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Abstract: Integrating hydrology with climate is essential for a better understanding of the impact of
present and future climate on hydrological extremes, which may cause frequent flooding, drought,
and shortage of water supply. This study assessed the impact of future climate change on the
hydrological extremes (peak and low flows) of the Zenne river basin (Belgium). The objectives were
to assess how climate change impacts basin-wide extreme flows and to provide a detailed overview
of the impacts of four future climate change scenarios compared to the control (baseline) values.
The scenarios are high (wet) summer (projects a future with high storm rain in summer), high (wet)
winter (predicts a future with high rainfall in winter), mean (considers a future with intermediate
climate conditions), and low (dry) (projects a future with low rainfall during winter and summer).
These scenarios were projected by using the Climate Change Impact on HYDRological extremes
perturbation tool (CCI-HYDR), which was (primarily) developed for Belgium to study climate change.
We used the Soil and Water Assessment Tool (SWAT) model to predict the impact of climate change on
hydrological extremes by the 2050s (2036-2065) and the 2080s (2066-2095) by perturbing the historical
daily data of 1961-1990. We found that the four climate change scenarios show quite different impacts
on extreme peak and low flows. The extreme peak flows are expected to increase by as much as
109% under the wet summer scenario, which could increase adverse effects, such as flooding and
disturbance of the riverine ecosystem functioning of the river. On the other hand, the low (dry)
scenario is projected to cause a significant decrease in both daily extreme peak and low flows, by as
much as 169% when compared to the control values, which would cause problems, such as droughts,
reduction in agricultural crop productivity, and increase in drinking water and other water use
demands. More importantly, larger negative changes in low flows are predicted in the downstream
part of the basin where a higher groundwater contribution is expected, indicating the sensitivity
of a basin to the impact of climate change may vary spatially and depend on basin characteristic.
Overall, an amplified, as well as an earlier, occurrence of hydrological droughts is expected towards
the end of this century, suggesting that water resources managers, planners, and decision makers
should prepare appropriate mitigation measures for climate change for the Zenne and similar basins.

Keywords: CCI-HYDR; climate change; extreme flows; SWAT; Zenne river basin

1. Introduction

Continuously increasing population growth and industrialization have been placing considerable
pressure on the environment, as well as on freshwater quantity and quality. Globally, the presence of
climate change has been well recognized, and is also expected to continue in the future. The consistent
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increase in global atmospheric concentrations of greenhouse gas emissions, such as carbon-dioxide,
methane, and nitrous oxides, appears to be the main cause of global warming, which has already altered
the natural climate system [1-3]. It has been well-documented that this climate change has already
affected hydrologic cycle elements, such as precipitation, evapotranspiration, streamflow, soil moisture,
groundwater recharge, and baseflow, including the response of rainfall-runoff processes [4-6]. Not only
hydrologic cycle components, but also the magnitude, frequency, and timing of the occurrence of
peak flows (floods) and low flows (droughts) have already been altered by climate change [4,5,7-12].
Such impacts are expected to continue, and may result in adverse consequences on freshwater
availability and sustainability, including frequent occurrence of hydrological extremes, such as flooding
and droughts [4-6], which may have significant impact on riverine ecosystems and their natural
habitats [13]. Hydrological extremes may also cause serious problems, such as shortage of water supply,
landslides, soil erosion, and damage to existing infrastructures [14-18]. Other negative consequences
of climate change include an increase in sea level rise [19-21], which could cause frequent occurrence
of hydrological extreme events, such as groundwater inundation and subsequent flooding, particularly
in low-lying areas [22-25]. Such events are anticipated to cause loss of inhabitants, strongly damage
existing surface, sub-surface and wastewater drainage systems, and negatively influence the economy
and recreational areas of low-lying communities [24,25]. Extreme flood events may also cost billions of
dollars to repair damaged property and infrastructures in low-lying areas [24,26].

Given such significant impacts of hydrological extremes on the economy, riverine ecosystems,
environment, and human life [7,24,26], assessing the impacts of future climate change on extreme
flow values is of importance. In addition, such studies are of critical necessity in order to design
and plan appropriate mitigation measures for the adverse consequences of climate change. Due to
these facts, studying the impact of climate change on streamflow and its extreme values has gained
increased attention in the field of hydrology [7,11,27,28]. In such studies, hydrological simulators
have provided a framework for examining the impact of future climate change on streamflow and
its extreme values with the complementary of both global and regional climate simulators. To assess
the impact of climate change on streamflow, hydrological simulators need projected future climate
values as inputs. Different Global Climate Models (GCMs) have been developed [2] to project future
climate change scenarios and determine the effects of changing concentrations of greenhouse gases
on global climate variables, such as temperature, precipitation, evapotranspiration, humidity and
wind speed. Then, these outputs can be used as inputs to hydrologic simulators. However, the direct
use of such outputs for local scale hydrologic simulators, like the Soil and Water Assessment Tool
(SWAT) [29], may result in unrealistic hydrologic model outputs as a result of the coarse spatial
and temporal resolutions of the GCMs’ outputs [30]. Therefore, the results of the GCMs need to be
downscaled to regional and local (finer) scales. Several researchers have obtained finer resolutions
from the GCMs’ outputs using statistical or dynamical downscaling techniques [11,31-35]. An example
of a statistical downscaling technique is the Climate Change Impact on HYDRological systems
(CCI-HYDR) tool [36-38], which has recently been developed and used in Belgium to study the
impact of climate change on hydrological extremes.

The advancements in GCMs coupled with several downscaling techniques for predicting future
climate variables have led to increased confidence in the use of the GCMs’ outputs. As a consequence,
several researchers have used the locally downscaled climate change variables as direct inputs
to basin-scale hydrological simulators and assessed the consequence of future climate change
on river basin water balance components [4,6,18,39—41], streamflow [7-9,42,43], and hydrological
extremes [7,10-13,16,27]. In Belgium, future changes in precipitation, temperature, and potential
evapotranspiration (PET) have been predicted by using the CCI-HYDR perturbation tool [38,44],
and their consequences on streamflow have been studied [27,28,45-47]. However, the previous
studies have focused on the impact of climate change on streamflow at basin outlet and lacked
information on the spatial (internal) response of the basin’s hydrological extremes to climate change.
In addition, a detailed overview on the possible impacts of climate change on the hydrological
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extremes of a spatially heterogeneous basin has not been reported yet. As the Zenne river basin
experiences unique hydrologic features and complexity [48] and the impact of climate change is basin
specific [8,12], investigating the implications of future climate change on hydrological extremes and
better understanding these impacts are of major importance for the basin as well as its connected
systems. Such studies can ultimately be used as an exploratory tool by water resources managers and
decision makers to evaluate the consequences of future climate change on hydrological extremes of
the basin.

In this study, we assessed the impact of future climate change on extreme peak and low flow
values using the statistically downscaled rainfall, minimum and maximum temperatures time series
data over the Zenne basin for the middle century (2036-2065) and the late century (2066-2095). For the
statistical downscaling of daily rainfall and temperature data, we used the CCI-HYDR perturbation
tool [38,49]. We also considered future solar radiation change based on previous studies in Europe [50].
To simulate the daily streamflow and its extreme values of the basin, the most widely used SWAT
simulator [29] was applied. The specific objectives of this study were to

e Simulate extreme flow values of the Zenne river under a control period (1961-1990) and four
future climate change scenarios (high (wet) summer, high (wet) winter, mean, and low (dry));

e  Assess and provide an overview of the possible impacts of the four climate change scenarios on
the extreme peak and low flows of the basin compared to the control period.

The aforementioned objectives were accomplished by leveraging the previously developed SWAT
model of the basin by Leta et al. [48]. The climate change impacts were assessed by providing projected
rainfall, maximum and minimum temperature time series data, including percent change of seasonal
solar radiation, to the model. Combining the four previously mentioned climate change scenarios
allows us to better understand and calculate the possible range of relative changes in extreme peak
and low flows under future climate conditions.

2. Materials and Methods

2.1. Study Area

The Zenne river basin, which is part of the international Scheldt river basin, is situated in
the central part of Belgium (Figure 1). The river drains a total area of 1162 km? and crosses the
three administrative regions of the country (Figure 1, top left corner). Zenne is the most populated
and highly influenced (anthropogenic activity) basin in Belgium [51-53]. In addition, the basin is
characterized by heterogeneous geological formations, groundwater recharge, and rainfall-runoff
responses [48]. Because the basin is densely populated, the river receives high levels of organic
pollutant and nutrient loadings [52,54]. Upstream from Brussels, the river experiences a natural
meandering course, whereas it was vaulted over a distance of approximately 8 km in the Brussels region.
To prevent the Brussels-Capital from flooding, the river is connected with a shipping canal, which is
called the Brussels-Charleroi (upstream part) and the Sea Canal Brussels-Scheldt (downstream part)
and runs parallel to the river (Figure 1a). The canal directly receives excess water from the main river
reach during high flow conditions. In the Walloon region, the canal is fed by the complete diversion of
the former tributaries of the river, such as Hain, Thines, and Samme [48,55]. Downstream from Brussels,
the navigation canal discharges some of the received water back into the river [52]. Additionally,
the Zenne river interacts with the densely networked sewer systems of Brussels [52,54]. In such
conditions, extreme peak and low flows can play a significant role, given their considerable impact on
river ecosystem, infrastructures, economy, and human life [7,24,26].

Due to intensive anthropogenic activities and urbanization in Brussels (Figure 1a), this study
focused on the upstream part of the basin that ends at the Lot gauging station (Figure 1b).
The area upstream of Lot covers an area of approximately 747 km? and has a population density
of 470 per km? [48]. The upstream part of the basin is mainly covered with agriculture that accounts
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for 56% of the area, followed by pasture (22%), and mixed forest (11%). The rest of the area is covered
with urban areas, rangeland, and water bodies (Figure 1a). Loam soils cover 79% of the upstream
basin, with other soils (anthropogenic, sandy loam, sand, loamy sand, and clay) accounting for 21% of
the basin (Figure 1c).
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Figure 1. Location of the Zenne basin in Belgium (top left corner), Zenne basin land use with Canal (a),
Digital Elevation Model (DEM) with hydro-meteorological stations (b), and soil type (c) for the area
upstream from Brussels.

2.2. Data

The developed SWAT model utilized a 30 x 30 m Digital Elevation Model (DEM) obtained from
the Flemish Land Council OC-GIS-Flanders (VLM-OC-GIS) and the Advanced Spaceborne Thermal
Emission and Reflection Radiometer of Global DEM (ASTER GDEM), a 20 x 20 m soil map from
OC-GIS-Flanders and the Digital Soil Map of Wallonia, and a 20 x 20 m land use map of 2000 from the
OC-GIS-Flanders and the Ministry of Wallonia, Section Spatial Planning, Housing, and Heritage.

Daily precipitation data were obtained from the Royal Meteorological Institute (RMI) of Belgium
at the Ukkel station for the period 1960 to 2008, from the Operational Section Mobility and Hydraulic
Tracks (DGVH) at Enghien, Seneffe, Soignies and Wautier-Braine stations for the period 1990 to 2008,
and from the Flemish Environmental Council (VMM) at the Saint-Pieters-Leeuw station for the period
1985 to 2001 (Figure 1b). Daily maximum and minimum temperatures, wind speed, solar radiation,
and relative humidity were only available at the Ukkel station for the period 1960 to 2008. Additionally,
while complete climatic data were available at Ukkel station, precipitation data at the other stations
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were incomplete and thus filled with the data from the Ukkel station. Furthermore, due to the similarity
in observed rainfall magnitudes and strong correlations among the Ukkel and other stations, missing
values were directly replaced with the values recorded at the Ukkel station. SWAT was calibrated and
validated by using daily streamflow data of the period 1985 to 2008 measured at Tubize station of the
DGVH and at Lot of the VMM (Figure 1b).

2.3. Streamflow Modeling

In order to assess the impact of future climate change on streamflow extreme values, we used
the SWAT model, which was previously set up, calibrated, and validated by Leta et al. [48], for the
upstream part of Zenne, ending at its outlet at the Lot station. Therefore, this study does not provide
detailed model set-up, sensitivity analysis (SA), calibration, and validation processes, but briefly
summarizes the methods used by Leta et al. [48]. The authors built the SWAT model using the
geospatial and hydro-meteorological data mentioned in Section 2.2. In addition, the surface runoff was
estimated using the modified Soil Conservation Service (SCS) Curve Number Method [56], whereas the
Penman-Monteith [57] and Muskingum methods [58] were chosen for daily PET estimation and flow
routing, respectively. Leta et al. [48] also implemented a simplified method in SWAT to consider the
exchange of water between the river and canal at the upstream at Lembeek. Then, the authors applied
detailed SA, which was based on the global Latin Hypercube One-factor-At-a-Time (LH-OAT) SA
method [59], and identified the most sensitive and important parameters for the sub-sequent calibration
and validation processes. Considering the high spatial heterogeneity of the basin, Leta et al. [48]
applied three model calibration techniques. These were: (1) single-site calibration (SSC), which used
only one flow gauging station at the basin outlet, i.e., Lot (Figure 1b); (2) sequential calibration (5C),
which started calibration in the upstream station at Tubize (Figure 1b) and moved to the downstream
part at Lot; and (3) simultaneous, multi-site calibration (SMSC), whereby data from both stations were
simultaneously used in a single calibration. In the case of the SMSC method, the authors also used
multi-objective functions. Leta et al. [48] found that of the three calibration techniques used, the SMSC
provided the best results in terms of representing observed daily streamflow hydrographs and temporal
variability, including reliable representation of water balance components of the basin. In addition,
the authors documented that the SMSC technique allowed them to simultaneously calibrate the SWAT
parameters that are structured at basin, sub-basin, and HRU spatial scales. The SMSC further helped
to simultaneously communicate information contained in observed flow data at multiple stations,
reduce model calibration bias, and easily capture the basin’s spatial variability. On the basis of their
findings, this study also utilized the calibrated and validated SWAT model of the SMSC technique.
The reader is referred to Leta et al. [48] and Leta [55] for the detailed approaches used for SWAT
model inputs, set-up, SA, calibration, and validation procedures, including results, model performance
evaluation criteria and prediction uncertainty.

2.4. Climate Change Scenarios

The CCI-HYDR perturbation tool [38,49,60] was used to obtain perturbed time series data of
rainfall, minimum and maximum temperature to reflect future climate scenarios on the basis of
the historical data of 1961-1990, which is hereafter called the control period. The perturbation
tool was originally developed by the university of Leuven and the RMI of Belgium as part of the
CCI-HYDR project, which refers to “Climate change impact on hydrological extremes in Belgium” for
the Belgian Science Policy Office Program [49,61]. The tool is especially dedicated to the assessment
of the hydrological impacts of climate change on rivers and urban drainage systems in Belgium.
The CCI-HYDR tool was developed based on the four Special Report Emission Scenarios (SRES) (A1B,
A2, Bl and B2) of the Intergovernmental Panel on Climate Change (IPCC) Fourth Assessment Report
(AR4) [2]. The climate predictions for the A2 and B2 regional scenario families were extracted from the
results and database of the regional climate models (RCMs) of the Prediction of Regional scenarios and
Uncertainties for Defining EuropeaN Climate change risks and Effects (PRUDENCE) project [62,63].
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However, the A1B and B1 scenarios were derived from the database and results of the GCMs of the
IPCC-AR4 [64]. Hence, the scenarios in CCI-HYDR tool were derived from two databases in order
to formulate an ensemble of different climate model outputs, such that they can reliably represent
the possible range of climate change impacts in the future. The development of the CCI-HYDR tool
primarily aimed to generate a few tailored climate change scenarios that could optimally represent the
possible spectrum of all available climate change scenarios from various climate model runs, and thus
allow an easy interpretation of the implications of future climate change in Belgium [38].

On the basis of the different climate model runs, the CCI-HYDR perturbation tool provides
quantile perturbation factors for the variables precipitation, PET, and temperature. The factors are
defined as the ratio between intensity value for the future defined time horizon (e.g., 2066—2095)
and the corresponding value from the control period (1961-1990) for precipitation and PET [36-38].
In addition, for precipitation, the number of wet days and intensities are also taken into account [36,38].
Unlike precipitation and PET, the difference between the future and the control period was used for
temperature projection. In addition, the use of quantile perturbation approach minimizes the bias in
the climate model projections by calculating climate change signals from the climate model runs and
applying these signals to observed climate data [38]. For the purpose of hydrological impact analysis,
the perturbation factors (signals) of the CCI-HYDR tool were tailored into three scenarios [36-38]:

e  High scenario: predicts the future climate with wet winters (high frontal rainfall) and wet summers
(high convective storm rainfall)
e  Mean scenario: projects a future with intermediate conditions

e  Low scenario: considers dry (low rainfall) winters and dry summers in the future

The original CCI-HYDR tool only makes it possible to perturb the mean daily temperature.
However, as the SWAT model requires both minimum and maximum temperature data, we used the
modified version of the perturbation tool that perturbs both the minimum temperature (Tmin) and the
maximum temperature (Tmax) [38,49]. The Tmin and Tmax perturbations and future predictions are
based on the Long Ashton Research Station Weather Generator (LARS-WG) GCMs [65]. Note that the
LARS-WG GCMs were included only for rescaling the Tmin and Tmax projections, and not for the
other climatic variables. Hence, in addition to its original functionality, the modified CCI-HYDR tool
perturbs the historical daily time series data of Tmin and Tmax [49]. Table 1 provides an overview of
the four climate change scenarios that were formulated in the CCI-HYDR perturbation tool. Please
note that the original high scenario of CCI-HYDR is split into a high (wet) summer and a high (wet)
winter scenario.

Table 1. The CCI-HYDR impact scenarios and related changes in precipitation, temperature,
and potential evapotranspiration (PET) [38,49].

Scenario Variable Winter Spring Summer  Autumn
. . Precipitation high low low mean
High(wet) winter PET/Temperature high high high high
. Precipitation mean mean high mean
High(wet) summer PET/Temperature mean mean low low
Precipitation mean mean mean mean
Mean
PET/Temperature mean mean mean mean
Low (dry) Precipitation low mean low mean
y PET/Temperature low high high high

The high, mean, and low refer to the expected hydrological impacts of climate change that
are obtained based on climate change simulations and quantile perturbation (change) factors
analysis [27,38]. From large sets of perturbation factors (derived from the different climate model
runs), high, mean, and low perturbation factors are extracted. These factors are then applied to
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the observed rainfall, minimum and maximum temperature time series data in order to generate
the corresponding perturbed input series for high, mean, and low scenarios. Approaches on high,
mean, and low scenarios formulations and quantile perturbation factors estimation are detailed in
Ntegeka et al. [38] and Van Uytven and Willems [49].

In this study, the climate change impact analysis also included the expected change in future solar
radiation. In the absence of projected solar radiation data, we considered future solar radiation change
based on previous studies. It has been reported that the solar radiation is anticipated to decrease by
5 to 15% during winter (December to February) and increase by 5 to 10% during summer (June to
August) in most parts of Europe [50]. In addition, on the basis of 18 GCMs run for Europe, Ruosteenoja
and Réisdnen [50] also found that in autumn (September to November), the solar radiation patterns
will qualitatively resemble that of summer, while the spring (March to May) solar radiation will likely
be similar to that of the winter season. The authors projected solar radiation change for the period 2070
to 2099, under the A1B emission scenario. Based on their findings, we assumed the solar radiation
will increase, on average, by 7.5% during the summer and autumn seasons, while a 10% decrease is
considered for the spring and winter months, compared to the control values of 1961 to 1990.

Finally, for rainfall, minimum and maximum temperature changes, we used perturbed time series
outputs of the CCI-HYDR tool as inputs to the SWAT model. However, for the solar radiation change,
the control values were increased or decreased by multiplying by factors with a value of one meaning
no change. For example, during summer and autumn seasons, a value of 1.075 was applied, indicating
a 7.5% increase in solar radiation compared to the historical data. Similarly, a change value of 0.90 was
used during the spring and winter seasons to reflect a 10% decrease in solar radiation values compared
with the control values. The perturbation values for solar radiation change were implemented in the
SWAT’s sub-basin files [66].

2.5. Extreme Peak and Low Flows Analysis

The calibrated and validated SWAT model of the Zenne river [48] was run with long-term control
period (1961-1990) and future perturbed time series data. The simulated streamflow values for both
the control and four future climate scenarios were post-processed to derive relative changes in extreme
peak and low flows, including an ensemble range of relative changes and average values. For the
extraction of daily extreme peak and low flow values from simulated daily streamflows, we used the
Water Engineering Time Series PROcessing (WETSPRO) tool developed by Willems [67]. The tool
selects the extreme peak flow values from daily time series data based on the independent peak over
threshold (POT) method as described in Willems [67]. WETSPRO extracts two subsequent peak flows
from the flow series when the following three criteria are simultaneously fulfilled [28,67].

(1) The time length of the decreasing flank of the first peak flow event is greater than a minimum
threshold time, which can be assigned to the recession constant of the quick flow or larger value;

(2) The flow in between the two peak events should drop down to a fraction lower than a given
threshold fraction value of the peak flow;

(3) The flow increment between the peak flow and lowest flow (in between the current and previous
peak flows) should have a minimum height. This criterion is considered to avoid the selection of
a small noise peaks.

In such analysis, the SWAT simulated daily streamflows for both the control and future periods
were used as inputs to WETSPRO. Similarly, the WETSPRO tool was used to estimate the low flow
values, which were selected on the basis of the lowest annual flow value [67]. For the low flows
selection, the WETSPRO still uses the POT approach, but transforms the original daily streamflow
values into their corresponding reciprocal values. Such transformation converts the minimum flow
to maximum flow and thus facilitates the easy extraction of extreme low flow values [11]. However,
we eventually transformed back the WETSPRO selected extreme low flows to their original values only
for the purpose of plotting, graphical analysis, and easy interpretation. Lastly, for both the selected
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extreme peak and low flow values, we ranked them from high to low and low to high, respectively,
and calculated the corresponding return periods as

N+1
r

T:

)

where T is the return period [year] of the peak or low flow values, r and N are rank and the total
number of years of simulation period, respectively. Relative changes in extreme peak and low flow
values were plotted against the estimated return periods. Detailed approaches on extreme peak and
low flows selection are described in Willems [67].

3. Results and Discussion

3.1. Projected Climate Variables

The average monthly outputs of the CCI-HYDR tool for the four climate change scenarios listed
in Table 1, along with the control period, are shown in Figures 2 and 3 for both the 2050s and 2080s.
The figures indicate that the minimum and maximum temperatures will generally increase by the
middle and end of this century. The summer precipitation is expected to decrease for all the scenarios,
except the high (wet) summer scenario (Figures 2 and 3). PET will slightly increase for most of the
scenarios, but a decrease is notably predicted during the summer months of the high (wet) summer
scenario. The latter should be expected due to minimal increase in temperature and considerable
increase in precipitation during the summer season (Figures 2 and 3).
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Figure 2. The average monthly precipitation (a), potential evapotranspiration (b), maximum
temperature (c), and minimum temperature (d) for the control period (1961-1960) and four climate
change scenarios of 2050s (2036-2065).
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In general, it is noted that the general variations and trends are similar for both the 2050s
and 2080s scenarios. However, the change of the variables in the 2080s will be more pronounced.
For example, for the low (dry) scenario, the monthly average precipitation is expected to decrease
by 11% and 17% by the 2050s and the 2080s, respectively. In addition, under the same scenario,
the summer precipitation and temperature are expected to face the largest negative and positive
changes, respectively, when compared to the control values (Figures 2 and 3). In contrast to the low
(dry) scenario, the high (wet) summer scenario is expected to cause significant increase in summer
rainfall that may cause a potential decrease in PET compared to the control values and the other
scenarios (Figures 2 and 3).
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Figure 3. The average monthly precipitation (a), potential evapotranspiration (b), maximum
temperature (c), and minimum temperature (d) for the control period (1961-1960) and four climate
change scenarios of 2080s (2066-2095).

3.2. Impact of Climate Change on Extreme Peak Flows

The relative sensitivity of extreme peak flows to the four climate change scenarios is summarized
in Table 2. The table also lists the ensemble range of relative changes based on the four climate change
scenarios and the corresponding average values. The ensemble range and their average values were
computed based on the four climate change scenarios listed in Table 1. Table 2 shows a wide range
of the impact of the different scenarios on extreme peak flow values. The relative changes in peak
flows are positive or negative depending on the applied scenarios. For example, the extreme peak
flow change is in the range of —80 to 109% for Tubize and —76 to 58% for Lot. While the direction of
change in peak flows for individual scenarios is inconclusive, the table, however, indicates an overall
decrease in peak flows under all scenarios (ensemble average values) in comparison to the control
values. More importantly, we clearly observed that the impact of climate change on extreme peak
flows is much higher under the low (dry) and high (wet) summer scenarios (Table 2 and Figure 4),
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which is most likely due to increase in precipitation, temperature, and solar radiation during the

summer season.

Table 2. Minimum, average, and maximum relative changes in extreme peak flows relative to the
control period (1961-1990) by 2050s (2036-2065) and 2080s (2066—2095).

Relative Change [%]

Station Period
Wet-Summer Wet-Winter Mean Low Ensemble Range
Minimum —49.3 —74.9 —62.5 —70.0 —74.9
2050s Average 43.0 —20.5 5.5 —33.8 —-14
. Maximum 77.8 11.7 24.6 20.4 77.8
Tubize
Minimum —69.7 —80.2 -76.5 —80.4 —80.4
2080s Average 43.8 —28.6 —4.6 —46.2 —8.9
Maximum 109.2 30.9 48.2 19.5 109.2
Minimum —27.5 —63.6 —37.8 —60.6 —63.6
2050s Average 38.5 —-19.7 5.6 —-32.7 -2.1
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Figure 4. Simulated daily extreme peak flows of Zenne for the control and future climate change

scenarios at Tubize (a,b) and Lot (c,d).

Under the high (wet) summer scenario, an overall increase of 43% in peak flows is expected
(Figures 4 and 5). However, a larger positive change is projected for flows with higher return periods of
approximately 4 years (Figure 5), which implies that the control period distributions are considerably

shifted upwards, and higher peak flows are predicted under the same return periods of the control
values. This is most probably due to a significant increase in precipitation and decrease in PET during
the summer season (see Figures 2 and 3). In such circumstances, the soils are expected to be at saturated

condition (lower infiltration values) and thus likely generate more surface runoff and peak flows when
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compared to control values. Such events can potentially cause frequent occurrence of flooding and
may have adverse consequences, such as damage to infrastructures or drainage systems and negatively
impact the downstream Brussels, as well as its population. The high (wet) summer scenario is also
expected to increase the frequency of overflows to the Brussels-Charleroi canal that would in turn
cause shipping traffic and more sedimentation in the canal. In contrast to this scenario, the peak flows
under the low (dry) scenario are generally expected to decrease (Table 2 and Figure 5). However,
larger negative change is projected for peak flows with return periods of smaller than about two
years. This could be expected due to higher negative changes in precipitation especially during the
dry season (Figures 2 and 3). In such conditions, the soil surface will probably be less saturated, due to
limited moisture availability, and will thus cause a larger rainfall initial abstraction (higher infiltration
values). This may result in smaller peak flow values when compared to the control values. The high
(wet) winter and mean scenarios are expected to cause impacts (relative changes) that are generally
between the high (wet) summer and low (dry) scenarios (Table 2 and Figure 5), which is also consistent
with previous studies in Belgium regarding the impact of climate change [27,28,46].
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Figure 5. Relative changes of the daily extreme peak flows of Zenne for the four applied climate change
scenarios compared to the control period (1961-1960) at Tubize (a,b) and Lot (c,d).

Additionally, as can be clearly noted in Table 2 and Figure 5, while the directions of relative change
in extreme peak flows are similar for the upstream and downstream stations of the basin, the impact is
relatively more important for the south-western part of the basin than the downstream. For example,
both larger negative and positive changes in extreme peak flows are predicted at Tubize in comparison
to the Lot station (Table 2 and Figure 5), indicating the high spatial variability of the basin’s response to
climate change and thus reflecting the influence of the basin’s characteristics on the impact of climate
change. This could be partly related to a larger contribution of surface runoff to streamflow in the
south-western part of the basin and to the overflow to the canal at Lembeek, which is well documented
by Leta et al. [48] and Leta [55]. These authors also reported that the south-western part of Zenne acts
as a discharge zone (recharge close to zero), compared to the rest part of the basin, due to geological
heterogeneity, difference in rainfall-runoff responses, and basin parameters. Our findings imply that
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the difference in basin characteristics may play a significant role in the impact of climate change on
extreme peak flows, and thus provide different degrees of response (sensitivity) to climate change.
Overall, the wider range in relative change of peak flows of —80 to 109% indicates the high
uncertainty in predicting future climate change impact on extreme peak flows. However, these relative
changes may include different uncertainties originating from model parameters, model structure,
and inputs. Leta et al. [68] and Leta [55] reported that the total model prediction uncertainty at Tubize,
including rainfall uncertainty, is between —75 to 92%, with an average value of £17%. Note that the
authors estimated the total uncertainty range from the lower (2.5%) and upper (97.5%) bands with
respect to the observed daily flows (see Leta et al. [68] and Leta [55] for detail). When the total model
prediction uncertainty range is compared with the range of relative changes in extreme peak flows due
to the four climate change scenarios, the climate change uncertainty still shows a significant impact than
model prediction uncertainty, due to its wider band. This stresses that serious mitigation measures for
future climate change should be adopted, if these scenarios should take place. In general, our findings
are in line with previous studies regarding climate change impacts on basins in Belgium [27,28,45].

3.3. Impact of Climate Change on Extreme Low Flows

For the low flows, the low (dry) and high (wet) winter scenarios generally point towards drier
conditions (Table 3, Figures 6 and 7), which is consistent with the rainfall and temperature changes
listed in Table 1. A consistent decrease in low flows under these scenarios are probably due to less
rainfall and high PET, particularly during the summer months (Figures 2 and 3). However, the high
(wet) summer scenario is projected to cause a consistent increase in low flows (Table 3 and Figure 7),
which is likely to be due to an overall increase in rainfall and decrease in PET especially during
the summer season. The table and figure also reveal that larger negative changes in low flows are
anticipated under the low (dry) scenario followed by the high (wet) winter scenario. This should be
expected, as the precipitation is projected to decrease, while PET is expected to increase in the summer
season when groundwater flow contribution to low flows is high. Thus, the low (dry) and high (wet)
winter scenarios are expected to cause considerable downward shifts in low flow distributions and
more frequent occurrence of smaller low flow values under the same return periods of the control
values. This implies that periods of hydrological drought are expected to be more frequent if low (dry)
and high (wet) winter scenarios should occur. This will likely cause earlier occurrence of hydrological
droughts compared to the hydrological regime of the control period. This is expected to be amplified
towards the end of this century (Table 3 and Figure 7).

Table 3. Minimum, average, and maximum changes in extreme low flows relative to the control period
(1961-1990) by 2050s (2036—-2065) and 2080s (2066—2095).

Relative Change [%]

Station Period
Wet-Summer Wet-Winter Mean Low Ensemble
Minimum 4.3 —-14.1 -3.7 —28.6 —28.6
2050s Average 11.2 —8.5 04 —12.4 —-2.3
. Maximum 20.4 9.3 14.8 -7.1 20.4
Tubize
Minimum 49 —-19.2 —-5.7 —35.8 —35.8
2080s Average 12.9 —-11.9 -1.9 —18.2 —4.8
Maximum 23.0 11.8 124 —-9.0 23.0
Minimum -18.3 —82.9 -16.6 —115.4 —-1154
2050s Average 24.7 —29.6 3.5 —58.6 —15.0
Lot Maximum 33.3 -9.9 26.4 —-21.3 33.3
Minimum 10.5 —138.2 -22.0 —169.0 —169.0
2080s Average 27.6 —55.3 —3.8 —109.3 —35.2

Maximum 347 —23.8 20.7 —42.3 34.7
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Overall, the low flows are generally predicted to decrease except under the high (wet) summer
scenario. Such changes may have potential implications on the major agricultural crop productivity
and the minimal ecological flow requirement of the basin. In addition, as the river, as well as the
upstream sub-basins of south-eastern part [48,55], feed the canal, the water may be too low to meet the
required amount of water for the connected canal. In that case, various sectors may be affected, such as
navigation and recreation activities. The mean scenario is anticipated to be similar to the control period,
and is thus expected to have a minor impact on low flows or for them to remain in a stable condition
(Figures 6 and 7). As opposed to peak flows, both larger negative and positive relative changes in
low flows are projected to occur in the downstream part of the basin, where a higher groundwater
contribution is expected [48,55]. For example, the relative change in low flows is predicted to be
between —36 to 23% at Tubize and —169 to 34 at Lot (Table 3) by 2080s.
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Figure 6. Simulated extreme low flows of Zenne for control and four climate change scenarios at Tubize
(a,b) and Lot (c¢,d), showing the downstream part of the basin is more sensitive to climate change,
especially by the end of this century.

While the relative changes in low flows are consistent with previous studies [28,69], the results
should be interpreted with caution. Although groundwater flow is the main source of the low flows
during the dry seasons, SWAT uses a simplified linear reservoir module for the representation of
the groundwater system. Hence, the approach used in SWAT might not well represent the physical
basis of groundwater and its interactions with river. In such cases, the recession constant parameter
used by SWAT may provide an average value and be too sensitive to climate change. In addition,
previous studies on the low flows simulated by different basin models showed that the model structural
uncertainties are very high during dry seasons, and thus the degree of model sensitivity to climate
change (relative change) may be quite different even for the same climate change inputs, due to an
oversimplified representation of groundwater system [28,40]. For instance, Vansteenkiste et al. [28]
compared the climate change impact on low flows using the detailed MIKE-SHE and the simplified
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WetSpa models for groundwater modeling, and found that although the two models showed the
same directions of climate change impact, the degrees of impact on the low flows were considerably
different. This indicates that water resources managers and decision-makers should be aware of the
role of hydrological model uncertainty in predicting future climate change impacts, suggesting the
need to take into account those uncertainties in their decision-making process when they design and
implement mitigation measures for climate change.
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Figure 7. Relative changes of the daily extreme low flows of Zenne for the four applied scenarios
compared to the baseline at Tubize (a,b) and Lot (c,d), indicating larger negative changes with high to
medium return periods in the downstream part of the basin.

Finally, the significant impact of evapotranspiration on low flows is clearly observed based on the
larger percent of negative changes (Table 3 and Figure 7). This is probably due to the high sensitivity
of low flows to precipitation, temperature, and solar radiation changes during the summer season.
This is more pronounced for flows with higher return periods. In general, while the 2050s and the
2080s scenarios show similar trends in change for low flows, the 2080s scenario is predicted to cause
a higher magnitude of the change compared to the 2050s change. For example, under the low scenario,
low flows at Lot are predicted to decrease by as much as 83% and 169% by 2050s and 2080s, respectively.

4. Summary and Conclusions

In this study, we utilized the previously developed, calibrated, and validated SWAT model by
Leta et al. [48] for the upstream part of Zenne basin (Belgium). This study aimed to use the model for
assessing the impact of climate change on daily hydrological extreme values (peak and low flows).
In order to provide an overall detailed basin-wide assessment of the impact of climate change on
the basin, we generated four climate change scenarios (high (wet) summer, high (wet) winter, mean,
and low (dry)) using the CCI-HYDR tool [38,49], which was primarily developed to assess the impact
of climate change on hydrological extremes of Belgian basins. The tool was used to generate perturbed
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time series data of precipitation, minimum and maximum temperature for the period 20362065 (2050s)
and the 2065-2095 (2080s). Seasonal solar radiation change was also considered based on previous
studies [50]. For both of the 2050s and 2080s time horizons, perturbed future time series data were
prepared for a period of 30 years, based on the historical time series of 1961-1990. Daily extreme peak
flows (floods) and low flows (droughts) were extracted for both the control period and four future
climate change scenarios for the 2050s and 2080s by using the WETSPRO tool [67].

This study provided a quantitative analysis of the impact of climate change on peak and low
flows through estimating possible range of relative changes under four climate change scenarios for
a case study in Belgium. We found that the daily peak flows are expected to increase by as much as
109% under the high (wet) summer scenario. This scenario thus points to an increased risk of adverse
effects, such as frequent flooding, damage of infrastructures and drainage systems in the downstream
Brussels-Capital, disturbance of the riverine ecosystem, and loss of inhabitants along the river. On the
other hand, the low (dry) scenario is expected to cause a consistent decrease in both daily peak and
low flows, due to an overall decline in rainfall, increase in temperature, solar radiation, and thus
evapotranspiration. Under this scenario, low flows are projected to consistently decrease by as much
as 169% compared to the control values. More importantly, earlier occurrence of hydrological droughts
is expected when compared to the hydrological regime of the control period, which is anticipated
to be amplified towards the end of the 21st century. Thus, the dry scenario would cause severe
problems, such as droughts, reduction in agricultural crop productivity, and decrease in water supply
to water harvesting structures, such as the shipping canal, and increase in other water use demands.
While larger positive changes in peak flows are predicted for the upstream part of the basin, larger
negative changes in low flows are projected for the downstream part, where a higher groundwater
contribution is expected. Such changes indicate that basin characteristics may play a significant role
in the impact of climate change and thus on the degree of sensitivity of a basin to climate change,
suggesting the importance of spatially assessing the impact of climate change on hydrological extremes,
in contrast to the tradition approach that focused at basin outlet. This is critically important for basins
that experience high spatial heterogeneity, like the Zenne basin. The study also found that the relative
impact of climate change is higher for low flows than for high flows, indicating an overall drier
condition in the future. However, the results for the low flows should be considered with caution as
they might be influenced by the model structure of SWAT because the model uses a simplified linear
reservoir equation for groundwater system representation.

In general, the findings indicate that the four climate change scenarios show quite different
impacts on the daily extreme peak and low flows. We found that the projected changes strongly
depend on the applied climate change scenarios and the direction of change is highly uncertain,
which is also consistent with previous studies in Belgium [27,28,45]. However, our ensemble average
values indicate that an overall decline in extreme peak and low flows is expected. The low flows are
generally predicted to show significant downward trends compared to peak flows. Due to such severe
consequences of climate change, water resource managers and ecosystem conservationists need to
design and implement appropriate mitigation measures for climate change. In addition, they should
be aware of hydrological model prediction uncertainty, such as described in the work of Leta et al. [68],
which needs to be accounted for in their decision-making process.
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