python package
makes the software well suited to customisable and flexible
simulations for programmers but inaccessible to a wide range
of potential users. We see a variety of different approaches to-
wards greater interactivity and visualisation that are not mu-
tually exclusive. A “virtual decision room” approach may
provide an ideal environment for non-technical stakehold-
ers to explore simulation results and to highlight integrated
system-wide impacts (Schouten et al., 2016). Meanwhile,
incorporation into GIS-based frameworks such as 3DNet
(Todorovic et al., 2019) or Google Earth Engine (Gorelick
et al., 2017) would enable more seamless incorporation of
pre-processing and provide a suite of streamlined tools to
help users create, edit, and run WSIMOD models.

5 Conclusion

We have presented the theoretical underpinning of WSI-
MOD, which is an open-source software for simulating a
range of urban and rural processes and operations in the
integrated water cycle. WSIMOD represents different com-
ponents of the water cycle as nodes that are connected by
arcs. The nodes that we have discussed throughout the pa-
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Table 2. List of datasets typically required in catchment-scale WSIMOD applications with references for data sources or further information.

Category WSIMOD input Availability Further information (scale)
Climate Evapotranspiration Global datasets available (Khan et al., 2018) (global)
Temperature Global datasets available (Morice et al., 2021) (global)
Precipitation Global datasets available (Sun et al., 2018) (global)
Rural Hydrological catchment Global datasets available (Lin et al., 2019) (global)
outlines
Hydrological catchment Global datasets available (Lin et al., 2019) (global)
connectivity
Hydrological catchment Global datasets available for some (Zhang and Schaap, 2018) (global)
parameters hydrological models
Crop surfaces Global datasets available (Thenkabail et al., 2016) (global)
Crop properties Lookup tables available (Allen et al., 1998) (-)
Pollutants/nutrients National datasets may be available with (Liu et al., 2022) (UK)
high uncertainty
Urban Population Global datasets available (Leyk et al., 2019) (global)
Garden area National datasets may be available, Office for National
otherwise rule of thumb may be acceptable  Statistics (2023) (UK)
Wastewater treatment European dataset available through the European Commission
plants Urban Wastewater Treatment Directive (Environment Agency, 2016) (Europe)
Foul catchments National datasets may be available; (Hoffmann et al., 2022) (UK)
otherwise, contacting wastewater compa-
nies is required
Water use Irrigation water use Global datasets available (Thenkabail et al., 2009) (global)
Water resources system Not typically available, contacting water -
supply companies is required
Evaluation = Flow observations National datasets typically available (https://nrfa.ceh.ac.uk/,  last  access:

Water quality observations
(river and WWTW)
Reservoir levels

National datasets may be available

Not typically available, contacting water

24 May 2024) (UK)
(Environment Agency, 2020b;
WIMS, 2020) (England)

supply companies is required

per are parsimonious implementations that are conducive to-
wards easy parameterisation and setup. Arcs convey inter-
actions between nodes that fall under four key categories:
pushes (a node has water to go somewhere), pulls (a node
needs water from somewhere), requests (interaction repre-
sents flux of water and/or pollutants), and checks (interaction
does not represent flux). This integration framework allows
all nodes to communicate with each other, thus facilitating a
flexible method that can accommodate a wide variety of wa-
ter systems. Because this approach uses object-oriented pro-
gramming, WSIMOD enables customisation to capture un-
conventional behaviours and implementation of a wide vari-
ety of physical and management interventions.

In summary, our early case studies show WSIMOD to be
a useful and versatile tool for water systems modelling. We
hope to have persuaded other modellers of the importance
of an integrated approach and believe the design philosophy
behind WSIMOD can serve as a helpful starting point for
understanding integration in their respective contexts.
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Appendix A: Technical details in WSIMOD

Al Tank object to generalise water stores

A particularly important concept in developing new and un-
derstanding existing nodes is the Tank object. The concept of
a water store is so common in water systems that a generic
Tank object is provided. Tanks streamline a variety of uses
for stores and have a range of child objects that implement
travel time (Sect. A2) and pollutant decay (Sect. A3). A node
that represents a water store should be a subclass of the Stor-
age class (see Fig. 2), which itself is a generic node wrap-
per for the Tank object. The simplest case of a tank would
be a water supply reservoir, demonstrated for WSIMOD at a
lumped London scale in Dobson and Mijic (2020). However,
many nodes use stores but in an auxiliary fashion; for exam-
ple, WWTWs have temporary storage tanks, while FWTWs
have service reservoir tanks.

Geosci. Model Dev., 17, 4495-4513, 2024
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A2 Non-flux pollutant changes

By default, everything tracked in a VQIP follows mass bal-
ance. However, in the water cycle, many pollutants undergo
transformations due to biological, physical, or chemical pro-
cesses; thus, preservation of mass may be insufficient to
simulate them. WSIMOD represents the nitrogen/phospho-
rus cycles in soil (see documentation of Land nodes) and
denitrification/mineralisation/production/macrophyte uptake
in rivers (see documentation of River nodes), based on the
equations from Liu et al. (2022) and Lindstrém et al. (2010).
While the transformations that act on chemicals in soils
and rivers are well studied in the literature, there are diffi-
culties in conceptualising biochemical transformations that
take place in groundwater and sewers, despite agreement that
these are chemically active (Almeida et al., 1999). As a re-
sult, WSIMOD provides a generic two-parameter method to
implement temperature-sensitive chemical decay, given by

M, = M,_, (1 — chf—Tref) , (A1)

where M is the mass of a chemical in each time step, ¢ is a
parameter that determines non-temperature sensitive decay,
d is a parameter that determines temperature sensitive decay,
and T is the temperature with a reference temperature (7ef)
assumed to be 20 °C. We do not intend that Eq. (A1) can be a
substitute for well-researched and verified process represen-
tations; however, in our experience of using WSIMOD it is
an easy and useful option to improve water quality represen-
tations.

Wastewater and freshwater treatment processes are well-
studied fields. However, simulation models of these systems
require detailed information describing the different treat-
ment technologies and processes that are present in a spe-
cific plant. While we plan to include these types of models
in WSIMOD in the future, we have opted to take a parsimo-
nious approach to treatment modelling under the assumption
that most users will not have detailed information about the
plants they model. This approach assumes that the plant per-
forms a single operation, based on Eq. (Al), to transform
influent, which is then split into three streams of effluent,
liquor, and solids. Depending on whether it is freshwater or
wastewater treatment, these streams go to different places;
see the documentation of WTW for further details.

A3 Travel time of water

Arcs are the key model element to implement travel time
of water. Two arc subclasses that provide alternate meth-
ods to implement travel time are provided in WSIMOD. The
first, more simple approach, formulates the travel time of
the arc as a dictionary object where each key is the num-
ber of time steps remaining; when water is sent along the
arc, it is combined with the any existing water for the key
that matches the specified travel time. These travel times are
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updated at the end of each time step. This method is com-
putationally efficient, because the number of operations each
time step is limited by the maximum number of time steps
the arc takes to traverse. However, this approach cannot rep-
resent a dynamic flow capacity, as is the case in, for example,
sewer networks, where hydraulic head governs flow. Thus
WSIMOD also contains a less computationally efficient arc
to accommodate this behaviour, described and demonstrated
in Dobson et al. (2022b). Arcs can also implement pollutant
changes associated with decay over this travel time, using
Eq. (Al).

Code availability. WSIMOD is provided open source under the
terms of the BSD 3-Clause license. The code can be ac-
cessed at https://github.com/imperialcollegelondon/wsi (last ac-
cess: 26 March 2024) and https://doi.org/10.5281/zenodo.7662569
(Dobson et al., 2023b), and documentation is at https://
imperialcollegelondon.github.io/wsi/ (last access: 26 March 2024),
with further technical details in Appendix A. The code has been
tested up to Python 3.10 and requires minimal dependencies (see
website).
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