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Abstract

Geohydrological modelling is crucial for understanding how water balance components
react to changing environments. Researchers usually prefer to model surface and ground-
water processes separately due to the difficulty of coupling those water systems. In doing
so, groundwater-surface water interactions will be ill-represented. Thus, coupled models
are required mainly in groundwater-dominated watersheds with shallow aquifers where
the streams and aquifers interact constantly. The widely applied soil water assessment
tool (SWAT) was recently modified with versatile options representing detailed processes
(SWAT+). Despite improvements, groundwater representation is still conceptual. Thus,
recent advancements have introduced a groundwater flow module (gwflow) for SWAT+,
making it fully physically based and distributed. In this thesis, the newly coupled SWAT
+gwflow model is modified to account for groundwater-soil interaction and produced aid-
ing tools for model development, calibration and post-processing. The enhanced model is
then tested and validated in the Scheldt basin - specifically the Kleine Nete, Grote Nete,
Demer, Dijle and Zenne, Dender, Upper Scheldt, and the Leie as well as to some selected
representative watersheds across the globe.

Models are vital to evaluate the extent to which climatic extremes affect surface and ground-
water reserves. As hydroclimatic extremes are becoming more frequent and intense, inves-
tigating how these events evolve spatially and temporally is crucial. Specifically, drought
has complex patterns and occurring mechanisms affecting several layers of watershed water
balance components. Thus, in this research, the SWAT+gwflow model setup for the Scheldt
basin is used to evaluate the impact of climate change on streamflow and groundwater
droughts. There are two major drought analysis methodologies, one which is a standard-
ized index based which fits a given variable (e.g., precipitation, streamflow, groundwater
head, etc.) to a probability distribution function and then transforming it to cumulative dis-
tribution function and ultimately converting it to standardized normal distribution function
making it spatially and temporally comparable. This method fails to provide information
on the amount of deficit. As policymakers are keen to know how much the decline in
a given water balance component is due to drought, threshold-based drought analysis is
the widely used method. Therefore, this research compares the two methods, generates a
methodology to find an appropriate distribution function, and ultimately uses an attribution
analysis using the Inter-Sectoral Impact Model Intercomparison Project (ISIMIP) factual
(with climate change) and counterfactual (without climate change - detrended data) data
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to evaluate and assess if climate change is a key player and to what extent it aggravates
hydrological drought events.

In recent years, nature-based solutions (NbS) for hydroclimatic extreme mitigation/ adapta-
tion measures have been gaining momentum. These measures opt for natural means of in-
creasing the landscape’s water holding capacity, allowing groundwater systems to recharge,
decreasing runoff, reducing sediment load, etc. Drought is the least studied hazard com-
pared to floods, regarding NbS as a mitigation measure. Also, there is a lack of framework
for suitability mapping of NbS locations for drought mitigation. Therefore, in this last work
package, an extensive literature review is made to assess NbS targeting drought, henceforth,
a new framework for finding locations with the highest possible advantage on recharging
aquifers is investigated.

The results indicated that the standalone SWAT+ model is unable to capture the geohy-
drological water balance components and river discharge (Nash-Sutcliffe efficiency (NSE)
below 0.5). However, the coupled model with the inclusion of groundwater-soil interaction
has improved geohydrological simulations by providing reasonable annual average water
balance and monthly streamflow values. Next, the regional groundwater-surface modelling
of the Scheldt basin indicated successful application of the coupled model with calibration
and validation of streamflow, showing NSE ranging between 0.6 and 0.9. The seven water-
sheds inside the regional Scheldt basin mostly have shallow aquifers, making the modelling
practice convenient with the SWAT+gwflow model setups. Furthermore, an investigation
of the Kleine Nete watershed to simulate agricultural water drainage flux has added to the
coupled model’s ability to capture complex geohydrological conditions. In the agricultural
water drainage assessment, finding the locations of ditches was critical, hence, a novel
methodology was developed that considers groundwater levels along with classical remote
sensing and decision classification methods. Finally, the development of an open-source
Python script for the coupled model input preparation (model development), calibration,
and post-processing eased the coupled model’s application among the wider SWAT com-
munity.

Next, by using the calibrated and validated coupled models for the seven watersheds, an
attribution study was made to evaluate the extent of climate change impact on rivers and
groundwater and hydrological drought in general. Factual and counterfactual data from the
Inter-Sectoral Impact Model Intercomparison Project (ISIMIP) is used to force the models.
The impact assessment on the rivers has indicated that the low flows decreased between
3.5 and 14%. The cumulative deficit showed the highest impact on the Upper Scheldt
catchment. Furthermore, the Upper Scheldt and Leie basins experienced an average in-
crease in streamflow deficit of about 10 m3/s during drought periods. The use of three
detrended datasets has indicated uncertainty of deficit values, but all agree that the impact
of climate change on the rivers is evident. The groundwater attribution on the Kleine Nete
indicated that the groundwater level has decreased considerably in recent years (2010 on-
wards). Overall, from 1970 onwards, there was an average of a 10 cm significant decline
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in groundwater head, with some locations having a maximum decline ranging between 0.1
and 1.5 meters, which shows the uncertainty spread. The groundwater drought assessment
has indicated an increase in maximum drought deficit and duration due to climate change.
The deficit is mainly high for short-term (1 to 3 months) and yearly impact but revives at
a 24-month timescale. This is attributed to the shallow nature of the aquifer water table,
which declines in shorter time and revives at longer timescales. These highlight the need
to apply necessary mitigation or adaptation measures to reduce the impact climate change
causes on the Kleine Nete or, in general, unconfined groundwater reserves.

After highlighting that drought is partly attributed to climate change and the need for mit-
igation/adaptation measures is found to be evident, NbS mainly targeting drought are in-
vestigated. A literature review made on NbS and drought indicated the following major
findings: few NbS studies focus on drought compared to other hazards such as floods,
most NbS implementations are located in Europe, effectiveness is not well quantified for
implemented NbS and finally, for achieving considerable drought mitigation, large-scale
NbS are needed. With this in mind, the next research focuses on finding large-scale NbS,
which requires framework development, and applying the framework at a regional scale,
with Flanders as a case study area. The main findings from this work were the following:
The new mapping framework addresses drought-specific needs and climate scenarios, and
the results for Flanders underscore the highly suitable potential for detention basins (2552.2
km²) and managed aquifer recharge areas (2538.7 km²), emphasizing the adaptability and
scalability of the framework for addressing drought in the region, detention basins com-
pensate partly for the high groundwater demand, and finally, regional application yields
actionable insights for decision-makers.

This dissertation emphasizes that the physical and distributed nature and modification we
applied to the gwflow module have enhanced geohydrological simulations in groundwater-
dominated watersheds, such as the Scheldt basin. Additionally, climate change impacts
on surface and groundwater are analyzed by estimating deficit values that policymakers
can use to assess extremes and their possible impact. Finally, resilience against drought
with NbS is assessed by locating potential NbS areas based on several conditions. Thus,
water managers can utilize this research to apply necessary mitigation measures to tackle
the hazard by looking into its impact at several layers of the Scheldt River basin.

This PhD dissertation is structured around four major parts. The first focuses on model
development, including model modification, verification, and tool development. Secondly,
using the tools and modifications made in the first part, the model is further used for as-
sessing processes such as drainage impact on geohydrology, groundwater–surface water
interactions and groundwater–soil interactions in the Scheldt basin (model application).
Thirdly, the calibrated and validated model is used to investigate drought in the region.
Finally, solutions for drought mitigation are explored, focusing mainly on nature-based
solutions.
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Chapter 1

Introduction

1.1 General Background

Hydroclimatic extremes are prevailing across the globe, and their severity and duration are
amplifying over time. Their impact is seen at the surface (Bhaga et al., 2020), soil (Zhu
et al., 2021), and subsurface (Van Lanen and Peters, 2000) levels. For example, according
to OECD (2020), droughts are becoming more intense with prolonged duration. The recent
consecutive drought events in Belgium are notable examples. Floods sometimes accom-
pany drought events (e.g., July of 2021). This shows the complex nature of interacting
hydroclimatic extremes (Barendrecht et al., 2024). Hence, modelling and analysis tools are
needed to capture the complexity.

These events are assessed using models to explore their impact on watershed geohydrol-
ogy. Several modeling efforts are made to capture geohydrological functioning and water
balance components. However, these efforts are hindered by the inability of models to
capture inherent surface-groundwater interactions (Bailey et al., 2016). This interaction
is vital for comprehensively assessing catchment geohydrology. According to (Wang and
Chen, 2021), modelling surface and subsurface processes separately can ease the mod-
elling practice (input preparation, computationally, complexity-wise, etc.). Thus, surface
water models are developed to represent the surface processes and then are separately fed
to groundwater models. For example, the modular groundwater flow model (MODFLOW)
has been used to investigate groundwater quantity and quality with diverse applications
across the globe (Harbaugh, 2005). There are also surface water modelling practices that
use conceptual, data-driven, and physically based models (Gülbaz and Kazezyilmaz-Alhan,
2017; Sun et al., 2015; Warsta et al., 2013). In both cases, the inherent relationship between
groundwater and surface water is not represented. Thus, modelling community is pushing
toward the development of coupled models.

One of the widely applied model is the soil water assessment tool (SWAT), which re-
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cently was updated to have an advanced representation of hydrological processes labeled
as SWAT+ (Bieger et al., 2017). The model was applied to watersheds in tropical (Memar-
ian et al., 2014), temperate (Holder et al., 2019), cold (Zare et al., 2022), and arid (Rocha
et al., 2023) environments. Its versatile use is seen for watershed water balance assess-
ment (Uniyal et al., 2015), scenario analysis (e.g., climate change (Bhatta et al., 2019)),
management practices (Epelde et al., 2015) and reservoir operations (Jordan et al., 2022).

However, model has shortcomings, such as the conceptual representation of groundwater
systems, which leads to unrealistic designation of groundwater processes and affects the
overall water balance (Bailey et al., 2020b). For example, SWAT+ assumes that aquifers
are one unit per subbasin, which is unrealistic. Also, it assumes that groundwater heads
do not vary spatially, hindering a clear picture of recharge variability across watersheds.
In addition, conceptual representations bring empirical parameters that often need to be
calibrated without considering their physical meaning.

Due to these shortcomings, a new groundwater module (gwflow) was developed and merged
into the SWAT+ model structure to replace the conceptual representation of the groundwa-
ter processes. The coupled model was applied in different basins across the globe, with
its application seen to improve geohydrological simulations in tile-intensive watersheds
(Bailey et al., 2022), groundwater-surface water interaction-dominated catchments (Bai-
ley et al., 2023), etc. However, the coupled model still has a limitation in accounting for
groundwater-soil interaction where groundwater reaching the soil profile is not considered.
This can lead to inappropriate water balance estimations in geohydrological modelling
and further skews model applications. Therefore, this dissertation modfied the coupled
SWAT+gwflow model to designate this process accurately. In addition, the model’s ability
to efficiently and accurately represent groundwater–surface water interactions at a regional
scale is missing, hence, the regional Scheldt basin is used to validate the model.

Geohydrological models are useful for evaluating the past, current, and future status of
water quantity and quality. Specifically, they are used to assess the impact of land use,
climate, human factors, etc., on water resources. The primary outcome of models is to
inform policymakers about the mechanism by which a given water resource is deteriorating
in quality and/or reducing in quantity, possible mitigation/adaptation measures to curb the
impact, evaluation of water management scenarios, etc.

For example, SWAT+gwflow can be used to model shallow groundwater-dominant wa-
tersheds, where the impact of agricultural water drainage on the availability of this vital
freshwater resource is immense. However, the locations of the drainage units (tile, ditch,
etc.) are not well known, as historical agricultural expansion practices do not document
the whereabouts of these units (Valayamkunnath et al., 2020). Thus, developing a novel
methodology for locating agricultural water drainage areas and investigating their impact
using the SWAT+gwflow model is an additional value of this dissertation.
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Additional use of geohydrological modes is to investigate hydroclimatic extremes, among
which drought is still underexplored, and its challenges persist across watersheds. Its spa-
tial and temporal uncertainty and complex patterns make it difficult to predict its impact
on water resources (Vicente-Serrano et al., 2010). Some scholars attribute an increase in
severity and frequency of drought to be the consequence of climate change (Chiang et al.,
2021). Hence, the extent of climate change’s impact on rivers and aquifers is evaluated
using the coupled SWAT+gwflow model for the regional Scheldt basin. In doing so, com-
prehensive drought analysis methods and tools are produced to advance our understanding
of drought at different spatial and temporal scales.

To combat the impact of drought on surface and groundwater resources, adaptation and/or
mitigation measures are needed. In recent years, nature-based solutions have been getting
more attention from the wider community in their ability to reduce the impact of extremes
on ecology, water resources, and communities (Gómez Martín et al., 2021). Since NbS
are emerging concepts with widespread acceptance, evaluating their use for drought man-
agement has not been explored in depth. Therefore, in this thesis, an extensive literature
review has been made to find NbS applications targeting drought. Furthermore, NbS suit-
ability mapping framework is developed, which is finally used to find suitable areas for
detention basins and managed aquifer recharge areas with Flanders (the northern part of
Belgium) as a case study area.

Figure 1.1: Major chapters of the thesis, excluding introduction and literature review
(background)
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1.2 Research objectives and questions

The main objective of the thesis is to investigate drought using a fully coupled surface-
groundwater model and ultimately assess nature-based solutions for mitigating the impact
of drought. However, to reach the last milestone, we attained several objectives. (Fig. 1.2).

1. Objective 1. A newly coupled geohydrological model (SWAT+gwflow) is modified
to account for groundwater-soil interaction, which, in the end, is used to simulate
water balance components in the Dijle watershed, Belgium (Chapter 3). This lat-
ter is also used to evaluate surface water-groundwater interactions (SW-GW) at the
regional Scheldt basin (Chapter 4)

2. Objective 2. The lack of input preparation, post-processing, and calibration tool
(IPPC) for the SWAT+gwflow model leads to the development of an automation
toolkit for enhanced model application (Chapter 3). This tool avoids the long manual
GIS operations that need to be done to prepare input files.

3. Objective 3. Having the modified SWAT+gwflow model and the tool from the previ-
ous objectives, assessing the use of the coupled model for further use such as inves-
tigating the impact of agricultural water drainage (Chapter 4), evaluating SW-GW
interactions at the regional scale (Chapter 4), assessing climate change impact on
streamflow and groundwater reserve is done (Chapter 5).

4. Objective 4. For the SWAT+gwflow model to evaluate agricultural water drainage,
finding the locations where the drainage units are placed is vital. Thus, a new
methodology is primarily formed to enhance the accuracy of locating those drainage
units.

5. Objective 5. Developing an inventory of historical droughts (meteorological, agri-
cultural, and hydrological) in the regional Scheldt basin is also the objective of this
thesis which makes it one of its kind. Hence, using the coupled model, the Scheldt
basin historical droughts are investigated (Chapter 5).

6. Objective 6. Assessing whether climate change is a main player in streamflow and
groundwater drought in the Scheldt basin is examined using the coupled model,
where it’s forced with factual (with climate change) and counterfactual (detrended
– without climate change) data.

7. Objective 7. In the end, an extensive literature review on the use of nature-based
solutions (NbS) for drought mitigation is assessed. In addition, a novel framework
is developed to find suitable detention basins and managed aquifer recharge areas to
mitigate the impact of drought on water resources (Chapter 6).
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Figure 1.2: Research objectives of the three main categories of the thesis (geohydrological
modelling and its application, drought assessment, and finally, nature-based solutions for
drought mitigation).

1.3 Scientific novelty of the research

• The modification that was adopted on the SWAT+gwflow to account for groundwater-
soil interaction is vital to capture the geohydrology of watersheds, mainly those in
groundwater-dominated areas or shallow aquifers (e.g., catchments in Flanders).

• The model was applied and validated at a regional scale for the first time, increasing
the model’s reliability in representing geohydrology in different climatic, geological,
and land use contexts. Additionally, its application for assessing intensively drained
agricultural areas is validated, showcasing its adaptability for scenario analysis and
implications for policy-making.

• Before applying the model for assessing agricultural water drainage in the Kleine
Nete watershed, finding areas that apply drainage was challenging, and this research
designed a methodology that identifies those locations and assesses their impact us-
ing SWAT+gwflow. The methodology was validated using an additional study area in
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Ontario, Canada’s highly drained agricultural area, indicating its global application
potential.

• There is no tool for input preparation, post-processing and calibration for the newly
developed SWAT+gwflow model, making it useful for the wider SWAT+ user com-
munity.

• Inventory and comprehensive assessment of historical meteorological, agricultural,
and hydrological droughts is missing in the Scheldt basin, hence, the historical drought
assessment using a calibrated and validated SWAT+gwflow model is vital. Addition-
ally, analyzing and finding an appropriate probability distribution function to further
be used for the three different drought types shows the scientific added value of this
research.

• Climate change attribution studies at catchment scale and representing both the sur-
face and groundwater hydrology are rare, hence, the use of SWAT+gwflow model in
the Scheldt basin to evaluate the extent of climate change impact on the geohydrol-
ogy is vital addition of this research to attribution analysts.

• A comprehensive literature review on nature-based solutions (NbS) was conducted
to target drought. Additionally, a novel framework was also designed to find suit-
able detention basins and managed aquifer recharge locations to withstand extreme
drought events in a given landscape.

1.4 Outline of the thesis

This doctoral thesis is organized based on a series of international peer-reviewed journal
articles, either published, in review or draft stage. The thesis is structured as follows (Fig.
1.1):

In chapter 2, A literature review is conducted to show the state-of-the-art geohydrolog-
ical modeling, input preparation, post-processing and calibration tools for the SWAT+
model, groundwater-surface water interactions, agricultural water drainage identification
techniques, the impact of water drainage on geohydrology, drought analysis methods,
drought attribution to climate change, and nature-based solutions for hydroclimatic ex-
tremes. This chapter identifies research gaps, which are later investigated in depth in the
following chapters.

In chapter 3, This chapter has two major parts. Firstly, the SWAT+gwflow model is modi-
fied to account for groundwater-soil interactions, hereafter validated using the Dijle water-
shed located in Belgium as a case study area. Secondly, the SWAT+gwflow model input
preparation, post-processing, and calibration (IPPC) tool is developed to ease the model’s
application. This chapter is based on two peer-reviewed published papers.
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In chapter 4, The modified SWAT+gwflow model and the IPPC tool from the previous
chapter are used to perform a detailed assessment of geohydrology. Firstly, extensive agri-
cultural water drainage is investigated using the coupled model. For this assessment, find-
ing the locations of the agricultural drainage units is vital. Thus, a novel methodology
is created to identify agricultural water drainage areas by combining remote sensing and
groundwater levels. The coupled model is also used to evaluate groundwater-surface water
interactions at a regional scale (the Scheldt basin). This chapter aims to validate the cou-
pled model, which will ultimately be used to perform drought analysis in the next chapter.
This chapter is based on three peer-reviewed published papers.

In chapter 5, The calibrated and validated coupled model from the previous chapter is used
to perform drought analysis. Firstly, historical droughts (meteorological, agricultural and
hydrological) inside the Scheldt basin are investigated using the coupled model outputs.
Secondly, using factual (with climate change) and counterfactual (without climate change),
the impact of climate change on rivers and groundwater systems is assessed. This chapter
is based on three draft papers.

In chapter 6, Drought-specific nature-based solutions are assessed. Firstly, an extensive
literature review is conducted to find research gaps. Next, a framework to find suitable areas
for detention basins and managed aquifer recharge areas is developed. This framework
is applied in Flanders and is assessed to see if local water demand can be met with the
possible detention basin areas outlined by the framework. This chapter is based on two
peer-reviewed published papers.

The key findings of this doctoral research are summarized in chapter 7 and recommenda-
tions for future research are indicated.

1.5 Study areas

For Chapter 3, we modified the SWAT+gwflow model, and to verify the modification, the
Dijle watershed located in Belgium is used as a case study area. In the same chapter, the
input preparation, post-processing, and calibration tool is tested using watersheds from
Belgium, Spain, Morocco, Italy, and Denmark). For subsequent use of the model, seven
watersheds inside the Scheldt basin are used (Chapters 4 and 5). However, when develop-
ing the novel methodology to identify agricultural water drainage unit locations, we used
Kleine Nete and one additional catchment from Ontario, Canada. (Fig. 1.3).
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Figure 1.3: Study areas used for the different parts of the thesis. IPPC stands for Input
Preparation, Post Processing and calibration tool
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Chapter 2

Background

This section provides an overview of the four aspects of the thesis: geohydrological mod-
elling, drought analysis, climate change attribution, and nature-based solutions. It dives
into the state-of-the-art working mechanisms, how they are analyzed, and their limitations
in accordance with the objectives of this thesis.

2.1 Geohydrological modelling

The complex nature of watersheds requires tools to evaluate the current trends (increas-
ing or decreasing) of water system reserves (groundwater and surface water). Numerical
models are widely used to represent geohydrological processes and provide insights for
improved water management. These models are generally classified based on their model
structure into conceptual and physical-based models, or on their level of discretization, into
lumped and (semi-)distributed models (Pechlivanidis et al., 2011). There exists a vast lit-
erature that focuses on conceptual hydrological models (Raimonet et al., 2017; Woo et al.,
2019; Choi et al., 2009; Essou et al., 2016; Vu et al., 2012). Models have limitations as
they are usually simplistic, and their underlying concepts underestimate the spatially dis-
tributed nature of hydrological processes (Martina et al., 2011; Pellicer-Martínez et al.,
2015; Sreedevi et al., 2021). In Raimonet et al. (2017), conceptual models are indicated
to have significant pitfalls but are sometimes preferred over “complex” model setups due
to reduced input requirement, relatively less uncertainty in the model parameter estima-
tion process, comparatively low computation time, etc. (Al-Safi et al., 2020; Blöschl and
Montanari, 2010; Ibrahim et al., 2015; Nguyen et al., 2018; Sun et al., 2015). These disad-
vantages of both lumped and distributed models can sometimes be overcome using semi-
distributed models that offer a good balance between lumped, oversimplified conceptual
models and fully distributed physically based models (Pechlivanidis et al., 2011).

An additional categorization of geohydrological models can be done based on whether they
simulate either surface water or groundwater using standalone “single models” or both us-
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ing “coupled models” (Wang and Chen, 2021). Surface water models mostly feature a
simplified representation of groundwater (e.g., Soil and Water Assessment Tool, SWAT,
Variable Infiltration Capacity, VIC, ensemble of surface water hydrology study by Huang
et al. (2017), etc.), while groundwater models require recharge simulated from other surface
water models (e.g., Modular Finite Difference Groundwater Flow, MODFLOW) (Aliyari
et al., 2019). These single models, however, are preferably coupled when the groundwater-
surface water interactions play a significant role. The benefits of coupling different models
are evident, especially when considering the regional scale where human and environmen-
tal processes fully interact (Barthel and Banzhaf, 2016).

Groundwater (GW) and surface water (SW) have long been treated as separate components
of the water system. However, they are in fact interconnected representations of a single
resource that naturally influence one another and have an impact on water quantity, qual-
ity and pollutant diffusion (Fleckenstein et al., 2010). Due to growing pressures on water
resources and water availability, the need for an integrated water management approach,
considering GW and SW as a single entity has increased (Tigabu et al., 2020; Devito et al.,
1996; Bailey et al., 2023). Furthermore, there has been an increasing interest into the inter-
face between GW and SW, the hyporheic zone, because of its habitat potential for various
organisms and as an area of biogeochemical cycling of nutrients and contaminants (Van der
Velde et al., 2009). Additionally, significant spatial and temporal variability between GW
and SW water fluxes can occur and complicate their coupling (Bailey et al., 2016). An im-
proved multidisciplinary understanding of GW-SW interactions is thus required to conquer
these challenges and further improve hydrological models that integrate both components
(Bailey et al., 2020a).

Different levels of integration exist when coupling models, ranging from sequential or loose
coupling, in which models operate autonomously, to fully embedded or integrated models
(Siad et al., 2019). It is to be noted that both fully and loosely coupled models have lim-
itations that need to be considered before using them for different applications. Coupled
models require higher computational time and costs, and they are more complex. These
potentials and problems are especially true for fully coupled models, which currently have
been tested only in academic studies and whose potential in practical case studies is still to
be demonstrated (Barthel and Banzhaf, 2016). For these reasons, loosely coupled models
are considered a better alternative in practice (Wang and Chen, 2021), even if the regional
geohydrological processes might be oversimplified (Barthel and Banzhaf, 2016).

Consequently, groundwater–surface water interaction has been mostly explored at a point
or on a local scale, while regional scale (103 to 105 km2) studies are rare. Since coupled
models have a complex computational requirements, which need more data and computer
resources, the number of coupled model applications in regional studies is very limited
(Barthel and Banzhaf, 2016). For example, Bauer et al. (2006) used a conceptual coupled
model with three components (overland flow, groundwater flow, and unsaturated zone) to
simulate a data-scarce area like the Okavango Delta in Botswana. One of the most common

10



Chapter 2. Literature review

coupling combinations is the SWAT–MODFLOW coupling, dating back to 1999 (Wang
and Chen, 2021). A large-scale application of SWAT–MODFLOW coupling application
has been performed by Bailey et al. (2016) to model a basin in Oregon, USA. Similarly,
Aliyari et al. (2019) updated the SWAT–MODFLOW codes to improve irrigation represen-
tation and tested it in a large basin in Colorado, USA. Deb et al. (2019) showed that the
coupled SWAT–MODFLOW produced improved runoff simulations better than the stan-
dalone SWAT model, especially during dry periods, in two basins of Southeast Australia.
Moreover, the MODFLOW model was also combined with the VIC model to investigate
the impacts of climate change in a basin in Northwest USA (Sridhar et al., 2018). In gen-
eral, however, the major challenges from these applications are either that they are too
simplified, they require detailed data, or they are challenging to run for fine resolution due
to computational requirement.

Based on the coupling scheme between GW and SW models two different approaches
can be distinguished to design an integrated hydrological model, i.e. a fully coupled and
loosely coupled approach. Here, the fully coupled approach refers to a design where the
equations describing surface and subsurface flow are solved simultaneously in a physics-
based model. On the other hand the loosely coupled approach refers to a design where
coupling is achieved by using the model output of one model as input into the other model.
According to Barthel and Banzhaf (2016) fully coupled models seem to be the best ap-
proach at first sight since such holistic description of the hydrological cycle can connect
different processes over various spatial and temporal scales. However, they state that many
authors agree such an approach is constrained by data availability and opt that loosely
coupled models with a simple coupling approach might still be suitable even with oversim-
plification of the regional system Sridhar et al. (2018). Thus, there has been ongoing effort
to find compromising point between these modelling approaches, mainly by the soil water
assessment tool (SWAT) team at Texas A&M.

2.1.1 The Soil Water Assessment Tool (SWAT)
The Soil and Water Assessment Tool (SWAT), developed in the early 1990’s, is a concep-
tual, continuous model developed to predict the impact of land management practices on
water resources, sediment, agricultural and chemical yields (Arnold et al., 1998). SWAT is
physically based, using data on climate, soil properties, topography, land use and manage-
ment practices and vegetation to model the physical processes related to water movement,
nutrient cycling, sediment movement, etc. (Bieger et al., 2017).

Over the past two decades it has become one of the most widely used hydrological models,
applied to several basins across the world. Up till now, the model’s capabilities have ex-
panded significantly due to continuous development by the SWAT development group and
collaborating scientists from all over the world due to it’s open-source code (Chawanda
et al., 2020). The SWAT model user community has user groups, extensive documentation
which ensures transparency, reproducibility and comparability with other studies, making
it an ideal model for use globally. The foundational strength of the SWAT model include its
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combination of land processes and detailed management practices with channel processes
as well as it’s computational efficiency (Arnold et al., 2018; Yen et al., 2019). Additionally,
it has a strong technical model support and there exist various interface tools and software
for pre– and postprocessing of data and the construction, calibration, and parameterization
of the SWAT model (Arnold et al., 2012). Nevertheless, the model struggled to clearly
identify pollution sources and transport processes due to its spatial simplicity, which is an
important step in several applications that consider water quality. Therefore, the SWAT
code has undergone many modifications over the years to face these and future challenges
resulting in SWAT+, an entirely revised and restructured model. SWAT+ uses the same
basic algorithms to calculate processes in the model, but is far more flexible in its spatial
representation of these processes and their interactions. Furthermore, the structure of the
input files and organization have changed significantly.

SWAT+ allows the simulation of several physical processes in a watershed. To facilitate
modelling, a watershed can be portioned into several hydrologic response units (HRUs).
HRUs are unique combinations of landuse, soil type and elevation bands. Subsequently,
HRUs are divided into upland and low land areas, labelled as landscape units (LSUs), one
of the key improvements of SWAT+ compared to SWAT (Bieger et al., 2017; Arnold et al.,
2018; Yimer et al., 2023a). Next, processes are lumped at subbasins level which ultimately
forms the watershed. LSUs represent the land areas within the subbasin and are subdi-
vided into hydrologic response units (HRUs). SWAT+ simulates the water balance of the
watershed at the HRU level and aggregates the HRU output at the LSU level which can sub-
sequently be routed to other spatial objects, e.g. channels, ponds, reservoirs, etc.,. SWAT+
is specifically designed for long-term, large-scale, continuous simulations of land–water
processes, including climate variability, land use change, and management impacts. This is
realized by a connect file that specifies the output for each spatial object, making it easier to
connect managed flow systems. Total flow for HRUs and LSUs is obtained by summing up
the surface runoff, lateral flow, and tile flow and does not include seepage which is assumed
to recharge underlying aquifers (Dile et al., 2022).

SWAT+ simulates the hydrological cycle based on the water balance. Precipitation can be
intercepted and held by vegetation or reach the soil surface. At the surface, water can infil-
trate into the soil profile or flow overland as surface runoff, where it moves relatively fast
to a stream channel and contributes to short-term stream response. On the other hand, infil-
trated water can be stored in the soil, evaporated or percolate deeper as recharge for aquifers
where it can contribute to return flow. Return flow or base flow is defined as the volume
of streamflow originating from groundwater. These fluxes can be calculated according to
different methods such as e.g. the soil conservation service (SCS) curve number method
for surface runoff, the Green & Ampt method for infiltration, etc. (Dile et al., 2022).

For each subbasin SWAT simulates a shallow and deep aquifer. The shallow aquifer is an
unconfined aquifer that directly contributes to flow in the main channel of the subbasin.
The deep aquifer, on the other hand, is a confined aquifer and contributes to streamflow
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outside of the watershed. The percolating water is partitioned between these two aquifers
as recharge, which is calculated as,

wrchrg,i =

(
1− exp

(
− 1

δgw

))
·wseep + exp

(
− 1

δgw

)
·wrchrg,i−1 (2.1)

where wrchrg,i represents the amount of recharge entering the aquifers on day i (mm), δgw
the delay time of the overlying geologic formations (days), wseep the total amount of water
exiting the soil profile through the bottom on day i and wrchrg,i−1 the amount of recharge
entering the aquifers on day i−1. Partitioning between the aquifers is achieved by means
of an aquifer percolation coefficient. Furthermore, base flow is only allowed to enter the
main channel of the subbasin when a certain threshold, specified by the user, is achieved.
Finally, groundwater flow in to the main channel is calculated according to,

dQgw

dt
= αgw

(
wrchrg,sh −Qgw

)
(2.2)

where Qrchrg represents the groundwater flow into the main channel on day i(mm), wrchrg,sh
the amount of recharge entering the aquifers on day i and αgw the baseflow recession con-
stant. Here, the baseflow recession constant or proportionality constant is a direct index of
the groundwater flow response to changes in recharge.

Apart from the hydrological processes, SWAT+ determines the channel routing of the cal-
culated water load, sediments, nutrients and pesticides. During this step, velocity and dis-
charge of the channel flow is calculated taking into account evaporation losses as well as
transmission losses through the channel bed. Additionally, water losses related to human
use or agriculture can be incorporated. The channel flow can be supplemented by direct
rainfall or point source discharge. Routing is done using the Muskingum routing method
or a variable storage coefficient method (Bieger et al., 2017; Dile et al., 2022).

SWAT and SWAT+ have been frequently applied worldwide to asses climate change im-
pacts, pollutant losses, water supply, sediment dynamics, water management and conserva-
tion practices. However, due to a simplified representation of groundwater processes, both
models are rather limited in groundwater–driven catchments (Deb et al., 2019; Gassman
et al., 2007; Peterson and Hamlett, 1998; Spruill et al., 2000; Srivastava et al., 2006).
Calculations in SWAT(+) at HRU level allow for an efficient calculation scheme with a
trade-off in spatial resolution due to its semi-distributed features. Therefore, SWAT(+)
has often been coupled to a groundwater model such as MODFLOW (Perkins and Sopho-
cleous, 1999; Bailey et al., 2016; Kim et al., 2008; Galbiati et al., 2006; Guzman et al.,
2015; Sophocleous et al., 1999), a modular groundwater flow model developed by the U.S.
Geological Survey.

According to Wang and Chen (2021), the coupling between SWAT and MODFLOW can
be divided into three main stages. The coupling had first been proposed by Sophocleous
et al. (1999) which led to the development of a combined SWAT/MODFLOW model
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named SWATMOD. This model was capable of simulating surface water, groundwater and
aquifer-stream interactions continuously and was applied to the Rattlesnake Creek basin in
south-central Kansas (Sophocleous et al., 1999).

In the second stage a new integrated SWAT/MODFLOW model, called SWAT-MODFLOW,
was developed by Kim et al. (2008) with the introduction of an innovative HRU-cell con-
version interface. This way, daily flow data could be exchanged between HRUs (SWAT)
and cells (MODFLOW), including recharge, evapotranspiration, river-aquifer interaction
and pumping rates. Consequently, the model was applied to the Musimcheon Basin in
South Korea and showed better simulation results than the standalone SWAT model.

One of the remaining challenges in coupling SWAT to MODFLOW is that HRUs are not ge-
ographically located as opposed to cells in MODFLOW. Therefore, Bailey et al. (2016) de-
veloped a new integrated SWAT-MODFLOW model where a HRU disaggregation (DHRU)
technique was introduced. DHRUs further divide the original HRUs in contiguous areas
within the subbasin, which allows HRU calculations to be geo-located and can represent
recharge spatially for linkage to MODFLOW grid cells. Additionally, Bailey et al. (2017)
developed a graphical user interface (GUI) named SWATMOD-Prep based on the SWAT-
MODFLOW code to couple a SWAT watershed with a MODFLOW groundwater model.
The GUI serves as a guide for the coupling of an existing SWAT model with a new single
layer MODFLOW model. Nevertheless, the model has disadvantages, mainly not allow-
ing the coupling between SWAT and an existing MODFLOW model. Finally, this down-
side has been resolved by Park et al. (2019), who introduced a new, QGIS-based GUI for
SWAT-MODFLOW models named QSWATMOD. It allows a new MODFLOW model to
be created or an existing model to be used. Consequently, plus the fact that it is based on
the open-source QGIS platform, it is more accessible to the hydrologic modelling com-
munity. Furthermore, a variety of options are available to link the SWAT river network
with MODFLOW river cells to account for groundwater-surface water interactions. How-
ever, there are disadvantages that characterize the coupling of SWAT with MODFLOW, e.g.
long runtimes and extensive modifications to modelling codes and additional source files
still persist, leading to the development of SWAT+gwflow as explained in the following
section.

2.1.2 SWAT+gwflow
Similar to the SWAT code, SWAT+ uses simplified steady–state equations to represent
the groundwater flow component, including groundwater discharge to streams, variation
in the groundwater table and storage, and water exchange between aquifers and streams.
This simplified representation has some limitations. Groundwater discharge to streams and
recharge are the sole components influencing groundwater head, whereas stream seepage
to aquifers is not accurately represented in the standalone SWAT+ model. Furthermore,
groundwater is analyzed separately from the neighboring aquifers at every aquifer unit
(there is no interaction among sub-basins in the groundwater). These limitations might
lead to erroneous results while simulating nutrient loads or water availability in basins with
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groundwater dominance (Bailey et al., 2022, 2020b). To tackle these limitations, Bailey
et al. (2020a) created a new physically based and spatially distributed groundwater flow
module of SWAT+ called gwflow.

SWAT+gwflow is suitable for catchments with unconfined aquifers, and it uses the Dupuit
–Forchheimer approximation, where the vertical hydraulic gradient is assumed to be neg-
ligible. The standalone SWAT+ model has a simplified representation of groundwater hy-
drology where linear reservoir approximations are used, leading to misrepresentation of
the hydrologic processes (Deb et al., 2019; Gassman et al., 2007; Peterson and Hamlett,
1998; Spruill et al., 2000; Srivastava et al., 2006). As the aquifers in Flanders are mostly
unconfined, the SWAT+gwflow model has more valuable features to benefit from than the
standalone SWAT+ model. It should be noted that the new module (gwflow) is a phys-
ically based and fully distributed model with essential model outputs such as recharge,
groundwater–surface water interaction fluxes, groundwater–soil fluxes, saturated excess
flow, pumping, etc.

This new coupled model has the advantage over the other applications in that it is based on
global datasets for aquifer properties, such as depth to the base of the unconfined aquifer,
and that the implemented coupling requires less computation time. On the other hand, it
still maintains the heterogeneous and physical hydrogeology of the watershed systems.

This module, when activated, replaces the existing aquifer module of SWAT+ due to the
limitations of the groundwater representation inside the standalone model. In this module,
the aquifer is represented by a single layer, and the user chooses the size of the square grid
cells used to discretize the aquifer into volumetric control volumes (Fig. 2.1). At the level
of each grid cell (i.e., a small volume of aquifer), the stored groundwater volume is updated
at a daily time step based on groundwater inflows and outflows.

∆V
∆t

=(Qrech+Qsw→gw)−(Qgwet+Qgw→sw+Qsatex+Qpump)±Qnorth±Qsouth±Qwest±Qeast

(2.3)
Where V is the grid cell groundwater volume in m³, t is the time step in days, and Q is the
volumetric groundwater flux in m³/day. Qrech (1) and Qsw→gw (2) are source fluxes, and they
are recharge and streamflow to aquifers, respectively. Qgwet (3), Qgw→sw (4), Qsatex (5), and
Qpump (6) are sink fluxes, which are groundwater removed by means of evapotranspiration,
groundwater discharge to surface water bodies (mainly streams), saturation excess flow that
occurs when the groundwater table is above the ground surface, and groundwater depletion
through pumping, respectively. The fluxes Qnorth,Qsouth,Qwest, and Qeast represent lateral
flow (Fig. 2.1) to or from surrounding grid cells, calculated using Darcy’s Law, depending
on the groundwater head values of the cells.

Furthermore, the recharge flux is transferred to each cell from the HRUs at every time step,
and the amount transferred depends on the intersection fraction of each grid cell with an
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HRU (Bailey et al., 2020b, 2022). By implementing an expression for groundwater storage
into Eq. 2.3 that relates to groundwater head h and specific yield Sy, Eq. 2.4 solves h for
every grid cell using an explicit scheme expressed by:

hn+1 = hn +
(

Qrech +Qsw→gw −Qgwet −Qgw→sw −Qsatex −Qpump

±Qnorth ±Qsouth ±Qwest ±Qeast

)
· ∆t

Sy ∆x∆y
(2.4)

The gwflow module is coupled with SWAT+ in such way that recharge from each HRU is
passed to the water table and each grid cell that intersects with a specific HRU will receive
the percolating water as recharge. The amount of water that has passed from the HRUs
to the grids is multiplied by the grid size so that it can be passed to the control volume in
m3/s. The lateral flow to and outside of neighboring cells is estimated based on the Darcy’s
law, where a higher/lower hydraulic gradient forces groundwater to be added/removed to
cells. As for evapotranspiration (ET) from the groundwater system, the depth at which ET
is extinct determines the amount of water that leaves the aquifer. The surface-groundwater
interaction is simulated based on Darcy’s law where the river stage and groundwater head
in the vicinity of the streams determines the amount of water transferred to and from the
aquifer and vice versa. Finally, the saturated excess flow occurs only if the water table
lies above the ground surface. Note that, when gwflow module is used, the old/simplified
groundwater module parameters will not be active.

Figure 2.1: The different sources and sinks to and from the control volume. The control
volume is the smallest unit where computation is made inside the gwflow module
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2.1.3 Overview of SWAT+ input preparation, calibration and postpro-
cessing tools

One of the main strengths of SWAT is the large community of users, whose efforts con-
tributed to the establishment of protocols, tools, and scripts to simplify and homogenize
the application of the model. For example, calibration protocols with clear metrics and
thresholds to evaluate hydrological model performances were established in the highly
cited papers of Moriasi et al. (2007, 2015). The model’s success is also to be attributed
to the intuitive Graphical User Interfaces that ease the model setup, calibration, and sim-
ulations. Watershed delineation, for example, is typically performed in SWAT with the
ARCSWAT (Winchell et al., 2007) or QSWAT(+) (Dile et al., 2022) interfaces. Climate
data, management, and other setup options are then included and edited in the SWAT(+)
Editor. Calibration and sensitivity analysis are instead performed with tools such as SWAT–
CUP (Abbaspour et al., 2015), IPEAT(+) (Yen et al., 2019), R-SWAT (Nguyen et al., 2022),
and SWAT+ Toolbox. Moreover, SWAT Check helps the user to individuate potential prob-
lems in their models (White et al., 2014). Software such as the SWAT + AW was also
created to enhance the reproducibility of the studies (Chawanda et al., 2020). To ease the
coupling of SWAT with MODFLOW to improve the representation of groundwater, the
QSWATMOD (Park et al., 2019) and the SWATMOD-Prep (Bailey et al., 2017) interfaces
were developed.

Even though SWAT and MODFLOW have been extensively coupled in many studies, their
integration requires significant modification of the modeling codes and the addition of mul-
tiple source files, leading to long time for the setup and running of simulations (Bailey et al.,
2020b). The gwflow module was developed to solve these issues, and since its introduction,
it has been applied in various studies (Bailey et al., 2023, 2022; Yimer et al., 2023b,c,a).
Nevertheless, interfaces that aid the input creation, post-process, and calibration are not
available for SWAT+gwflow.

Preparing inputs for gwflow involves multiple GIS routines, making it a potentially time-
consuming process. Therefore, automating input preparation becomes crucial for the geo-
hydrological modeling community. Additionally, the coupled model has advanced in rep-
resenting various interactions such as wetland-groundwater, floodplain-groundwater, and
reservoir-groundwater. These interactions necessitate additional inputs beyond what is typ-
ically required for the coupled model, underscoring the need for scripts accommodating
such exchanges.

The SWAT+gwflow inputs constitute the following major files: gwflow.input, gwflow.hrucell,
gwflow.cellhru and gwflow.rivercell. The gwflow.input is the central file containing the
module’s basic information (which processes to simulate the hydraulic conductivity and
specific yield zones, aquifer thickness, ground surface elevation, etc).
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2.1.4 Agricultural water drainage unit identification techniques
Soil and land transformations to boost agricultural land productivity are common practices.
Soil amelioration (physical and chemical), land forming (to improve water distribution in
the field), soil and water conservation, and irrigation are some of the watershed modifi-
cation techniques (Tilahun and Seyoum, 2020). These strategies (and many others) are
applied to increase farm productivity (Smedema et al., 2000). Since the beginning of civ-
ilization in Mesopotamia and Iran (before 4000 BCE), subsurface drainage has been the
most popular conservation method (Kalita et al., 2007). Around the middle of 19th cen-
tury, drainage systems started to emerge when the impact of salinity was becoming apparent
(Valipour et al., 2020). It can be said that the advancement of drainage science originated
in France under the direction of Henry Darcy, who founded what is known as Darcy’s law
(Valipour et al., 2020). Hooghoudt (1940) came up with the analytical solution for ground-
water flow to drains, and other researchers, such as Ernst (1962) and Kirkham (1972),
followed.

Drainage in agricultural fields will help to prevent or reduce waterlogging, where the water
table is maintained at a depth of 1–2 m beneath the ground surface by tile drainage, thus
enabling crop productivity (Sloan et al., 2016). They can be made from clay, ceramic,
or corrugated plastic (Roy, 2014). A drainage system also helps to control over salinity in
irrigated areas. According to Ritzema et al. (2008), around 8.4 million ha of area is affected
by soil salinity, whereas 5.5 million ha of land is waterlogged. This is amplified in arid and
semiarid areas with high evaporation (Chávez et al., 2015). This salinization of agricultural
fields is increasing at an alarming rate, hence, lands are being abandoned (Ritzema et al.,
2008). Freshwater flushing to remove salt from root zone in irrigated farms is a reliable and
widely applied method that ultimately improves soil quality (Christen and Skehan, 2001;
Guo et al., 2018).

These artificial drainage systems have hydrological and environmental impacts (Yimer
et al., 2023b). Drainage systems can alter the water quantity and quality in surface and
groundwater systems (Rozemeijer et al., 2010). Thus, drainage ditches can transport nu-
trients and other agricultural pollutants to downstream water bodies (Smith et al., 2008).
Recent studies on tile drainage have directed their attention toward assessing the impact of
drainage units on the water quality of surface and groundwater systems (Allred et al., 2018;
Bailey et al., 2022; Behrendt et al., 2000; Fausey et al., 1995; Kalita et al., 2007; Williams
et al., 2015). Freshwater is scarce due to drought (Yimer et al., 2022), hence, the drained
water can be useful to cope with dry spell months.

According to Valayamkunnath et al. (2020), it is difficult to investigate its impact on the
hydrology and water quality due to the lack of tile-drainage location map. Thus, finding
the location of drainage units is vital for the farmers to increase their economic benefits
through sustained crop productivity. It is also essential to measure the density and spacing
between tile lines (Stillman et al., 2006), but knowing their location is still challenging,
hence, considerable efforts are made to identify and map drainage units.
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Existing techniques to identify drainage units include manual operations such as digging
and non-invasive methods such as remote sensing-based approaches (RS)(Thayn et al.,
2011), decision tree classification (DTC), ground penetrating radar (GPR), thermal detec-
tion, Unmanned Aerial Systems (UASs) (Tilahun and Seyoum, 2020; Allred et al., 2020)
etc. The RS approach is based on the assumption that the remotely sensed images before
and after a major rainfall event can differentiate drained and undrained fields (Northcott
et al., 2000; Gökkaya et al., 2017; Thayn et al., 2011). The DTC follows the hierarchal
identification of drainage units based on land use, soil drainage class, and slope (Naz et al.,
2009). The shortcoming of the invasive methods is the expense related to the digging-out
process (Allred et al., 2018). As for the GPR technique, extensive effort is required un-
til the buried units are identified (Allred et al., 2004). Tile spacing and line identification
advancements using high-resolution imagery (UASs) are emerging (Allred et al., 2021; Ko-
ganti et al., 2020; Tilahun and Seyoum, 2020). Although the RS and DTC approaches are
considerably cheaper and more efficient, they can also provide low accuracy in determin-
ing the location of the drainage units (Naz and Bowling, 2008; Reynolds, 2014; Thompson,
2010). For example, RS-based techniques rely on the availability of cloud-free imagery to
implement the methodology successfully. Similarly, the DTC method does not necessarily
infer the existence of drainage units. Therefore, proper, cost-effective, accurate, and effi-
cient mapping techniques are needed to locate drainage units (Tilahun and Seyoum, 2020).
On top of this, all the drain locating techniques neglect the primary cause of drain applica-
tion: groundwater level reaching the root zone. Hence, accounting for this major variable
and applying additional filtering on the RS technique can potentially improve the accuracy
of the traditional approaches.

2.2 Drought

Geohydrological models are quite versatile in producing outputs that can be used to eval-
uate natural hazards (e.g., drought, floods, etc.) and human-induced water scarcity. How-
ever, what is drought? How does it occur? What is its impact on water systems, society,
biodiversity, etc.? How to assess it? These questions will be explored in depth in this
section.

What is drought and its impact?

Drought has affected millions of people across the globe, with an estimated human loss of
650,000 and economic loss tripling from 1970 to 2019 (UN, 2022). Droughts, as defined
according to Europea (2007) is significant temporary reductions in the average availability
of water, which deviate significantly from the typical levels of natural water availability
and are classified as natural occurrences. Water scarcity is defined as a situation in which
there are not enough water resources to meet average long-term demands. It describes the
long–term water imbalances, in which the amount of water available is less than the amount
needed, indicating that the amount of water needed surpasses what can be sustainably ex-
tracted (Europea, 2007).
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Drought analysis methods

In conducting integrated drought analysis, two main approaches are often used: the thresh-
old-based method (TB) and the standardized index-based method (SIB) (Fig. 2.2). The
Threshold Based Method, which is still used in drought analysis today, was first presented
by Yevjevich (1967) and then further developed into an explicit drought definition approach
by Zelenhasić and Salvai (1987). The threshold-based method uses two ways of calculating
the threshold to determine whether a given time series of a hydrometeorological variable
is under drought or not. The constant threshold method uses a given percentile (usually
between the 70th and 95th percentile) of the time series as used in Sung and Chung (2014)
while the variable threshold takes monthly percentiles of the same range to account for the
seasonal variation. While both methods are used to conduct drought analysis in a com-
prehensive manner, the variable threshold method has been used more recently (Van Hui-
jgevoort et al., 2012; Van Loon et al., 2014).

Figure 2.2: The widely adopted drought analysis methodologies (standardized index and
threshold based)

The other method is the standardized index–based method, which involves the computation
of drought indices for the different types of drought and then computing drought severity,
duration, and intensity to characterize drought events (Mishra et al., 2010). This method
mainly involves taking the time series of hydrometeorological variables from outputs of a
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model or from meteorological stations at different time scales (1, 3, 6, 9, 12, etc. months).
This is followed by fitting statistical distributions to determine overall anomalies. A wide
range of indices, derived from various variables, have been established to detect and mea-
sure instances of drought. These consist of, for instance, the Standardized Precipitation
Evapotranspiration Index (SPEI) (Vicente-Serrano et al., 2010), Standardized Streamflow
Index (SSI) (Modarres, 2007), Standardized Soil Moisture Index (SSMI) (Hao et al., 2014),
Standardized Water-level Index (SWI) (Bhuiyan, 2004), etc.

When conducting drought analysis using SIB method, the choice of the statistical distribu-
tions used to fit the hydrometeorological variable is critical as it can lead to inaccuracies
(Yimer et al., 2022). Due to this, Goodness of Fit (GOF) tests including the Kolmogorov-
Smirnov (K–S) test, Anderson-Darling (A–D) test, and Shapiro-Wilk (S–W) test were con-
ducted for SPEI in Yimer et al. (2022). These tests were also conducted for both SPEI and
SPI in Stagge et al. (2015). A common conclusion reached by both studies was that the
S–W test efficiently differentiates among the candidate distributions for the normality test-
ing of the final derived drought index. In addition, the S–W test produces results similar to
those of the K–S and A–D tests with more sensitivity and the K–S test was found to be the
least sensitive to suggested distributions. More importantly, the S–W test can be quickly
and easily implemented as opposed to K–S and A–D tests, negating the requirement for
Monte Carlo simulations of critical test values (Yimer et al., 2022).

Drought severity is defined as cumulative sum of index deficits below the threshold (com-
monly -1 for SIB and below predetermined threshold for TB method) during drought event
and drought duration is the number of consecutive time steps (months, weeks, days depend-
ing on the index) that the index remains below the threshold. Finally, drought intensity is
the quotient of drought severity and duration which shows the average deficit relative to the
duration.

The use of geohydrological models for drought analysis

Many drought indices are derived from the results of hydrological models (Maskey and
Trambauer, 2015). While some observational data for drought monitoring and historical
drought analysis may be available, these data are typically restricted to a small number
of locations and are typically insufficient to represent the spatial variability of droughts
(Maskey and Trambauer, 2015). This is certainly the situation in which using a distributed
or semi-distributed hydrological model is quite beneficial (Maskey and Trambauer, 2015).
Additionally, a hydrological model is a tool for prediction and can therefore be very helpful
for assessing, tracking, operational forecasting of drought (Maskey and Trambauer, 2015).

Another aspect of drought that could be studied by using a coupled geohydrological model
such as the SWAT+gwflow is drought propagation (Yimer et al., 2023a). Drought propaga-
tion is studied to represent how drought conditions change and spread throughout different
hydrological systems (Wossenyeleh et al., 2021). In the terrestrial portion of the hydrologi-
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cal cycle, the term "drought propagation" is defined as the shift in the drought signal and en-
tails translating abnormal meteorological conditions into hydrological drought (Van Loon,
2015). Droughts, essentially happen in a specific order, for instance, precipitation deficit
causes meteorological drought, which next affects soil moisture. Finally a delayed occur-
rence of a hydrological drought (streamflow and/or groundwater drought) are caused by
low soil recharge into water features like lakes and streams (Mishra et al., 2010). Although
soil moisture drought mostly occurs concurrently with meteorological drought, stream-
flow drought and groundwater drought are relatively delayed (Van Loon, 2015). Hence,
the need to understand the relationships between meteorological drought and hydrological
drought in terms of lag–time is evident. The simplicity and ease of interpretation makes the
threshold–based method suitable for studying drought propagation as it is also applied in
several studies (For example, Heudorfer and Stahl (2017); Odongo et al. (2023); Van Loon
(2013); Wossenyeleh et al. (2021).

Drought attribution to climate change

Drought is an abnormal deviation in water balance components (precipitation, streamflow,
groundwater level, etc.) from normal conditions (Van Loon, 2015; Zhou et al., 2024). This
can affect agricultural products (such as crops), humans, ecology, and more (Blauhut et al.,
2016; Cohen et al., 2021). Recent extreme hydroclimatic events, in particular, indicate
an increase in drought severity and duration in various regions around the globe (Chiang
et al., 2021; Spinoni et al., 2014; Vicente-Serrano et al., 2022). Most scholars agree that
the major factor in the worsening of this phenomenon is climate change. However, some
question whether climate change is the only factor involved (Chiang et al., 2021; Frame
et al., 2020; Perkins-Kirkpatrick et al., 2022; Van Oldenborgh et al., 2021).

Climate variability, land cover changes, and catchment characteristics changes can affect
hydrological processes in river basins (Ahmed et al., 2022; De Niel and Willems, 2019).
Detection and attribution of changes in natural systems offer a robust tool for understanding
the complex causes of climate change, enabling the development of more effective mitiga-
tion and adaptation strategies (Didovets et al., 2024; Mondal and Mujumdar, 2012). The
detection of changes examines the system change without identifying the reasons for that
change, whereas attribution assesses the relative contributions of the causal factors to that
change (Ahn et al., 2016; Mondal and Mujumdar, 2012). The used methods can be divided
into data-based and simulation-based approaches (Gelfan et al., 2023). This can involve
comparing observed discharge with detrended climate data, without climate change, or
by excluding human influence in anthropogenic affected systems (Didovets et al., 2024).
Studying detection is complicated by challenges such as high runoff variability, urbaniza-
tion, deforestation, interactions among drivers, and short streamflow records (De Niel and
Willems, 2019; Gelfan et al., 2023).

For all these analyses, a tool to simulate the geohydrological components is required. This
is where geohydrological models play a role. Simulated streamflow, groundwater head,
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Figure 2.3: Yearly average maximum temperature and yearly total precipitation for Bel-
gium with the trend line and significance level (p-value).

runoff, evapotranspiration (ET), percolation, and soil moisture are primarily used to per-
form spatiotemporal analysis of drought in watersheds (Guevara Ochoa et al., 2020). In
drought attribution studies, the use of models is essential if the objective is to investigate hy-
drological and agricultural drought (Ding et al., 2021; Sun et al., 2023; Wang et al., 2023).
De Niel and Willems (2019) fitted a panel analysis model for Flanders, Belgium, attribut-
ing changes in river peak flows. They found that catchment characteristics explain more
of the changes than climate variability or land cover changes. Similarly, a Bayesian statis-
tical framework was used to attribute changes in peak river flows in the UK (Brady et al.,
2019). When a genetic programming model is applied at a basin scale in India, it attributes
observed changes to human–induced climate change (Mondal and Mujumdar, 2012). The
ABCD hydrologic model was also applied in the Connecticut River Basin, USA, where it
was found that climate factors were the largest contributors to observed changes (Ahn et al.,
2016). Didovets et al. (2024) studied six upstream countries in Asia using the Soil and Wa-
ter Integrated Model (SWIM), a semi–distributed hydrological model. They found that
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changes in discharge could be attributed to climate change in some catchments. Addition-
ally, four river basins in different locations were studied using ECOMAG–based models,
with high confidence that the observed changes can be attributed to climate drivers (Gelfan
et al., 2023).

Models alone cannot fully evaluate attribution studies. Therefore, different scenario dataset
are needed to simulate factual (with climate change) and counterfactual (without climate
change) conditions (Fig. 2.3). The Inter-Sectoral Impact Model Intercomparison Project
(ISIMIP) provides four detrended datasets to help understand and disentangle the effects of
climate change and natural variability (Mengel et al., 2021). Each method comes with its
own associated uncertainty, so it is crucial to show this to policymakers when discussing
potential declines in groundwater head (Nkwasa et al., 2024).

2.3 Nature-based solutions

What is nature-based solution?

Climate change affects the Earth in many ways, including heavy storms, floods, wild-
fires, sea level rises, and severe droughts (Cortinovis et al., 2022). The latter is consid-
ered one of the most expensive climate disasters globally as they leave chronic and long-
term impacts on the ecosystem, agriculture (Yimer et al., 2023a), and human society (Cook
et al., 2018; WWAP (United Nations World Water Assessment Programme) and UN-Water,
2018). Cook et al. (2018) define drought broadly as an “anomalous moisture deficit relative
to some normal baseline”. More specifically, three types of droughts can be distinguished:
meteorological, agricultural, and hydrological. Meteorological droughts are due to the lack
of precipitation, while agricultural droughts occur as the precipitation deficit continues
through time and affects soil moisture. As the deficit persists and even affects the stream-
flow and storage in aquifers and reservoirs, hydrological droughts arise (Cook et al., 2018;
Debele et al., 2019; Wilhite and Glantz, 1985).

Droughts occurred more frequently with increased intensity and duration in the last years
on a global scale (OECD, 2020; Yimer et al., 2022). The total population affected by
drought is now estimated at 1.8 billion, including both the socio–economic and mortal-
ity impacts. Also, in the future, the frequency of droughts is projected to increase in
most regions, except in the high northern latitudes, east of Australia, and east of Eura-
sia. These regions are expected to experience no significant change or even a decrease in
frequency (WWAP (United Nations World Water Assessment Programme) and UN-Water,
2018). So, droughts are not only occurring in the already dryer areas, as is sometimes
supposed, but they also threaten regions that are usually not facing water scarcity, such
as Belgium. The predicted longer duration and frequency of droughts can be alleviated
by staking nature-based solutions (WWAP (United Nations World Water Assessment Pro-
gramme) and UN-Water, 2018). Enlarging and maximizing the water storage capacities
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and retaining the water in the aquifers (slower release of water) is one way to cope with
droughts using NBS (OECD, 2020; WWAP (United Nations World Water Assessment Pro-
gramme) and UN-Water, 2018). As aquifers have a large potential storage capacity, the
available groundwater in the aquifers and additional water can function as a buffer in peri-
ods of high seasonal variations in the water supply. The extra water falling in wet periods
can be stored on the (sub)surface and contribute to the water availability in dry periods
later (Keesstra et al., 2018; WWAP (United Nations World Water Assessment Programme)
and UN-Water, 2018). However, the potential of natural water storage in the subsurface
(of aquifers) is not yet recognized. The water resources management plans should include
surface or subsurface storage opportunities or a combination of those in the face of the in-
creasing water variability (WWAP (United Nations World Water Assessment Programme)
and UN-Water, 2018).

There has been growing research on the potential of NBS for climate change adaptation in
the last decade (Seddon et al., 2020). They can contribute to achieving sustainable cities
under climate change impacts, which is considered one of the most significant challenges
that urban areas will face in the future (Kabisch et al., 2017; Seddon et al., 2020). NBS
create benefits in two ways: they create opportunities to cope with the causes and conse-
quences of climate change, but at the same time, they support biodiversity and, therefore,
also the chain of ecosystem services needed to sustain human life (Seddon et al., 2020).
Based on a study by Eggermont et al. (2015), three types of NBS can be distinguished
according to their number of services and stakeholder groups, maximization degree of the
delivery of key services, and level and type of engineering. The first type refers to restoring
natural or protected ecosystems using minimum interventions to maintain existing ecosys-
tem services. In contrast, the second type uses effective management practices to reach
sustainability and multi–functionality while gaining more selected ecosystem services. Fi-
nally, the third type uses a maximum level of intervention and even creates new ecosystems
to deliver the key services (Eggermont et al., 2015; Kooijman et al., 2021).

The NBS concept was developed, elaborated, and popularized by different organizations,
such as the International Union for Conservation of Nature (IUCN) and the European Com-
mission (EC), with different definitions and conceptualizations according to their perspec-
tives (Cohen-Shacham et al., 2016). Mackinnon et al. (2008) first mentioned the principle
of NBS in “Biodiversity, Climate Change, and Adaptation: Nature–Based Solutions” from
the World Bank Portfolio to stress the importance of biodiversity conservation for climate
change adaptation (Mackinnon et al., 2008). A year later, the IUCN put the concept in a
broader context and defined NBS as “actions to protect, sustainably manage and restore
natural and modified ecosystems in ways that address societal challenges effectively and
adaptively, to provide both human well-being and biodiversity benefits. They are under-
pinned by benefits that flow from healthy ecosystems and target major challenges as cli-
mate change, disaster risk reduction, food, and water security and are critical to economic
development (Cohen-Shacham et al., 2016; Kooijman et al., 2021). Then, the European
Commission defined NBS as “. . . nature–based solutions to societal challenges as solu-
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tions that are inspired and supported by nature, which are cost-effective, simultaneously
provide environmental, social, and economic bene�ts and help build resilience. Such so-
lutions bring more, and more diverse, nature and natural features and processes into cities,
landscapes, and seascapes, through locally adapted, resource-ef�cient and systemic inter-
ventions” (European Commission, 2015).

The principles of NBS do not differ much from other existing concepts of Green Infrastruc-
ture (GI) and Ecosystem-Based Adaption (EBA). Furthermore, in the case of urban NBS,
the concept is often used interchangeably (Dorst et al., 2019). Therefore, the literature
suggests looking at NBS as `an umbrella concept' (Kooijman et al., 2021), also covering
other concepts such as sustainability and ecosystem-related approaches to address societal
challenges (Cohen-Shacham et al., 2016; Dorst et al., 2019; Irfanullah, 2021). Yet, it cre-
ates the potential to attach segregated knowledge and expertise of the previous and current
approaches in urban green planning. A more performance-based urban planning approach
makes it easier to reach a sustainable solution for urban areas (Dorst et al., 2019).

NBS are multifunctional solutions that mimic complex systems and processes of nature
(European Commission, 2015; Nelson et al., 2020). Therefore, NBS implementation is
challenging for green urban planners, with different barriers limiting the broader and suc-
cessful adoption. To improve the future performance of NBS, it is essential to study the
barriers that hinder their implementation. Also, the requirements to overcome these bar-
riers must be well–investigated, as what is usually presented in the planning phase does
not always correspond to what is realized in practice (Frantzeskaki et al., 2020). Accord-
ing to Frantzeskaki et al. (2020), three gaps are differentiated for implementing NBS in
cities: skills gaps, governance gaps, and knowledge gaps. Nelson et al. (2020) also state
many barriers, including knowledge gaps of effectiveness, lack of awareness, low costs and
bene�ts expertise, poor stakeholder engagement and inequity, lack of policy and economic
instruments, and insuf�cient �nancing.

NBS are designed to �x many societal challenges, and they are mainly promoted to create
resilience in the (urban) environment and cope with the negative impacts of climate change,
such as extreme weather disasters (�oods, droughts, etc.) (Cortinovis et al., 2022). When
mimicking the natural processes in urban infrastructure, they also provide many additional
bene�ts (Raymond et al., 2017). Examples are carbon sequestration, water quality, land
conservation, food production, biodiversity and ecosystem services, and recreation (Euro-
pean Commission, 2015). They contribute co-bene�ts to urban residents, such as improved
health and well-being and the local green economy (Kabisch et al., 2017). Some indirect
co–bene�ts may also include the learning (e.g., outdoor classrooms), where awareness is
raised about the potential bene�ts, stakeholder inclusion, and energy savings (Davies et al.,
2021).

NbS suitability mappinge

26



Chapter 2. Literature review

An important �rst step in using Nature–Based Solutions (NBS) in river landscapes is to
assess their suitability in different locations (Mubeen et al., 2021). The success of these
solutions greatly depends on where they are implemented and using them in the wrong
areas could worsen the situation (Ahmadisharaf et al., 2016). Many authors agree that
Geographic Information Systems (GIS) can be helpful in identifying appropriate locations
for NBS (Baldwin et al., 2022; Gallagher et al., 2019; Hosseinzadeh et al., 2023; Mubeen
et al., 2021; Muthanna et al., 2018). GIS provides valuable insights and tools for decision-
makers, urban planners, and resource managers to prioritize and implement nature-based
strategies that can effectively combat drought impacts (Mubeen et al., 2021).

Numerous suitability analysis studies have been conducted for �ood risk reduction and
stormwater management. These studies include research by (Ahmadisharaf et al., 2016),
(Baldwin et al., 2022), (Hosseinzadeh et al., 2023), (Liu et al., 2023), (Mubeen et al.,
2021), (Senes et al., 2021). (Mubeen et al., 2021) used the GIS-Multi-Criteria Analysis
(MCA) methodology to map the suitability of four large-scale NBS types, including de-
tention basins, river widening, �oodplain restoration, and retention ponds for �ood risk
reduction in catchments. (Ahmadisharaf et al., 2016) used a multi-criteria decision-making
site selection framework in ArcGIS for detention basins, with similar criteria such as slope,
land use, distance to channels, social hotspots, and permeability. (Liu et al., 2023) added
thematic layers to locate suitable small detention basins using Multi-Criteria Evaluation
(MCE) and consider river density, distance from buildings, vegetation cover index, and
speci�c elevation factors for small dam construction in the Mataniko catchment, Honiara.
(Baldwin et al., 2022) focused on identifying suitable NBS sites called “FloodWise” prac-
tices using ArcGIS software, speci�cally in rural areas of North Carolina. Criteria consid-
ered included slope restrictions, �ltering of speci�c agricultural land uses and crops, and
soil characteristics, as well as buffers from existing infrastructure, the presence of �ood-
plains, and the historical vulnerability of croplands to inundation data layers. (Senes et al.,
2021) described a methodology for locating Green Infrastructure (GI) for stormwater man-
agement using GIS and identi�ed slope, land use, and soil type as main criteria. In contrast
to the studies mentioned above, exclusion areas were de�ned for GI implementation to
protect groundwater wells and avoid areas vulnerable to groundwater pollution. However,
none of these studies included any aquifer-related characteristics or hydrometeorological
criteria which are critical criteria for drought studies. Overall, �ood risk reduction studies
consider surface characteristics and management criteria but do not include drought-related
criteria.

In contrast, not many studies perform a drought-speci�c suitability analysis, especially for
the above-mentioned types of NBS: detention basins and retention ponds, wetland restora-
tion, afforestation, river widening, green infrastructure, and �oodplain restoration. How-
ever, for other straightforward drought-mitigating types of NBS, such as Managed Aquifer
Recharge (MAR) implementation (Fuentes and Vervoort, 2020; Pedrero et al., 2011; Rah-
man et al., 2013; Sardar et al., 2022; Soliman et al., 2022; Talozi et al., 2023) and rainwater
harvesting (RWH) (Kahinda et al., 2008; Mbilinyi et al., 2007; Rejani et al., 2017; Sayl
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et al., 2020; Suni et al., 2023), numerous researchers have performed suitability mapping
in the past decade. These studies have mainly focused on (semi)-arid regions, including
Mediterranean and African countries, Southeast Asia, and Australia. Unlike the site selec-
tion for �ood risk and stormwater management practices, the suitability mapping for MAR
and RWH takes into account various key criteria to assess drought impacts, such as aquifer
thickness (Rahman et al., 2013; Talozi et al., 2023), groundwater �ow zones (Rahman et
al., 2013), speci�c groundwater quality criteria (Rahman et al., 2013; Soliman et al., 2022),
groundwater depth (Fuentes and Vervoort, 2020; Pedrero et al., 2011; Rahman et al., 2013;
Talozi et al., 2023), and many hydrogeological characteristics (Fuentes and Vervoort, 2020;
Sardar et al., 2022; Soliman et al., 2022; Talozi et al., 2023). Some hydrometeorological
aspects, such as precipitation characteristics, are also considered (Kahinda et al., 2008;
Mbilinyi et al., 2007; Rejani et al., 2017; Sardar et al., 2022; Soliman et al., 2022; Talozi
et al., 2023). Despite the large number of studies in the (semi)-arid regions, having to
cope with insuf�cient water resources and droughts, these studies are lacking for currently
temperate climate regions in, for example, West Europe.

Although �ood and drought management have distinct primary objectives, they share a
common aspect: water retention plays a crucial role in both cases (Teschemacher et al.,
2020). Consequently, �ood-effective NBS, such as detention basins, retention ponds, and
wetlands, will also be bene�cial against drought. They not only create a buffer in wet
periods, but they also create a source of stored water which can be used to meet the water
demand in a dry period (Teschemacher et al., 2020). Among the evident drought-speci�c
NBS, it is clear from the various studies that MAR has emerged as a signi�cant method
with promising results. The measure enables the restoration or preservation of groundwater
levels during periods of excess surface water, concurrently offering a water reservoir that
can support ecological processes and irrigation requirements during periods of drought
while minimizing water losses due to evapotranspiration (Dillon and Arshad, 2016; Rawluk
et al., 2013). It contributes to the long-term sustainability of water resources, is typically
used on a larger scale, and can store signi�cantly larger volumes of water (Wendt et al.,
2021). Concluding, the suitability assessment of detention and retention basins, wetlands,
and managed aquifer recharge to mitigate future drought events will have wide applicability
effective against multiple hazards.
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Model development

In this chapter, three major outcomes of the research are presented, namely: model modi�-
cation, SWAT+gw�ow model input preparation, post-processing and calibration tool devel-
opment (IPPC), and �nally, applying the modi�ed model using an exemplary groundwater-
driven watershed, Dijle-Belgium.

Figure 3.1: Major parts of Chapter 3 which focus on model and tool development
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3.1 Modifying the gw�ow module to account for ground-
water-soil interactions for accurate representation of
groundwater-surface water dynamics

3.1.1 Summary

Recent water availability and scarcity problems have highlighted the importance of sur-
face–groundwater interactions. Thus, groundwater models are coupled with surface water
models. However, this solution is complex, needing code modi�cations and long com-
putation times. Recently, a new groundwater module (gw�ow) was developed directly
inside the SWAT code to tackle these issues. This research assesses gw�ow's capabilities
in representing surface–groundwater system interactions in the Dijle catchment (892.54
km2), a groundwater-driven watershed in Belgium. Additional developments were made
in SWAT+gw�ow to represent the interaction between the groundwater and soil (gwsoil).
The model was calibrated for monthly mean stream�ow at the catchment outlet (1983 to
1996) and validated for two periods (validation 1: 1975 to 1982 and validation 2: 1997 to
2002).

It was found that the SWAT+gw�ow model is better at representing the total �ow (NSE
of 0.6) than the standalone SWAT+ (NSE of 0.4). This was con�rmed during two valida-
tion periods where the standalone model scored unsatisfactory monthly NSE (0.6 and 0.1),
while the new model's NSE was 0.7 and 0.5. Additionally, the SWAT+gw�ow model sim-
ulations better depict the groundwater via base�ow and attain proper water balance values.
Thus, in a highly groundwater-driven catchment, the simpli�ed representation of ground-
water systems by the standalone SWAT+ model has pitfalls. In addition, the modi�cation
made to the gw�ow module (gwsoil) improved the model's performance, which, without
such adjustment, overestimates the stream�ow via saturation excess �ow. When including
the gwsoil mechanism, thereby providing a more accurate representation of water storage
and movement, groundwater is transferred to the soil pro�le, increasing the overall soil
water content and thereby increasing lateral �ow. This novel modi�cation can also have
implications for other distributed hydrological models to consider such exchanges in their
modeling scheme.

This section is published as:Yimer, E. A., Bailey, R. T., Piepers, L. L., Nossent, J., and
Van Griensven, A.: Improved Representation of Groundwater–Surface Water Interactions
Using SWAT+gw�ow and Modi�cations to the gw�ow Module, Water, 15, 3249, 2023.
https://doi.org/10.3390/w15183249
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3.1.2 Introduction

Geohydrological systems can be modeled using either surface water, groundwater, or cou-
pled models (Siad et al., 2019). However, separate representation of surface and ground-
water processes has limitations, as it neglects the interaction between these vital processes
(Larocque and Broda, 2016). This interlink is essential for the sustainable existence of
surface water bodies (Alley et al., 1999), and in some studies it accounts for the vast ma-
jority of the hydrological cycle (Moore, 2010). This led to an extensive coupling approach
to understand the mechanism whereby these two separate but interlinked systems operate
(Abbott et al., 1986; Ewen et al., 2000; Maré et al., 2007; Scibek et al., 2007). Therefore, as
new challenges arise regarding water quantity and quality, together with many other water
management practices, a more holistic approach towards hydrological modeling is neces-
sary (Stefania et al., 2018; Chapman et al., 2007; Fleckenstein et al., 2010; Kalbus et al.,
2006; Levy and Xu, 2011; Oxtobee and Novakowski, 2002; Woessner, 2000).

Hydrological models such as the Soil and Water Assessment Tool (SWAT) can account for
the groundwater component of the hydrological system within the aquifer module, but with
important limitations. The groundwater head is calculated at the hydrologic response units
(HRU) level; hence, the water table is not spatially distributed. Hydraulic conductivity and
speci�c yield do not vary spatially, as each aquifer system is assumed to be homogeneous.
Therefore, SWAT is not suited to simulating the spatiotemporal variation of groundwa-
ter variables. Another limitation is that the groundwater head only changes with recharge
and return �ow, whereas many other groundwater �ows exist (e.g., groundwater extraction
through pumping). In addition, return �ow is calculated only for steady-state conditions.
This component only occurs when groundwater storage surpasses a certain threshold, while
in reality this is determined by hydraulic gradients. Also, seepage caused by hydraulic gra-
dients is not simulated (Bailey et al., 2020a; Kim et al., 2008; Putthividhya and Laonamsai,
2017). Due to these reasons, and since the standalone SWAT model has major limitations
for applications on groundwater-dominated catchments (Deb et al., 2019; Gassman et al.,
2007; Peterson and Hamlett, 1998; Spruill et al., 2000; Srivastava et al., 2006), there has
been an effort to replace this simpli�ed representation of groundwater hydrology in SWAT.

This led to the coupling of SWAT and MODFLOW (Perkins and Sophocleous, 1999; Bailey
et al., 2020a; Kim et al., 2008; Galbiati et al., 2006; Guzman et al., 2015; Sophocleous et al.,
1999). The coupled SWAT–MODFLOW framework combines the SWAT software model-
ing tool with MODFLOW (Harbaugh, 2005), where the latter is embedded as a subroutine,
replacing the groundwater module in SWAT. The main issue with integrating SWAT and
MODFLOW is the complex model code modi�cation and long computation time require-
ment. Due to this, Bailey et al. (2020a) recently developed a new physical-based ground-
water �ow module (gw�ow) as part of the SWAT+ modeling code. SWAT+ is the new
and restructured version of SWAT (Bieger et al., 2017). The gw�ow module is based on
the Dupuit–Forchheimer assumption of horizontal �ow in uncon�ned aquifers. Therefore,
this module should be used in cases where the groundwater system is composed of an un-
con�ned aquifer. Hence, this module could replace the current SWAT+ aquifer module
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for uncon�ned aquifers and allow for spatially distributed groundwater simulations such as
groundwater head (i.e., water table elevation), groundwater storage, groundwater discharge
to streams, etc.

However, one critical limitation of the gw�ow module is that groundwater–soil interactions
are not represented, leading to incorrect water balance at the HRU level. These are vital
interactions whenever the water table is higher than the bottom of the soil pro�le. Hence,
in this chapter, this limitation/research gap is assessed, the source code of the coupled
SWAT+gw�ow model is modi�ed, and a comparison before and after applying this modi�-
cation is presented. Furthermore, we aimed to apply the coupled model (SWAT+gw�ow) to
a groundwater-in�uenced catchment located in a temperate climate and investigate how the
base�ow is represented. Subsequently, a model output comparison was performed between
the standalone SWAT+ and the one modi�ed with the gw�ow module.

Figure 3.2: Study area used for evaluating the impact of groundwater-soil interaction on
general geohydrology

3.1.3 Study area and data

Study area
Located in the center of Belgium, the Dijle catchment (Fig. 3.2) has an average length of 86
km and an area of 892.54km2. It is a part of the larger Scheldt basin (21,863km2) situated
in Belgium, France, and the Netherlands. The Dijle River springs near Houtain–Le–Val
in Wallonia and �ows towards the North–East. In Court-Saint-Etienne, Thyle and Orne's
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rivers are added to its river �ow. In addition, the Train river originating from Wallonia ends
up in the Dijle. At the border between Flanders and Wallonia, the Dijle has an average �ow
rate of 4.5 m³/s.

In general, the catchment is homogeneous regarding soil type, whereas more than 90% is
covered by silt-textured luvisols (Van Oost et al., 2012). Substantial soil textures that can
be found in the Dijle catchment are silt, sandy loam, and loamy sand. The area is known to
have a spatial transition in texture from North–West to South–East, giving a pattern of sand
and sandy loam in the Northern part and silt regions in the southwestern part. The sandy
aquifer (traditionally known as “Brussels sand”) is dominant with a lower im-permeable
layer called Kortrijk, which acts as the base of the uncon�ned aquifer (Fig. 3.2). The Dijle
catchment has a mean elevation of 40 meters and an average slope of 2% (Batelaan and
De Smedt, 2007).

Figure 3.3: The elevation of the impermeable layer base is taken as a reference for the
uncon�ned aquifer. It was accessed on September 30th, 2021, from https://www.dov.vl
aanderen.be/portaal/. The other colors correspond to different geological units, however,
the focus of this study lies on the impermeable layer and the yellow unit (Brussel sand),
which corresponds to the uncon�ned aquifer. The dotted line corresponds to mTAW =
National Topographic Reference). The plot is not in to scale, and the transect is for A–A,
as seen in (Fig. 3.2).

Data
The weather data is obtained from the Royal Meteorological Institute of Belgium (RMI) for
variables such as precipitation (mm), relative humidity (decimal fraction), solar radiation
(MJ/m²), temperature (°C), and wind speed (m/s) from 1970 until 2011 at the Uccle gauging
station. Although this weather station is not situated inside the catchment area, the weather
data can be used for this study, as the weather variables are approximately constant spatially
across Belgium. The average precipitation from a gridded dataset (10 points inside the
watershed) indicated similar daily average precipitation values as the Uccle station. By the
time this research was conducted, the gridded dataset was not available, hence, the Uccle
station weather data was used. The other inputs for developing the SWAT+ model are
soil and land use maps obtained from the Food and Agriculture Organization (FAO, year:
2010) and the European Space Agency (ESA, year: 2020, resolution: 200m), respectively.
Finally, the Digital Elevation Model (DEM) of 50m by 50m was reassembled from 90m by
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90m DEM acquired from USGS (last accessed, September 30, 2021 https://earthexplorer.
usgs.gov/) and is used to delineate the catchment. The stream�ow data runs from 1975 to
2002 for both the catchment outlet (Wilsele) and Sint–Joris–Weert (SJW) gauging station.

3.1.4 Methodology

The methodology comprised two main parts: the �rst was modeling the catchment with
the standard SWAT+ model, and the second was to use the new “gw�ow” module as a
replacement for the simplistic representation of the groundwater module in the SWAT+
model. This enabled us to assess the potential of the new module (gw�ow) to simulate the
groundwater hydrology of the Dijle catchment better than the standalone model.

As gw�ow is embedded as a subroutine within the SWAT+ Fortran code, the inputs for
the standalone SWAT+ model are also inputs for the gw�ow model setup. For the SWAT
+gw�ow module, SWAT+ version 60.5.2 is coupled with the gw�ow module. In addi-
tion, an aquifer thickness raster (vertical distance from the ground surface to bedrock, i.e.,
the thickness of unconsolidated sediments) was downloaded from https://data.isric.org/
(Shangguan et al. (2017), last accessed on 21 September 2022). To check the validity of
the global dataset, the depth to the impermeable layer, called the Kortrijk layer (Fig. 3.3),
was also taken from a previous study conducted by Wossenyeleh, (2021) [40]. The per-
meability of the aquifer material was obtained from https://dataverse.scholarsportal.info/
(Huscroft et al. (2018), last accessed on 21 September 2022). This helped us to classify the
aquifer into distinct zones, where each zone has its own corresponding hydraulic conduc-
tivity (Kaqu) and speci�c yield (Sy) values (Bailey et al., 2020a).

The SWAT+ model setup starts by delineating the catchment where the Wilsele gauging
station is taken as the catchment outlet, and this resulted in a total catchment area of 892.54
km² with 1496 HRUs, 21 subbasins, and 162 channels. The stream�ow data at Wilsele is
downloaded from Waterinfo (last accessed, September 21, 2022 https://www.waterinfo.be/)
for the same time window as the other weather inputs. The Penman-Monteith was cho-
sen as the potential evapotranspiration (PET) calculation method, whereas the Muskingum
method was selected for �ow routing. We used SWAT+ version 60.5.2 for the model setup.

It is worth noting that the global datasets that we used to prepare the gw�ow inputs have
a mismatch with the locally available data. Hence, we have made simpli�cations that ease
the sensitivity and calibration process. For instance, the number of different hydraulic
conductivity zones according to the global dataset is 24; however, previous studies on this
catchment [40] have shown the dominance of one zone (called "Brussels sand"), and we
also have noticed from the global dataset that the hydraulic conductivity values for most
zones were similar. Hence, we calibrated only the dominant zones (Fig. 3.4). If we take the
24 zones as independent zones, we will need to perform sensitivity analysis for 24 zones
(a total of 48 parameters, which is 24 for hydraulic conductivity and 24 for speci�c yield).
Note that this number does not account for the other model parameters. This will increase

34



Chapter 3. Model development

computation time, create dif�culty while calibrating the model at the latter stages, and
may lead to over�tting. However, this simpli�cation will not reduce model performance,
which is checked at later stages in the result section. This type of simpli�cation is well-
known in hydrological modeling as a parsimonious representation (Wossenyeleh et al.,
2021; Atkinson et al., 2002; Basu et al., 2010; Sivapalan, 2003).

Figure 3.4: The different hydraulic conductivity zones according to the GLHYMS
dataset. Originally, there were 24 zones, which has three dominant zones. Hence, to re-
duce computation time and avoid over�tting, only the three zones' hydraulic conductivity
and speci�c yield parameters are calibrated

Modi�cation to the gw�ow module to account for groundwater-soil interaction

In the original water balance equation of the gw�ow module (Bailey et al., 2020a), the
interaction between SWAT+ HRU soil pro�les and gw�ow grid cells occurs only through
the passing of deep percolation from the soil pro�le to groundwater, i.e., the water table
elevation, and corresponding groundwater storage, simulated for each grid cell does not
interact with nor affect the hydrological processes of the soil pro�le. This could lead to
situations where the gw�ow module simulates a water table within the soil pro�le, with all
inherent groundwater calculations such as lateral �ow, while at the same time, the HRU
in the same vicinity as the grid cell is simulating percolation and soil lateral �ow. This
leads to duplicate processes, but by different equations. To remedy this �aw, in this study,
we modify the gw�ow module to allow the transfer of groundwater to the soil pro�le for
grid cells where the water table rises into the soil pro�le (Eq. 3.1). This is particularly
important for groundwater-dominated catchments (i.e., high base�ow fractions) where the
water table is shallow. For each cell, for each time step, the simulated water table elevation
(i.e., groundwater head) is compared to the elevation of the soil pro�le bottom of the HRU
to which it is connected spatially. If the water table elevation wt_elev (m) is above the
elevation of the soil pro�le bottom soilelev (m), then the volume of groundwater to transfer
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to the soil pro�le Qgw_soil is calculated as:

Qgw! soil = ( wtelev� soilelev) � Ahru � Sy (3.1)

WhereAhru is the area (m2) of the HRU within the spatial area of the grid cell, andSy is the
speci�c yield of the aquifer. This volume of water is added to the HRU soil layers that are
at or below the elevation of the water table. The inclusion of this transfer term can yield
higher rates of recharge during a model simulation, due to added water to the soil pro�le
that subsequently can move downward to the water table. Therefore, when presenting
and discussing model results or estimating recharge rates for a watershed or portion of a
watershed, the “net” recharge should be estimated by subtracting the transfer volume from
the simulated recharge volume, i.e.,

true recharge= Qrech� Qgw! soil:

We further modi�ed the module to include municipal pumping, which is added as another
sink term in the water balance equation. The starting and ending date of pumping and the
daily pumping rate are inputs for wells located inside any case study area, with any number
of pumping periods possible for each well. For this study, it's considered zero.

Sensitivity, calibration, and water balance analysis

The sensitivity and calibration analysis for the SWAT+gw�ow model setup is performed
using the Parameter Estimation Tool, PEST. For the standalone SWAT+ modeling work,
sensitivity and calibration analyses were done based on two approaches. The �rst uses the
SWAT+ toolbox developed by Celray James Chawanda (last accessed February 21, 2022).
This tool applies the variance–based Sobol method.

The second approach involves calibrating the standalone SWAT+ model using the PEST
tool, to compare the two model setups using a consistent calibration methodology. The time
window from 1983 to 1996 is used for calibration, with the �rst three years considered as a
warm-up period. The remaining data is divided into two validation periods: 1975–1982 as
“Validation 1" and 1997–2002 as “Validation 2." Sensitivity and calibration are performed
using monthly stream�ow data at the outlet of the catchment.

A comparison is made between the daily and monthly simulated and measured stream�ow
data at the catchment outlet. Additionally, the calibrated model is tested using stream�ow
data from another gauging station located at Sint–Joris–Weert (SJW), approximately 14
km upstream of the catchment outlet. Although sensitivity and calibration occur in parallel
when using PEST, a limited number of parameters were used to ensure comparability with
the standalone SWAT+ model.
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The soil water balance for the standalone SWAT+ model (Eq. 3.2) is calculated using pre-
cipitation (P), surface runoff (Surq), lateral discharge (Latq), percolation (Pr), and evapo-
transpiration (ET). For the SWAT+gw�ow model, the same variables are considered (Eq.
3.2), with the addition of groundwater transferred to the soil (gwsoil), in cases where the
water table intersects the soil pro�le:

Change in soil moisture storageSWAT+ = P� Surq� Latq� Pr� ET+ error (3.2)

Change in soil moisture storageSWAT+gw�ow = P+ gwsoil� Surq� Latq� Pr� ET+ error
(3.3)

The groundwater balance is calculated for SWAT+gw�ow (Eq. 4.11) using recharge (rech,
equal to percolation Pr), groundwater evapotranspiration (gwet), groundwater �ow to streams
(gwsw), stream seepage to groundwater (swgw), saturation excess �ow (satex), groundwa-
ter transfer to soil (gwsoil), groundwater pumping (pump), and �ow across the catchment
boundary (bound):

Change in groundwater storage= rech� gwet� gwsw+ swgw

� satex� gwsoil� pump+ bound+ error (3.4)

The sum of the groundwater balance at each daily time step is compared with the difference
in total groundwater volume before and after each day, to ensure closure of the aquifer
system water balance.

When using the SWAT+ toolbox, the Nash-Sutcliffe Ef�ciency (NSE) was used as an ob-
jective function. In contrast, PEST minimizes the sum of squared residuals (SSR). The
conventional performance metrics, namely NSE and Percent Bias (PBIAS), are used to
evaluate the simulation of stream�ow at both the catchment outlet and SJW gauging sta-
tion. Additionally, water balance closure was veri�ed. The closer the NSE (Eq. 4.5) is to
1, and PBIAS (Eq. 4.6) is to 0, the better the model performance.

NSE= 1�
å T

t= 1(Qt
m � Qt

o)2

å T
t= 1(Qt

o � Qo)2
(3.5)

PBIAS=
å T

t= 1(Qt
o � Qt

m) � 100

å T
t= 1Qt

o
(3.6)

WhereQt
m is the simulated stream�ow at timet, Qt

o is the observed stream�ow at timet,
andQo is the mean observed stream�ow.
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3.1.5 Results

Sensitivity analysis, calibration, validation, and water balance
The sensitivity analysis based on both the SWAT+ toolbox and PEST revealed that the
curve number, usually the most sensitive parameter in the SWAT+ model, is not sensitive.
Instead, the percolation coef�cient (perco), which is a coef�cient that adjusts the soil mois-
ture for percolation to take place, is the most sensitive one. This is evident as the catchment
is more groundwater–driven. The sensitivity analysis hides the importance of the other pa-
rameters due to the super–sensitive nature of perco. However, when the other parameters,
except perco are compared, it is found that the other groundwater-related parameters also
play a role that indicates the importance of appropriate representation of the groundwater
hydrology to simulate the general hydrological processes in highly groundwater-dominated
catchments.

The sensitivity analysis has a similar result as Wossenyeleh et al., (2021) where the hy-
draulic conductivity of the "Brussels sand" (Kaqu19) is a very sensitive parameter. Nev-
ertheless, according to their result, river conductance, which is equivalent to streambed
conductivity (bed_k) in SWAT+gw�ow is not sensitive, contrary to the result of our sensi-
tivity analysis. However, the study by Wossenyeleh et al., (2021) is only a tiny part of the
catchment (only the Doode Bemde wetland area), while our study area encompasses the
whole catchment.

The calibrated model parameters values closely match with the �nding of Wossenyeleh
et al., (2021), where according to SWAT+gw�ow, "Brussels sand (zone 19)" hydraulic
conductivity is 9.6 m/day while they estimated it to be 8 m/day. The values are between
the range of values suggested by Possemiers et al. (2012) and Vandersteen et al. (2014). In
addition, the hydraulic conductivity of the river valley represented as zone 24 is 3.1 m/day,
while Wossenyeleh et al., (2021) estimated it to be 3 m/day. As for the speci�c yield, the
result indicated that the "Brussels sand" has a speci�c yield of 0.4, which has a difference
of 0.25 compared with Wossenyeleh et al., (2021). According to Bear (1972), Carsel and
Parrish (1988) and Loheide II and Gorelick (2005), the speci�c yield of sandy aquifers can
reach up to 0.385, hence, our result is also in 0.005 difference with their suggestion, hence,
the speci�c yield is in an acceptable range.

The quaternary formation (the river valley), the speci�c yield is 0.026 and 0.03, according
to SWAT+gw�ow and Wossenyeleh et al., (2021), respectively. Here, it is vital to men-
tion that in Wossenyeleh et al., (2021), the model setup was using MODFLOW forced with
recharge obtained from another hydrological model (WetSpaSS). However, for SWAT+gw�ow
model setup, the recharge is directly transferred from the soil pro�le, which does not re-
quire setup, calibration, and validation of other hydrological models to get recharge values.
This is one added value of the new coupled model compared to independently developed
models.
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The calibration has resulted in an NSE of 0.4 and 0.6 for the standalone SWAT+ and the
SWAT+gw�ow, respectively. The SWAT+gw�ow simulation result corresponds to satisfac-
tory, according to Moriasi et al. (2007). This indicates that the simpli�ed representation of
the groundwater system by the standalone SWAT+ model reduces the performance of sim-
ulating geohydrological water balance components in groundwater-dominated catchments.
The daily stream�ow simulation using SWAT+gw�ow has also resulted in a high NSE (0.5)
during the calibration period.

The result of the �rst validation period (1975 to 1982) suggested that the standalone SWAT+
has a lower NSE (unsatisfactory) while the SWAT+gw�ow simulation managed to show a
higher similarity between measured and simulated stream�ow data with an NSE of 0.7
(Tab. 3.1), which is good according to Moriasi et al., (2007). The SWAT+gw�ow is also
successfully applied to research conducted by Bailey et al. (2020a),Bailey et al. (2022),
and Yimer et al. (2023b). The result indicated that the SWAT+ model could not adequately
represent the Dijle catchment, while the SWAT+gw�ow has improved the hydrological
simulation. It is to be noted that the calibration using either PEST or the global optimization
tool (SWAT+ toolbox) resulted in an NSE of 0.4 for the standalone model setup.

The modeled stream�ow at the SJW gauging stations mimics the measured monthly mean
stream�ow where the NSE is 0.5, 0.7, and 0.4 for the calibration period, the �rst and
second validation periods, respectively. The respective PBIAS values are 11.16%, 6.12%,
and 15.41%. Hence, the calibrated model managed to accurately estimate stream�ow in
another location (inside the catchment). It is to be noted that whengwsoil interaction is
not considered, the stream�ow simulation has deteriorated with an NSE of 0.1. This result
has shown the importance of accounting for such exchanges in the modeling scheme.

Table 3.1: Comparison of model performance metrics for SWAT+ and SWAT+gw�ow

Time step
NSE PBIAS [%] Watershed soil water balance GW balance error (mm)

SWAT+ gw�ow SWAT+ gw�ow SWAT+ / gw�ow gw�ow

Calibration
Daily -0.1 0.5 1.7 -0.9 2.6% / 0.17% –1.12

Monthly 0.4 0.6 1.6 -1.0 – –

Validation 1
Daily 0.1 0.5 -5.6 -11.0 3.1% / 0.21% 1.72

Monthly 0.6 0.7 -5.6 -10.9 – –

Validation 2
Daily -0.3 0.4 11.0 6.4 11.4% / 0.17% 1.22

Monthly 0.1 0.5 11.0 4.9 – –

The water balance closes for both the watershed as a whole and the groundwater system. It
closes with less than 11.4% error for both SWAT+ and SWAT+gw�ow during calibration
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and validation periods. There are numerous error–producing aspects in the water balance
components. For example, model structural issues, model parameters, calibration proce-
dures, model inputs, rounding off etc., are the major sources of errors. Mainly, the ground-
water balance error is due to the rounding off, where currently, the code only prints out four
digits (note that it is less than 2 mm for all periods we assessed).

Figure 3.5: Water yield and net recharge for the condition of including the gwsoil mecha-
nism (A and C) and not including the gwsoil mechanism (B and D)

The average annual hydrologic �uxes (mm/yr) within the watershed system and precipi-
tation fractions are listed in Table 2. For the simulation period, on average ET accounts
for 67% of precipitation, and surface runoff, soil lateral �ow, and net recharge account for
10%, 5%, and 12%, respectively. When neglecting the gwsoil mechanism (i.e., turning
off this feature in the SWAT+ code), hydrologic �ux rates change dramatically (Tab. 3.2).
This condition yields a very high rate of saturation excess �ow (164 mm), as groundwater
head is allowed to rise to the ground surface, i.e., there is no interaction with the soil pro-
�les of the HRUs. This high rate of saturation excess �ow, when combined with surface
runoff (66.4 mm) and soil lateral �ow (10.6 mm) and accounting for stream seepage to
groundwater (4.5 mm), results in a total water yield of 237 mm, which greatly overesti-
mates stream�ow at the gauging site. Net recharge (Fig. 3.5) is also much higher in this
condition (204 mm), as groundwater is not removed from the aquifer and placed in the soil
pro�le. The high recharge rates result in high groundwater head, which in many places of
the watershed reaches the ground surface, resulting in saturation excess �ow.

The components of water yield (surface runoff, soil lateral �ow, saturation excess �ow)
are shown in (Fig. 3.5), with saturation excess �ow being zero, due to the inclusion of
the gwsoil term, and hence the groundwater head as simulated by the gw�ow module not
allowed to rise to the ground surface and induce saturation excess �ow, but instead ground-

40



Chapter 3. Model development

water is incorporated into the soil pro�le and managed by the HRU soil processes of runoff
and soil lateral �ow. For this condition, therefore, soil lateral �ow acts as a pathway for
groundwater to reach the stream network, and hence can be considered as base�ow. This
allows an accurate depiction of base�ow, as shown by the stream�ow comparison in (Fig.
3.5). The inclusion of the gwsoil mechanisms results in net recharge (Fig. 3.5) that, when
averaged over the entire watershed, is usually positive, but can be negative as groundwater
is transferred to the soil pro�le, but no recharge occurs.

In contrast, when including the gwsoil mechanism, thereby providing a more accurate rep-
resentation of water storage and movement, groundwater is transferred to the soil pro�le,
increasing the overall soil water content and thereby increasing surface runoff and soil
lateral �ow to 83.6 mm and 43.2 mm, respectively, increases of 26% and 300%. ET also
increases (from 544 mm to 559 mm) as more water is stored in the soil layers. Net recharge
is now 103 mm, or approximately half of the volume simulated when the gwsoil mechanism
is excluded from the model, as groundwater is transferred to the soil pro�le.

These results indicate the importance of including the gwsoil mechanism into the SWAT+
modeling code, and in general including groundwater-soil interactions in integrated hy-
drologic models. This mechanism provides a realistic movement of water in the shallow
subsurface, allowing water in the soil pro�le, whether percolating from above or resulting
from high groundwater levels, to be subject to the appropriate hydrologic process (recharge,
soil lateral �ow, ET, runoff) within the watershed system.

Table 3.2: Comparison of water balance components with and withoutgwsoil .

Values (mm's) Percentage of precipitation (%)

Without
gwsoil

With gwsoil Without
gwsoil

With gwsoil

Inputs to Watershed

Precipitation 838.9 838.9 – –
Boundary in�ow -5.5 -26.5 – –
Lake seepage to groundwater 0.4 0.3 – –

Outputs from Watershed

Surface ET 544.4 559.0 65 67
Surface runoff 66.4 83.6 8 10
Soil lateral �ow 10.6 43.2 1 5
Stream seepage to groundwater -4.5 -4.4 – –
Saturation excess �ow 164.2 0.0 20 0
Groundwater ET 0.2 0.0 – –

Internal Flow

Recharge to the water table 204.8 837.2 – –
Groundwater transfer to soil 0.0 733.9 0 87
Net recharge 204.8 103.3 24 12
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3.1.6 Conclusion

Coupled geohydrological models are required to investigate groundwater-surface water in-
teractions. However, due to the dif�culty in code modi�cation and computation time, sev-
eral approaches are made. For example, recently, a new module (called gw�ow) was de-
veloped to replace the simpli�ed representation of the groundwater system in SWAT. This
paper aimed to assess whether a groundwater-driven catchment (Dijle) can be better rep-
resented with either the “standard” SWAT+ model or the newly developed SWAT+gw�ow
model. In addition, the gw�ow module is modi�ed to ac-count for groundwater–soil inter-
actions (gwsoil). Consequently, the effect on water balance values and total and base�ow
representation is investigated.

First, we modeled the catchment using the standalone SWAT+ model, and during the cali-
bration period (1983 to 1996), the NSE is 0.4, while this decreased considerably (less than
zero) during the two validation periods (1975 to 1982 and 1997 to 2002). From this, it is
apparent that the standalone model could not adequately represent the hydrology of this
groundwater-driven catchment. This is attributed to the simpli�ed representation of the
groundwater component of the SWAT+ model. Contrary to this, the simulation improved
considerably when we modeled the catchment using SWAT+gw�ow. For instance, the NSE
has increased to 0.6, 0.7, and 0.5 during the calibration, the �rst and second validation pe-
riods, respectively. Furthermore, we com-pared the stream�ow model output at another
gauging station (Sint–Joris–Weert), and it was captured with an NSE of 0.5, 0.7, and 0.4
during the calibration and the �rst and second validation periods, respectively.

Comparison made before and after modifying the module (accounting gwsoil) interaction
revealed that stream�ow simulation has deteriorated when gwsoil interaction is neglected
(NSE of 0.1) while the NSE has improved (NSE = 0.6) when such exchanges are included
in the modeling scheme. This is due to overestimation of stream�ow, which occurs as
groundwater is allowed to rise to the ground surface, resulting in high rates of saturation
excess �ow (164 mm). In contrast, when the gwsoil mechanism is operational, shallow
groundwater is transferred to the soil pro�le, wherein the additional water is subject to ET,
surface runoff, and soil lateral �ow (increased by 300%). On top of this, the compari-
son also indicates a signi�cant difference among the water balance variables and base�ow
values, suggesting the importance of including gwsoil interaction in the hydrological mod-
eling. This has implication for other coupled models to consider adding this interaction in
their modeling scheme.

In general, the new groundwater module (gw�ow) has an advantage over the standalone
SWAT+ groundwater module. This is important for a highly groundwater-driven catch-
ment where the base�ow plays a signi�cant role. The new coupled model, along with the
modi�cation we made has four major advantages, including; a better representation of the
base�ow, appropriate soil water (water balance) and stream�ow values, detailed ground-
water model output mapping, and �nally, the coupled model does not require recharge
from another surface water model to force the groundwater system which is the case for
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independent surface and groundwater modeling approaches. To conclude, this coupled
model has implication for other geohydrological models that has simpli�ed representation
of groundwater systems to replace it with physically based and spatially distributed mod-
ules to better capture the geohydrology. Furthermore, the coupled model has importance for
proper aquifer management in an integrated (coupled) scheme. However, further research
is required to represent wetlands in SWAT+gw�ow and identify and assess tile drain units.
We believe that the latter may play a signi�cant role in improving models on groundwater-
dominated catchments where groundwater is likely to enter near the root zone, driving the
application of tile drains.
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3.2 An open source SWAT+gw�ow input preparation, post-
processing and calibration tool development

3.2.1 Summary

The Soil and Water Assessment Tool (SWAT/SWAT+) modelling suite is widely applied
for integrated hydrological studies. Due to the simpli�ed representation of the ground-
water hydrology in SWAT/SWAT+, this is frequently coupled with groundwater models
such as the Modular Groundwater Flow model (MODFLOW) and the recent gw�ow. For
SWAT+gw�ow, however, the preparation of the inputs has to be done manually using GIS
routines which are mostly cumbersome and dif�cult for large watersheds. Additionally,
the application is hampered as there are no tools for post-processing and calibration com-
pared to the standalone versions of the models. Therefore, this research aims to tackle these
issues by presenting an open source, Python-based script to prepare, post-process and cali-
brate using Particle Swarm Optimization (PSO) any SWAT+gw�ow model setups. To show
its range of applicability in different contexts, the script is used for twelve case studies in
Belgium, Denmark, Italy, Morocco and Spain.

The input preparation lasted between 3 to 10 minutes, which is more ef�cient than manual
input preparation. Additionally, the post-processing enables the SWAT+gw�ow user com-
munity to produce and examine water balance components easily. Finally, calibration using
PSO is made possible for the coupled model. In the watersheds we investigated, calibration
resulted in NSE values between 0.4 and 0.97. Free and open-source scripts allow users to
apply geohydrological models easily and ensure the reproducibility of modeling works.

This section is under review as:Yimer, E. A., José Pablo Terán Orsini, Lorenzo Villani,
Abdennabi Alitanea, Zakaria Ammari, Brian Omondi Oduor, Anandita Agarwal, Ryan T.
Bailey, Jiri Nossent,Ann van Griensven: An open source SWAT+gw�ow input generation,
post-processing and calibration tool for comprehensive assessment of water resources.

44



Chapter 3. Model development

3.2.2 Introduction

Even though SWAT and MODFLOW have been extensively coupled in many studies, their
integration requires signi�cant modi�cation of the modeling codes and the addition of mul-
tiple source �les, leading to long time for the setup and running of simulations (Bailey et al.,
2020a). The gw�ow module was developed to solve these issues, and since its introduction,
it has been applied in various studies (Bailey et al., 2023, 2022; Yimer et al., 2023b,a,c).
Nevertheless, interfaces that aid the input creation, post-process, and calibration are not
available for SWAT+gw�ow. This paper presents an open–source, Python-based script to
prepare, post–process, and calibrate any SWAT+gw�ow model setups and test and evaluate
its applicability in 12 different study watersheds.

3.2.3 Study area

The study areas are 12 watersheds located in Belgium, Denmark, Italy, Spain, and Mo-
rocco (Fig. 3.7). The main characteristics of the watersheds are reported in Table 1. The
catchment area varies from the smallest Cidacos watershed (477km2) to the largest Upper
Scheldt (5976km2). According to the maps of Beck et al. (2018), climates can be mostly
categorized as temperate, either with or without summer dry season. An exception is rep-
resented by the Gudenå watershed climate in Denmark, which is classi�ed as cold. Annual
average precipitation ranges from 300 to almost 1000 mm. Shallow uncon�ned aquifers
are present in the Belgian and Danish watersheds, where slopes are negligible. Elevations
are higher in the Moroccan, Italian, and Spanish watersheds (Fig. 3.7).

3.2.4 Design and Implementation

The methodology comprises three major parts: starting with the SWAT+gw�ow input
preparation, continuing to calibrate any SWAT+gw�ow model setup, and �nally, post-
processing (Fig. 3.8). The script was developed in Python version 3.8. The following
packages (with corresponding version or higher) are required for the script:

• Pandas 1.5.2

• Geopandas 0.12.2

• Gdal 3.6.1

• Numpy 1.23.5

• Shapely 2.0.0

• Matplotlib 3.6.2 & Matplotlib_scalebar 0.8.1

• Pyswarms 1.3.0

• Pathlib 1.0.1

• Shutil 1.7.0
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Table 3.3: The twelve study areas descriptions (catchment name, country where it is
located, area, annual average precipitation, and groundwater characteristics)

# Catchment name Country Area (km2) Annual avg.
precipitation (mm)

Groundwater characteristics

1 Kleine Nete Belgium 551 821 Shallow groundwater table with uncon�ned
aquifer

2 Grote Nete Belgium 509 828 Shallow groundwater table with uncon�ned
aquifer

3 Demer Belgium 2204 785 Mix of con�ned and uncon�ned aquifers
4 Dender Belgium 1352 903 Mix of con�ned and uncon�ned aquifers
5 Dijle and Zenne Belgium 2428 873 Mix of con�ned and uncon�ned aquifers but

mainly composed of Brussel sand aquifer
system with shallow groundwater table

6 Leie Belgium and
France

3794 – Mix of con�ned and uncon�ned aquifers

7 Upper Scheldt Belgium and
France

5976 931 Mix of con�ned and uncon�ned aquifers

8 Gudenå Denmark 2625 800–850 Shallow uncon�ned aquifers
9 Bruna Italy 836 786 Mostly con�ned aquifers
10 R'Dom Morocco 1970 300–500 Shallow aquifer (Plio-Villafranchian sand-

stone, conglomerate sand and lacustrine lime-
stone) and deep aquifer (Lias dolomitic lime-
stone)

11 Mikkes Morocco 1368 365–965 Two aquifers and one aquitard. The �rst
aquifer is uncon�ned and thin. The second
aquifer is uncon�ned upstream and becomes
con�ned under marls downstream

12 Cidacos Spain 477 400–800 Mainly alluvial aquifer of about 61 km2 of
extension and up to 20 m deep with mainly
gravel and sand with low degree of cemen-
tation at the bottom and silt and clay in the
surface layers

Figure 3.6: The geographical locations of the 12 watersheds
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Figure 3.7: The delineation and river networks as generated by the SWAT+gw�ow model
used in the 12 study watersheds. The elevation is reported with a common legend to en-
able comparison between watersheds
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