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Strategic decision-making on long-term drought risk management can be supported by integrated assessment
models to explore uncertain future conditions and potential policy actions. Such models have to meet many —
sometimes conflicting — requirements posed by policy-makers, model developers, and stakeholders. This paper
discusses the case of the National Water Model (NWM) that is applied for national policy-making on drought risk
management in the Netherlands. The case demonstrates that the chosen assembled model set-up (in which
several existing models are combined) is cost-effective and increases stakeholder acceptance, but also leads to
high model complexity and computation time. To be effective for policy-making, integrated assessment models
need to produce relevant model outcomes that are accepted by stakeholders, within acceptable time and cost
limits. For this, the model set-up must support simulations at different aggregation levels (allowing both detailed
analysis and exploratory analysis of many scenario/strategy combinations) while maintaining internal

CPU-Time consistency.

1. Introduction

Strategic decision-making on long-term drought risk management is
a complex process in which a large range of relevant system processes
and impacted sectors is involved, and uncertainty about future changes
in climate and in the environmental and socio-economic system is large.
Integrated assessment models are indispensable tools in support of a
decision-making process, as they provide a framework to systematically
and transparently understand the system, including linkages and feed-
backs between system components, explore scenarios and policy actions,
and communicate with stakeholders (Hamilton et al., 2019; Loucks and
van Beek, 2005). The trade-off between model complexity and
computing time needs to balance the need to cover a required number of
calculations and scenarios, while keeping sufficient mechanistic and
spatial detail to represent the elementary functioning of the system
(Haasnoot et al., 2014; Booij et al., 2003).

Many requirements play a role in the development of integrated
assessment models. Common requirements for an effective decision
support model, reviewed and clustered by Hamilton et al. (2019),
include credibility, relevance, legitimacy, model accessibility, end-user
satisfaction, timeliness, and costs for maintenance and computing. The
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prioritization of these criteria may be subject of debate among the model
developers, decision-makers and other stakeholders. From a decision--
maker’s perspective, model outcomes should be relevant for the decision
at hand, accepted by the stakeholders, and produced in time to be useful
in the decision process. From a modeller’s perspective, the model should
be scientifically and technically valid, sufficiently representing the sys-
tem dynamics, and accessible (including availability of user-friendly and
well-documented software and data). Dilemmas in the model develop-
ment may arise from conflicting requirements, for example the desire to
include more detailed processes at the cost of computational efficiency.

There is a growing interest in quantitative risk analysis to inform
drought risk management policies, similar to the approach taken for
other natural hazards such as floods and earthquakes (Hall and Leng,
2019). Drought risk is understood as the combination of the probability
of drought occurrence and the associated impact on society, appreci-
ating different meteorological, hydrological, soil moisture and/or
groundwater drought typologies (Van Loon, 2015). Risk analysis in-
volves considering the full range of (drought) conditions to which a
system might be exposed and forms the basis for cost-benefit analysis of
investments by governments and water users (such as drinking water
companies, the agricultural sector and industries). Because droughts
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develop slowly over time and various hydrological processes (soil
moisture, groundwater, river discharge) impact a variety of sectors, the
construction of the full range of plausible and relevant conditions with
statistical or empirical methods is far from straightforward (Mishra and
Singh, 2011). Therefore, simulation of long time series of meteorological
conditions with a coupled hydrological and hydrodynamic model rep-
resenting natural variability at different time scales is considered to be a
necessary prerequisite for a reliable mapping of relevant drought con-
ditions and their frequency. Furthermore, sufficient spatial and temporal
detail is necessary to be able to assess and compare a variety of risk
management options, for example the implementation of more efficient
irrigation techniques may significantly reduce dependency on the water
supply system when implemented on a large scale. Multiple scales thus
need to be integrated in the model to better understand drought prop-
agation through the socio-hydrological system.

To improve our understanding of the dilemmas in the development
and application of integrated assessment models and ways to overcome
these, this paper discusses the role of the National Water Model (NWM))
in support of drought risk management in the Netherlands. Over the past
decades, the NWM has been frequently updated to meet gradually
changing requirements. Despite its importance in national policy-
making, the model is increasingly perceived by stakeholders as being
‘too slow and too complex’. In other words: policy-makers, model ex-
perts and stakeholders question: is the model still ‘fit-for-purpose’? We
analyse how the NWM has evolved in response to the requirements and
how dilemmas arise, based on the authors’ collective experience and in-
depth interviews with scientists and policy advisors for the Delta Pro-
gramme. We focus on three aspects that determine whether a model is
fit-for-purpose from a decision-maker’s perspective: relevance of the
model outcome, stakeholder acceptance and timeliness in the decision-
making process. Relevance of the model outcome relates to the processes
that are modelled and their level of detail, as well as the number of
strategy/scenario combinations that can be simulated. The resulting
model requirements in terms of spatial and temporal resolution may
vary throughout the policy process. Stakeholder acceptance relates to
the agreement between model output results and observed (or
perceived) status of the water system at the regional scale addressed by
the stakeholder. Timeliness refers to whether the desired model out-
comes can be published at a convenient and opportune time for the
policy process. These aspects are a condensation of the criteria reviewed
by Hamilton et al. (2019), and play an important role in the
fit-for-purpose discussion that is taking place in practice. Insights from
this paper will be used as input for the ongoing debate about the future
of the NWM instrument in support of the next policy cycle of the Delta
Programme (2022-2027). These insights can provide inspiration for
other practitioners who design, maintain and apply integrated assess-
ment models in support of long-term policy-making for drought risk
management.

2. Description of the National Water Model
2.1. Role and history

The National Water Model (NWM) plays an important role in the
Netherlands’ national Delta Programme on fresh water supply (Glas,
2019), addressing the national strategy to manage the risk of water
shortage due to droughts under climate change and socio-economic
change. In support of this decision-making process, the National Water
Model integrates hydrological, hydrodynamic and water allocation
models for all physical processes that are relevant for drought risk
analysis. The model has a long history; some of the submodels have been
first developed in the 80s as part of the Policy Analysis for the Water
management of the Netherlands (PAWN) study (see Wegner, 1981;
Abrahamse et al., 1982; Goeller et al., 1983; Goeller et al., 1985), which
provided model-based decision support for the 2nd national policy on
water management (Rijkswaterstaat, 1984). In this PAWN project, more
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than 50 models were developed to quantitatively describe all relevant
aspects of drought risk management, including impacts on agriculture,
shipping, industry, and drinking water. This pioneered the application
of cost-benefit analysis for the Netherlands policy interventions in water
management. Various model concepts from PAWN have been integrated
in the current national hydrological model (LHM), which now forms one
of the submodels of the NWM. Since the 1990s, the LHM has been
further developed (see Vermulst et al., 1998), currently by a consortium
of Dutch research institutes.' In different forms, LHM has supported
strategic decision-making on water management in the Netherlands over
the past decades, for example the Delta Programme strategy for the
period 2016-2021 (Kuijken, 2014) and currently for the upcoming Delta
Programme strategy for the period 2022-2027.

2.2. Physical processes

In the Netherlands, drought is defined as a period of precipitation
deficit, a period of low river discharge, or a combination of both.
Drought impacts include soil moisture deficit, decline in groundwater
levels, shortage of surface water supply (for irrigation, water level
management, navigability, and flushing of polders), salt water intrusion
in coastal areas, reduced water levels in the main transportation wa-
terways, and water temperature increase in rivers and canals. The Na-
tional Water Model assembles several submodels that each simulate a
subset of these relevant physical processes. For a full understanding of
drought risk, economic and societal impacts of droughts are quantified
with impact modules that are available as post-processing tools.

In the NWM various processes are considered at different spatial
scales. For example, surface water allocation of Rhine river water in
periods of drought takes place on a national scale, the groundwater
system is of crucial importance primarily in the Southeast and East of the
Netherlands, and water shortage in the North of the Netherlands de-
pends on water allocation schemes and reservoir management of lakes
LJssel and Marker. Furthermore, drought impacts in the West are caused
by salt water intrusion from sea, and salinization of groundwater de-
termines water availability for agriculture in all coastal areas. These
processes are all integrated in one national model, in order to be able to
understand water shortage issues at a national scale and compare
various types of measures with feedback effects between processes and
regions.

The input data of the NWM include time series of precipitation,
evapotranspiration, and discharge from the main rivers Rhine and
Meuse at national entry points. Output of the NWM includes ground-
water levels on 250 x 250 m resolution, daily and 10-daily time series of
river discharge within the national domain, and water demand and
supply for various users (irrigation, water level control, flushing of
polders, drinking water, industry) on several inlet points of the distri-
bution network (Fig. 1).

2.3. Submodels
The following submodels are incorporated in the NWM (Fig. 2):

@ LHM - A national hydrological model of the Netherlands

@ LSM-light - A national one-dimensional hydrodynamic model

@ Sobek-NDB - A regional one-dimensional hydrodynamic model of
the South-West of the Netherlands, including salt water simulations

@ LTM-light — a national surface water temperature model based on
LSM-light.

A detailed technical description of each underlying model can be

found in Prinsen et al. (2014) and De Lange et al. (2014). The ground-
water model MODFLOW is derived from Modflow-2005 (Harbaugh,

1 http://nhi.nu/nl/index.php/organisatie.
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Fig. 1. Example output of (the submodels of) the National Water Model showing the various processes that are included: level of lake IJssel (upper left), flow regime
in small water streams (upper right), water shortage (middle left), aquifer pressure head (middle right), salt intrusion (lower left) and Rhine discharge (lower right).

2005) and coupled with the unsaturated zone model MetaSWAP (Van
Walsum and Groenendijk, 2008), which in turn is based on the physics of
the SWAP model (Kroes et al., 2008). The regional surface water dis-
tribution is modelled using MOZART (Bos et al., 1997), and the Distri-
bution Model (DM) is used to describe the water distribution in the large
rivers and distribution canals. LSM-light (Prinsen and Wesselius, 2015)
is a one-dimensional (1D) hydrodynamic surface water model of the
major rivers and canals of the Netherlands. Sobek-NDB (Van der Linden
and van Zetten, 2002) is a 1D hydrodynamic model for calculating salt
water intrusion from the sea in the coastal rivers and canals in the
mid-western parts of the Netherlands. Finally, LTM-light (Meijers and
Boderie, 2004) simulates the depth-average (1D) surface water tem-
perature in the major rivers and canals. The computational framework
Delft-FEWS (Werner et al., 2013) takes care of the model coupling, data
exchange, and feedbacks between the submodels.

2.4. NWM governance and stakeholder groups

The NWM project is guided by a steering committee, an advisory
board, and a scientific committee. The steering committee consists of
national and regional water managers and policy advisors, who decide
on which model developments should be prioritised. The advisory board
includes experts from national research institutes, who advise on long-
term developments. Furthermore, the scientific committee advises on
the scientific quality of the models and model structure of the NWM. The
underlying submodels of the NWM are developed, validated, and
maintained in separate projects, each with its own governance structure.
The stakeholders in the steering committees of these submodels partly
overlap with those in the NWM committees. The development of LHM,
the largest submodel of NWM, is a continuous process in interaction
with stakeholders, including hydrologists and policy advisors from all
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Fig. 2. Schematic overview of the submodels that are assembled in the National Water Model.

regional water authorities and the national water management authority
(Rijkswaterstaat) in the Netherlands. The LHM model has its own set of
requirements with respect to the model concept, model accuracy,
parameterization of physical processes, simulation time, data, etc.

2.5. The NWM project

NWM is an example of a modular assemblage approach to integrated
modelling, in contrast to a single integral model representing the whole
system (see Voinov and Shugart, 2013). In an assemblage approach,
existing models are reused that are developed and tested by specialists in
that particular area. ‘Integrated’ particularly refers to the consistent
treatment of input data and the time synchronization across all processes
and regions. For example, the exploration of the effect of long-term
changes in climate and land use requires model input data for the
future scenario to be developed consistently for all regions and sub-
models. A major advantage of an assemblage approach is that it reduces
model development cost, time, and effort. On the other hand, in-
vestments are needed in the interfacing, interoperability, information
exchange, and governance of the development of the components
(Rizzoli et al., 2008). The NWM project started in 2010 (then labelled as
the Delta Model) with key objectives to provide a consistent and
accepted set of models, in a robust and flexible modelling environment,
to support policy analysis within the Delta Programme (Prinsen et al.,
2014; Ruijgh et al., 2015). To ensure consistency and reproducibility, a
selection of the most appropriate subset of models from a large ensemble
of existing candidate models with varying spatial resolutions and scopes
was made. The Delft-FEWS framework enabled the utilization of stan-
dardized boundary conditions and data exchange between the models.
Furthermore, the submodel developers are required to provide proper
documentation and support and maintenance to enhance uptake of the
models in the NWM framework. Choices regarding the level of detail and
upscaling of regional data to the national scale were negotiated between
the scientific community, (regional) water managers and policy-makers.
From 2010 onwards, in view of the first phase of the Delta Programme,
additional submodels were coupled (first Sobek-NDB and later
LSM-light; see Fig. 2), and the exchange of data between these sub-
models was improved. The salt water intrusion model (Sobek-NDB) was
coupled to dynamically calculate the salt-dependent closure of one of
the main fresh water inlet points in the West of the Netherlands. Because
feedbacks exist between salt concentration and water distribution, an
iteration loop of both LHM and LSM-light was required. Furthermore, in
2015, the choice was made to start simulating 100-year time-series of
(historical and future) precipitation, evaporation, river discharge and
sea level, based on historical measurements (Kroon et al., 2015). With
this approach the observed temporal and spatial correlations between

the various variables are included, thereby allowing a proper estimation
of the probability distribution of drought impacts. In parallel, the sub-
model LHM was updated with regional data provided by regional
stakeholders, such as measured time series of surface- and groundwater
levels, detailed data on the surface water elements, and on the vertical
discretization of the subsurface. For example, the number of soil types
was tripled, thereby refining the unsaturated zone parameterization. To
increase computational efficiency, parallelization of the computational
cores has been developed (see e.g. Verkaik et al., 2021). The current
activities of the NWM project mainly consist of integrating updated
versions of the underlying submodels and data streams, in combination
with hardware upgrades, improving model coupling and data exchange,
and improving the consistency of boundary conditions between the
submodels, for example related to future scenarios.

2.6. NWM quick scan tool

Over the past years, a quick scan tool (QWAST; Gijsbers et al., 2017)
has been developed to allow the quick and rough exploration of mea-
sures that are aimed at water demand or water allocation on the national
scale. The temporal and spatial resolutions of the water allocation
network are similar to that of the Distribution Model, one of the NWM
submodels. In the policy process, QWAST serves as a first order evalu-
ation of the effectiveness of measures with the aim of developing a water
allocation strategy. QWAST simulates water allocation given
pre-calculated and time-dependent water demands (taken from NWM)
of various users in all regions that are connected to the main water
distribution system, considering prioritization over users and regions.
The quick scan model does not cover the full range of potential risk
management actions, since it only includes surface water processes and
water allocation, excluding rainfed agriculture, salt water intrusion, and
groundwater processes.

3. Discussing the key requirements of the National Water Model

The NWM aims to support a decision-making process for which
questions about system behaviour, effects of external developments
(climate change, socio-economic change), and effectiveness of drought
risk reduction measures need to be answered in a timely manner. This
section first describes the modelling goals and model complexity in
relation to the policy process, and then discusses the extent to which the
NWM is able to meet the three key requirements: relevance, timeliness,
and stakeholder acceptance.
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3.1. Modelling goals in relation to the policy process

In the context of water resources management, modelling activities
are designed to provide useful and timely information to all stakeholders
involved in the decision-making process, which typically consists of the
following phases, including feedback loops (Loucks and van Beek,
2005): (I) inception, (II) situation analysis, (III) strategy building, and
(IV) action planning, implementation, monitoring, and evaluation.
Modelling takes place in support of the situation analysis (phase II) and
strategy building (phase III), in order to analyse the problem under
current and future conditions through scenario analysis, and to assess (a
collection of) alternative policy actions.

Within phase II and III, four modelling goals can be distinguished
(Fig. 3). The first goal is to understand the natural and human system
with all relevant processes and feedbacks and identify the main char-
acteristics of the problem. For drought risk management this involves
the identification of the probability of water shortage due to drought as
well as the impacts on a range of water users. Major drought charac-
teristics may vary across the different regions. The second goal is to
explore potential emergence or development of future problems
(‘explore future scenarios’). Such scenario analysis includes mapping the
uncertainty of future climate change and potential response of water
users to this (for example, changing time-varying water demands). The
third goal is to explore various policy actions to reduce drought risk and
help the stakeholders develop a preferred strategy from a long list of
potential measures. These include operational, tactical, and strategic
measures focusing on water demand reduction and/or water supply
increase (e.g Buurman et al., 2017). Finally, the fourth goal is to assess
several strategies on their effectiveness, i.e. the ability to reduce (the
impact of) water shortage due to drought, against acceptable societal
costs.

Integrated assessment with the purpose of supporting long-term
policy-making (50-100 years ahead) involves taking into account
many types of (deep) uncertainty arising from multiple plausible future
developments, multiple views on system evaluation, various responses
to events and trends, natural variability, and limited knowledge of the
system processes and functioning (Marchau et al., 2019; Walker and van
Daalen, 2013; Hallegatte et al., 2012; Haasnoot et al., 2012, Lempert
et al., 2003). To ensure consistency and optimize model management,
one integrated assessment model is preferably used to analyse the whole
system, and to explore the interaction between future scenarios and
policy actions, while additional (detailed) models may be used subse-
quently to perform in-depth analyses for a certain region, sector or
measure. In the current policy cycle leading to an updated national
strategy to deal with climate change (Delta Programme, 2022-2027),
NWM is used for three of the four described goals (Fig. 3). To explore
water shortage in the future, four scenarios were used for two future

Inception

Situation analysis and strategy building
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time periods (2050 and 2100). These so-called Deltascenarios (Wolters
et al., 2018) combine two climate change scenarios (KNMI, 2015) with
two socio-economic scenarios (Manders and Kool, 2015), resulting in
four different storylines for climate change and the response of the
human system for different socio-economic configurations. Land use,
irrigation, and drinking water demand are examples of scenario-specific
human responses. Additionally, one scenario-variant was developed to
explore the effect on water demand of implementing drainage systems in
peat areas to reduce CO2 emissions according to the Paris-agreement.
All scenarios were translated into consistent model input and bound-
ary conditions by Hunink et al. (2018). A total of 11 model experiments
(1 x reference + 5 scenarios for 2050 + 5 scenarios for 2100) were thus
carried out to understand the drought risk system and explore drought
risks in the future.

The meta-model QWAST has been used to quickly explore a large set
of policy actions (third goal). The choice for a separate quick scan tool
was made because, at least currently, the NWM is not fast enough to
support the iterative process of moving from a long list of potential
measures to a short list of promising measures. About 60 model exper-
iments were conducted with QWAST: 20 individual measures and 10
strategies (combinations of measures) were simulated for 2 scenarios
encompassing a 100-year times series. Each 100-year QWAST run takes
a few hours to simulate.

NWM was finally used again to compare priority strategies in order
to choose the preferred strategy (fourth goal). However, because of the
simulation time and cost constraints (both following from model
complexity), only 4 scenario/strategy combinations were explored: 2
strategies for 2 scenarios in 2050, each for the 100-year time series. The
subsequent interviews with policy-advisors revealed that this collection
was not sufficient to address all relevant policy questions. For example,
the relative impact of drinking water and agricultural water extraction
on declining groundwater levels under future conditions remained
unresolved.

3.2. Model complexity

In terms of model complexity, it is generally accepted that for the
purpose of decision support and exploration of future developments,
spatially and temporally less-detailed models are required than, for
instance, operational models to forecast system behaviour in response to
weather predictions. Fig. 4 displays a conceptual overview of model
applications with respect to three model dimensions: the required con-
ceptual detail of the processes that are modelled (model complexity), the
level of acceptable model uncertainty, and the time range of the anal-
ysis. Three types of model application can be identified: (1) prediction
(estimating the value of a system variable given a change in system in-
puts or boundary conditions), (2) forecasting (predicting the value of

Action planning,

ﬂ 1. Understand the system

monitoring, and
‘ evaluation

{ 2. Explore future scenarios

‘ >

3. Explore policy actions

{ 4. Assess strategies
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Fig. 3. The role of the National Water Model in the policy-making cycle.
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Fig. 4. Three model applications in relation to dimensions of model
complexity, time range and uncertainty. NWM is located schematically in this
conceptual diagram.

system variables in the near future on the basis of varying system forc-
ings) and, (3) exploration (estimating model variables in the future
given changes in a combination of model inputs, parameters, and
boundary conditions). While for prediction and forecasting historical
accuracy is an important characteristic of model approaches, exploring
long-term future (30-100 years ahead) requires model outcomes to be
plausible given assumed conditions (see Kelly et al., 2013). Many sce-
narios are needed to explore the interactions between processes and
impacts of interrelated changing conditions including feedbacks, and
how this can be adapted by policy actions. For this type of application,
models used should be fast enough to allow large numbers of calcula-
tions for long time series, while keeping sufficient detail to represent all
relevant processes and their interactions (Haasnoot, 2013; Booij et al.,
2003). A comparison of models with different levels of complexity is
needed to determine the configuration that would be sufficient for
answering policy questions (Guillaume and Jakeman, 2012).

Determination of an optimal model configuration is difficult when
the model will be used for different applications simultaneously (in a so-
called unified modelling concept, see e.g. Clark et al., 2015). Also, the
LHM is used for purposes other than long-term assessments, e.g. as a
predictive model for regional hydrological studies, as a component in
the national operational drought management system, and for simu-
lating and forecasting the real-time drought situation and expected
water shortage in the short term. These multiple purposes imply that
choices in temporal and spatial resolution require a trade-off between
high accuracy versus high computational efficiency. Interestingly, many
(particularly regional) policy advisors consider the current version of
LHM not detailed enough for regional (groundwater) studies. Since the
multi-purpose model LHM is a major component of NWM, the NWM is
placed in the middle of the vertical axis in Fig. 4, reflecting a compro-
mise between exploring the future and forecasting.

The steering committee considered it necessary that NWM contains
groundwater and surface water interaction, because 1) large parts of the
subsurface of the Netherlands consists of highly permeable river sedi-
ments, causing the surface water and groundwater systems to act as one
system (Winter et al., 1999) with mutual feedback mechanisms, espe-
cially when simulating dry conditions, and 2) the Netherlands partly
consists of large areas with deeper groundwater levels that react slowly
(¢, 20 years) to changes in hydrological boundary conditions, causing
adjacent connected areas to react also slower than other areas, and 3)
the central Veluwe area with deep groundwater levels directly connects
with the Lake IJssel via the deeper subsurface, which is relevant when
performing simulations for long time periods (Gehrels, 1999).
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3.3. Relevance of the model outcomes

The required level of detail in an integrated assessment model
directly follows from its purpose in the policy process — in this case to
understand the system, explore scenarios, and assess strategies to deal
with (potential future) problems (see Fig. 3). Relevant system processes
must be included at the right temporal and spatial scale, and their
response to changing climate and land use conditions need to be
assessed as well. For the exploration of drought risk and mitigation
strategies, the NWM should provide a realistic representation of natural
variability and extremes of main drivers and internal dynamics of
droughts, which determines the frequency and intensity of major
drought impacts (Van Loon, 2015). This in turn gives guidance to the
policies addressing the balance between water demand and supply
under current and potential future climate and socio-economic condi-
tions. The relevant performance indicators for drought risk assessment
in the Netherlands include:

@ Frequency and severity of soil moisture deficit (which may change
due to climate change, land use change and water management
actions)

@ Average summer groundwater levels (which may change due to the
combination of climate change and extractions for drinking water
production, industrial use, and irrigation)

@ Frequency, level, and duration of salt water intrusion (which may
change due to the combination of changing river flows and sea level
rise and affecting fresh water inlets)

@ Level and frequency of water shortage from the main rivers, canals,
and lakes (which may change due to a combination of temperature
change, change in river flows, land use change, and farmers’
response to climate change).

@ Duration and frequency of low water depths along the main water-
ways that impact inland shipping

This set of variables reflect the many physical processes related to
drought. Furthermore, the computational framework allows long time
series to represent climate variability, many combinations of measures
and scenarios can be simulated, and output is easily connected to eco-
nomic impact models. The model outcome is thus considered relevant
for the decision-making process.

3.4. Timeliness

To be useful in the decision-making process, model results should be
published at a convenient and opportune time (Hamilton et al., 2019).
Timeliness is not only related to the net simulation time (computation
time) of the model, but also to the time it takes to prepare model inputs
and schematisations (e.g. derived from scenarios and proposed policy
actions) and the analysis of the outcomes. Complex models are more
difficult to schematize and interpret, thereby increasing the duration of
the modelling exercise, which poses a risk for the timeliness of the
outcomes. Available budget to carry out the computations clearly play a
role as well, which may limit the efficiency of the simulations. For
example, the more model runs that are carried out in parallel, the higher
the use cost of processing units. Over the past decade, the simulation
time of NWM has significantly increased, due to the addition of sub-
models and the simulation of long time series, despite developments in
computation architecture that allow parallelization of model runs (see
Section 3.2). This increased the simulation time of the full model train
from a few weeks to 2-3 months for one 100-year run, making it
increasingly challenging to synchronize with the policy-making process
and significantly increasing the project costs. In practice the deadlines of
the Delta Programme policy-making process are met by limiting the
number of NWM-runs and the use of QWAST to explore potential policy
actions. This shows that the NWM’s ability to simulate a sufficient
number of scenario/strategy combinations to answer relevant policy
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questions is limited.
3.5. Stakeholder acceptance

To increase acceptance of model outcomes, the decisions that are
supported by these outcomes, and commitment to its implementation,
stakeholders must be engaged in the model design process (Hamilton
et al., 2019; Voinov and Bousquet, 2010). Furthermore, model outputs
must be scientifically justified and developed without a bias towards a
desirable outcome or interpretation (Hamilton et al., 2019; Cash et al.,
2003). A range of techniques is available to evaluate the scientific per-
formance of an environmental model (see Bennett et al., 2013),
including quantitative comparison with observed data (model valida-
tion). Since model behaviour under future conditions cannot be directly
derived from model validation, additional (qualitative) evaluation
methods are often used based on e.g. theoretical reasoning, extrapola-
tion to future conditions, or finding analogues in different locations or
time ranges (Jakeman et al., 2006). Furthermore, trust in model out-
comes is also gained by discussions on their plausibility with stake-
holders with high expertise in the functioning of the system they manage
in practice. Quantitative and qualitative model validation is not carried
out as part of the NWM project, but is carried out as part of the projects
that maintain and develop the submodels. Although the submodel LHM
has been significantly improved over the past 10 years (by including
more processes and updating underlying data), full model validation is
not applied routinely but undertaken in irregular dedicated projects
(such a project is running in 2021; the former validation took place in
2013). Similarly, the submodel LSM has been improved by merging
several regional models but has hardly been validated with observed low
flow data. Besides model validation, other activities have contributed to
the trust in model outcomes. Stakeholders in the LHM project not only
advise about model developments, but also share local and regional data
about their water system. For example, the groundwater model of LHM
is based on upscaled data from the underlying regional high-resolution
(25 x 25 m) groundwater models (e.g. Hoogewoud et al., 2013).
Acceptance of the results of national analysis by regional stakeholders is
promoted by the ability to compare results with their own regional
model outcomes. Also, the periodic discussion of model outcomes with
an independent expert group facilitates this acceptance. Such discus-
sions were facilitated in the previous Delta Programme policy cycle as
well as in the PAWN study, during which the model-based analysis was
reviewed by a group of independent (model) experts from national and
regional authorities (Goeller et al., 1985).

Summarizing, because the submodels are developed and validated in
a continuous process in close interaction with regional stakeholders, the
NWM is accepted as ‘state-of-the-art’.

4. The main NWM dilemma

Over the past 10 years, the National Water Model (NWM) has
developed into a well-documented and structured, integrated model
instrument with interconnected models that are accepted by stake-
holders. Its outcomes are used in the drought risk management process,
because it describes all relevant drought-related physical processes, it
allows long time series to represent climate variability, and it connects
to economic impact models. Its computational framework (FEWS) al-
lows transparency and reproducibility of model simulations. Because
continuous investments in development and validation of the submodels
occur in a parallel process and in close interaction with regional water
managers and model experts, these submodels are considered ‘state-of-
the-art’ for national-scale analyses.

The NWM thus meets many of the key requirements. However, the
multi-purpose design of some components (particularly the LHM sub-
model) inevitably lead to trade-offs in the configuration that is not fully
optimized for its specific use as integrated assessment model for national
policy-making. The subsequent heavy computational burden of the
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NWM limits its usefulness for the national Delta Programme, because the
number of scenario/strategy combinations that can be (afforded to be)
simulated in time for the policy process is (too) limited. This demon-
strates the main dilemma: an assemblage approach limits development
costs and increases stakeholder acceptance, but it also increases the
model complexity and computation time, compromising timeliness in
and knowledge for the policy-making process. The NWM case shows that
policy analysts come up with practical solutions to overcome the
dilemma, for example by limiting the number of NWM simulations
which increased timeliness but reduced the model outcome relevance,
because not all policy questions were answered. Another example is that
the length of the time series for some of the scenario runs with NWM was
reduced from 100 to 30 years, at the expense of a reduced insight into
natural variability and extreme drought events. Another choice that was
made to overcome the dilemma was to develop a quick scan model
(QWAST) for water demands and water allocation. The QWAST served
the purpose of quickly providing insight into the performance of several
(combinations of) policy options under a range of scenarios. However,
its relevance to the policy process is still limited, because several rele-
vant processes are left out, and it heavily depends on the NWM for input
on climate change and land use scenarios. Also, a systematic comparison
between the performance characteristics of QWAST and NWM is not
executed, limiting the consistency between the two models.

Clearly, the choice of NWM as an integrated assessment model was
well-justified for its status as state-of-the-art repository of accepted
submodels, but it is currently not fit-for-purpose to explore the desired
scenario uncertainty range and the range of policy options in a timely
manner. Its computational costs are too large, and its complexity re-
quires considerable time and effort to translate storylines about future
development, policy actions and model uncertainty into model sche-
matizations and boundary conditions, and to analyse the model output
to provide valuable model outcomes.

For future development and application of the NWM, the following is
recommended:

1. Increase the flexibility of the NWM modelling framework and the
submodel software, allowing to switch between spatial scales, reso-
lution, and degree of conceptual complexity. For example, in regions
where groundwater is less important, the LHM model could be used
to simulate surface water allocation with a semi-static groundwater
boundary condition. Flexibility may also be introduced by adding the
ability to alternate between the national scale and a regional scale
using multi-resolution modelling concepts (Davis and Bigelow, 1998;
Rabelo et al.,, 2015). Specific to the NWM case, an upgrade to
MODFLOWSG (Langevin et al., 2017) would allow for more flexibility
in groundwater modelling, facilitating detailed analysis for a certain
region while maintaining connection and consistency with the rest of
the model domain;

2. Derive and periodically update a meta-model version of NWM that
includes all relevant processes in a less-detailed way than currently
done in the NWM submodels. A meta-model or fast-and-simple
model mimics the behaviour of complex models by using simpli-
fied cause-effect relationships (Davis and Bigelow, 1998; Van Grol
et al., 2006; Walker and van Daalen, 2013; Haasnoot et al., 2014).
Such a meta-model can be used to explore many combinations of
scenarios and policy options, and to assess adaptation strategies. The
more detailed NWM and/or its submodels may be used subsequently
to perform in-depth analyses for a certain region, sector, and/or
measure.

To ensure the acceptance and uptake of meta-model outcomes by all
stakeholders, a standardized procedure is required to preserve consis-
tency between the simple meta-model and the institutionalized NWM.
Furthermore, stakeholders must be engaged in the model development
process (Hamilton et al., 2019; Van Delden et al., 2011; Voinov and
Bousquet, 2010). In view of the varying model requirements in terms of
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spatial and temporal resolution throughout the policy process, the future
NWM should not be considered a single integrated model, but instead a
collection of detailed, connected submodels and a less-detailed meta--
model. Depending on the policy phase and resulting requirements, many
scenario/strategy combinations can be explored with the meta-model,
or more detailed insights can be obtained with submodels for specific
regions, processes, and/or measures (see also Haasnoot et al., 2014).

To move forward with the NWM project, it is recommended to
organize a continuous conversation about fit-for-purpose between pol-
icy advisors, model experts, and stakeholders. The literature provides
useful frameworks to structure and formalize such a conversation
(Bennett et al., 2013; Guillaume and Jakeman, 2012). Furthermore, a
comparison of models with different levels of complexity is needed to
determine the configuration that would be sufficient for answering up-
coming drought risk management policy questions.

5. Conclusion

The Netherlands’ National Water Model (NWM) is an integrated
assessment model that allows exploring and assessing various adapta-
tion measures, long-term strategies, and future scenarios on a national
scale in support of policy-making on drought risk management. The
model’s outcomes are considered relevant and are accepted by stake-
holders, but its simulation time is considered too long to respond quickly
to policy questions. Also, its complexity requires considerable effort in
schematization and analysing the model simulations, which reduces
timeliness and increases project costs.

The NWM case has illustrated a clear dilemma that occurs when
submodels are used as a basis for developing an integrated assessment
model in support of policy-making. Such an assemblage approach limits
development costs and increases stakeholder acceptance, but also im-
plies trade-offs when multi-purpose submodels are used. This poses a
risk of increased model complexity and computation time, compro-
mising timeliness in and knowledge for the policy-making process. To
deal with this dilemma, two recommendations were made: 1) Increase
the flexibility of the NWM modelling framework and the submodel
software, allowing to switch between spatial scales, resolution, and
degree of conceptual complexity; this is known as multi-resolution
modelling, and 2) derive and periodically update from this institution-
alized complex model a meta-model - i.e., a fast simple model (FSM) -
that includes all relevant processes to quickly explore many scenario/
strategy combinations.

The insights from the NWM case can be valuable for others that are
involved with developing and maintaining integrated assessment
models in support of long-term policy-making for water resources
management. The fit-for-purpose conversation between policy advisors
and model developers deserves formalization and should be continuous
in view of changing requirements and ongoing submodel developments.
When integrated assessment is supported by a meta-model, a stan-
dardized procedure is required to assure consistency between the meta-
model and the institutionalized complex model.
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