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Summary

This study evaluates the differences between two methods to estimate the root-zone storage
capacity in the hydrological wflow_sbm model of the Moselle, in order to obtain more reliable
hydrological predictions. The first method for estimating the root-zone storage capacity is currently
used in the wflow_sbm model and relies on look-up tables that relate rooting depth to land-use. As
this approach is rather uncertain and static, a more dynamic method was used to estimate the root-
zone storage capacity. This second method is the water balance approach, in which climate data is
used, and has as main assumption that vegetation adapts its root-zone storage capacity to overcome
dry periods. The differences between the two methods were evaluated by comparing the predictive
power of both versions of the wflow_sbm model.

The sensitivity of the wflow _sbm model of the Moselle to a change in root-zone storage capacity was
assessed by creating different scenarios for the rooting depth. The root-zone storage capacity has
substantial influence on both annual and event time scale, as a higher root-zone storage capacity
leads to an increase in evaporation and thus a decrease in discharge.

In the estimation of the root-zone storage capacity using the water-balance approach, four different
return periods were used. For a return period of 10 years, this resulted in an average root-zone
storage capacity of 171 mm. The root-zone storage capacity was translated to a rooting depth in
order to implement the new estimations in the wflow_sbm model, using estimates of the saturated
and residual water contents. The resulting average rooting depth for a return period of 10 years
(635mm) was 99.7% higher than the current average rooting depth in the wflow_sbm model of the
Moselle.

The predictive power of both versions of the wflow_sbm model was compared using different metrics
at different locations. The annual average run-off coefficient at Cochem simulated with the version in
which the water balance approach was used, deviated 1.4% from the observed run-off coefficient,
while this deviation was 11.7% for the current version of the model. This makes the water balance
approach for estimating the root-zone storage capacity recommended for application in water
management planning.

For application in operational water management, the water balance approach is recommended as
well, as the height of peaks in wet periods of wet years were simulated closer to the observations
when using the root-zone storage capacity values derived with the water balance approach, even
without any further calibration of the model.
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1. Introduction

1.1 Problem Context

Extreme discharges in rivers can lead to a variety of problems. Low discharges can lead to problems
with freshwater supply, water quality and river navigation (Pushpalatha, Perrin, Moine, Mathevet, &
Andréassian, 2011). On the other side, extreme high discharges can lead, and already have led, to
problems as well. For example, the floods of the Meuse in 1993 in large parts of Limburg, the
Netherlands led to 114 million euros of economic damage (Wind, Nierop, Blois, & Kok, 1999). To
prevent or minimize these water-related problems in the future, it is crucial to be able to predict the
discharges as accurately as possible. Forecasting flows on the short term and also understanding long-
term flow indicators thus have societal and scientific value (Demirel, Booij, & Hoekstra, 2015).

Deltares is an important party in doing research on river hydraulics. Deltares is an independent
institute for applied research (Deltares, sd). Currently, one of the research topics of the Catchment
Hydrology department of Deltares focuses on the development of a hydrological model of the river
Moselle (Section 2.3). To predict the discharges in the river Moselle, the wflow_sbm model is used.
My research will focus on the improvement of the wflow_sbm model of the Moselle.

The discharges in the river Moselle are expected to become more extreme, due to climate change
and increasing human activity in the Moselle basin. Climate change in the Moselle basin is already
observed by higher average temperatures, more high-temperature extremes and increased
precipitation in northern Europe in the past years (IPCC, 2014, pp. 1275-1279). According to the IPCC
climate projection, hydrological droughts may become more severe (Wong, Stein, Torill, Ingjerd, &
Hege, 2011) and precipitation extremes will occur more often. The climate change is projected to
affect the hydrology in river basins (IPCC, 2014). Increases in extreme river discharges were observed
in Germany (Petrow, Zimmer, & Merz, 2009) and it is expected to have even more frequent extreme
discharges in the future. Next to that, river discharges are affected by human activity (Hrachowitz, et
al., 2020). The regulation of the discharges by locks, urbanisation and cultivation will lead in general to
more extreme, mainly low, discharges (Hurkmans, et al., 2009).

Climate change in the Moselle basin influences the vegetation (Savenije & Hrachowitz , 2017). For
example, to respond to water stress in dry periods, vegetation systems may adapt their root systems
(Merz, Parajka, & Bloschl, 2011) to be able to access more water for evaporation. This affects the
discharge in the river Moselle. On the longer term, human activity may lead to land-use changes and
therefore the type of vegetation changes as well. It is important to incorporate these changing
vegetation conditions in hydrological models, to simulate the discharges in the Moselle as accurately
as possible (Merz, Parajka, & Bloschl, 2011). However, the optimal way of how to incorporate these
changing conditions in hydrological models has not been found yet.

1.2 Research Gap

The root-zone storage capacity is a parameter that describes the amount of water in the unsaturated
soil that is available to the roots of vegetation for transpiration (Boer-Euser, McMillan, Hrachowitz,
Winsemius, & Savenije, 2016). The root-zone storage capacity is currently estimated by relating
rooting depth to land-use, which is done by using look-up tables. These values are determined using
literature which is partly based on field experiments (Vittal & Subbiah, 1984). This parameter is in the
current model of the Moselle as a constant, not variable in time: Climate change is not included in the
estimation of the root-zone storage capacity.



However, for incorporating changes in vegetation response and/or land use change, it is preferred to
have a more dynamic representation of the root-zone storage capacity. Since 2005, much progress on
model parameter estimation under changing conditions has been made (Peel & Bléschl, 2011). An
example of a more dynamic way of estimating the root-zone storage capacity is the water balance
approach. When using the water balance approach, the root-zone storage capacity is estimated using
climate data (Nijzink, et al., 2016) (Hrachowitz, et al., 2020). The assumption on which this approach is
based is that vegetation adapts its root-zone storage capacity to overcome dry periods (Nijzink, et al.,
2016). Currently, it is not known how this approach for estimating the root-zone storage capacity in
the Moselle basin relates to the current look-up table approach.

1.3 Research Aim

In this research, the water balance approach to estimate the root-zone storage capacity will be
implemented in the wflow_sbm model. Then, this adapted version of the model will be compared
with the existing wflow_sbm model, that uses look-up tables relating the rooting depth to land-use.
To evaluate the differences between both methods, the predictive power in simulating the observed
flow of both versions of the model will be compared.

The objective of this research will be 2-fold:

e “To evaluate the differences between two methods to estimate the root-zone storage capacity
in the hydrological wflow_sbm model of the Moselle by comparing the predictive power of
both versions of the model” and

e “torecommend one of the methods for application in operational water management and
water management planning”.

The first method here refers to the use of look-up tables that relate rooting depth to land-use and the
second method refers to the estimation of the root-zone storage capacity using a water balance
approach.

1.4 Research Questions
To achieve the research objective, one main question needs to be answered:

“Which of the two methods for estimating the root-zone storage capacity yields the best predictive
power of the hydrological wflow_sbm model of the Moselle?”

To answer this main question, | formulated four sub-questions. By answering these four sub-
questions, | will be able to answer the main question as well.

First of all, it is important to know how sensitive the discharge of the Moselle is to a change in root-
zone storage capacity. The expectation is that changing the root-zone storage capacity leads to
substantial differences in simulated discharge. If this is not the case, | will further investigate the role
of the root-zone storage capacity in the model before continuing to next sub-questions. The first sub-
guestion will therefore be:

1. How sensitive is the simulated discharge of the Moselle to changes in root-zone storage
capacity?

The first method for estimating the root-zone storage capacity, relying on look-up tables to relate
rooting depth to land use, is currently used in the wflow_sbm model. The other method, relying on
estimating the root-zone storage capacity from water balance data, was not applied for the Moselle
basin yet. Therefore, | will answer the second sub-question:



2. How large is the root-zone storage capacity for catchments within the Moselle basin according
to the water balance approach and how much does it differ from the current estimation based
on look-up tables related to land-use?

After having applied the water balance approach for estimating the root-zone storage capacity for the
Moselle basin, | can implement the results of this method in the wflow_sbm model:

3. How can the method for estimating the root-zone storage capacity from water balance data
best be implemented in the hydrological wflow_sbm model of the Moselle?

When both versions of the model are ready, the actual comparison between both methods can be
made. This will lead to the answer to sub-question 4:

4. What are the differences in predictive power of both versions of the hydrological wflow_sbm
model of the Moselle?

1.5 Report Outline

This chapter has introduced the research by explaining the research gap and research aim. In the next
chapter, background information about the wflow_sbm model and information about the data of this
study and Moselle basin is provided. Chapter 3 provides information on the methodology that is used
to answer the four sub research-questions. In this chapter, the approach for checking the sensitivity
of the root-zone storage capacity in the wflow_sbm model is explained, as well as the water balance
approach and how the results of this approach can be implemented in the wflow_sbm model.
Furthermore, the methodology that is used for analysing the differences between the both versions
of the model is provided. The results of these methods can be found in Chapter 4. Successively in
chapter 5, these results are discussed by comparing the results with results from other studies and
describing limitations of the research. The conclusions and recommendations for further research are
given in Chapter 6.



2. Study area, used models and data

2.1 Study area
The study area for this research is the Moselle basin, covering an area of approximately 27262 km?
(Demirel, Booij, & Hoekstra, 2015). The basin is located in France, Luxembourg, Belgium and Germany
(Figure 1).
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Figure 1: Location of the Moselle basin in Europe

The Moselle has its source in the Vosges Massif (Uehlinger, Wantzen, Leuven, & Arndt, 2009), at an
elevation of 1283m, and flows to Koblenz, elevated at 71m, where it joins the river Rhine (Vriend,
Havinga, Visser, & Wang, 2006) (Figure 2). The mean elevation in the Moselle catchment is 342m. The
Moselle is an important tributary of the Rhine and has a length of approximately 550km. The main
tributaries of the Moselle itself are the Saar, the Sauer and the Meurthe (Behrmann-Godel &
Eckmann, 2003). Especially the German part of the flow of the Moselle is regulated by locks. This
makes navigation one of the important functions of the Moselle (Demirel, Booij, & Hoekstra, 2015).
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Figure 2: The elevation in the Moselle basin (m) and the most important tributaries of the Moselle




The dominating land-use type in the Moselle basin is cropland (31%). Next to that, pastures (21%),
broadleaved forest (21%), coniferous forest (11%) and urban areas (9%) are common land-use types
(Figure 3, (European Environment Agency, 2018)). In the two most south-eastern sub-catchments,
coniferous forest is the dominant land-use type (54%).
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Figure 3: Main land-use types in the Moselle basin (CORINA Land Cover (European Environment Agency, 2018))

The Moselle river is a rain-fed river. Due to the canalization of the river, the steep slope in especially
the northern and southern part of the basin and cultivation in the catchments, the response times in
the Moselle river are relatively short. Due to the seasonality in potential evaporation (Figure 4), there
is a seasonality in the discharges in the Moselle river (Demirel, Booij, & Hoekstra, 2013). The observed
discharges at Cochem, the most downstream location for which observed discharge data is available,
fluctuate between 40 m3/s in dry summers and 3496 m3/s during peak periods. The average discharge
in the Moselle basin is 308 m3/s (=~ 358 mm/year). The average annual precipitation is 923 mm/year,
with the highest values between October and February (Figure 4). The average potential evaporation
in the Moselle basin is 681 mm/year, with a maximum of 109 mm/month in the month July.
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Figure 4: Average precipitation, potential evaporation and discharge per month, at Cochem



2.2 Hydrological processes in the Moselle basin
In the Moselle basin, different hydrological processes are playing a role. Precipitation is the most
important factor in determining the discharge (Booij, 2019). The precipitation can be either snow or
rain, depending on the temperature. Rainfall and snow melt drain as surface water or infiltrate into
the soil. Whether it is drained as surface water or infiltrates into the soil, depends on the soil moisture
conditions: Where the soil is completely saturated or the surface is paved, precipitation is discharged
immediately. If the soil is not completely saturated yet, the precipitation infiltrates into the soil.

A part of the precipitation does not reach the surface but is intercepted by the canopy. This part
evaporates before entering the soil. Water in the soil can evaporate directly, or through the leaf
system of vegetation, which is called evaporation transpiration.

Below the unsaturated zone, there is a saturated zone, also called ground water, in which all soil
pores are filled with water. Water is transferred from the unsaturated zone to the saturated zone.
The opposite process is occurring as well: capillary rise is the process of water going from the
saturated zone to the unsaturated zone. This occurs in case there is a difference in potential energy
between the saturated and unsaturated zone and is caused by surface tension (Castillo, Castelli, &
Entekhabi, 2015)

The water in the saturated zone is slowly discharged to the river. At the same time, water that has not
infiltrated in the soil is directly discharged to the river as well. The total river discharge therefore
consists of groundwater flow and overland flow.

2.3 Wflow_sbm model
To model these hydrological processes in the Moselle, the hydrological wflow_sbm model is used.
This model is developed by Deltares (Schellekens, 2013). The wflow_sbm model is based on the
topog_sbm model (Vertessy & Elsenbeer, 1999). A considerable difference between these two
models is that the topog_sbm model is designed to simulate fast run-off processes in small
catchments, while the wflow_sbm model has a wider application (Deltares Github, 2021).

The wflow_sbm model is based on physical characteristics of a catchment. It is a fully distributed
hydrological model where the catchment characteristics are represented by grid cells (with a
resolution of approximately 1 km x 1 km) (Schellekens, wflow Documentation, 2020) . The wflow_sbm
model includes vertical water movements (such as infiltration and capillary rise) by having different
vertical layers for each cell.

The wflow_sbm model simulates the hydrological states and fluxes over time. The output is gridded.
This means that for any point in the model, for example the discharge is simulated. For the input of
the model, a distinction is made between static and dynamic input data. The static input data consists
of physical catchment characteristics, including different kind of maps, for example an elevation map
and a map indicating land-use. The dynamic input data changes over time and includes precipitation,
potential evapotranspiration and temperature data.

In the wflow_sbm model, different processes and fluxes are included, which are schematically
represented in Figure 5.
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Figure 5: Overview of the different processes and fluxes in wflow_sbm model (Schellekens, 2013)

All processes that were described in section 2.1 are included in the wflow_sbm model (Schellekens,
wflow Documentation, 2020). Precipitation is separated between snow and rainfall. The proportion of
snow is determined using temperature measurements. When the air temperature is below a certain
threshold, precipitation occurs as snowfall. Otherwise, the precipitation is in the form of rainfall. To
estimate rainfall interception by vegetation, the analytical Gash model is used (Schellekens,
wflow_funcs Module, 20208B).

In case the soil is saturated, the precipitation that is not intercepted is discharged to the overland
runoff component. When the soil is not completely saturated, part of the water infiltrates into the
soil. In the model, a distinction between compacted and non-compacted areas is made. In case the
infiltration capacity is smaller than the throughfall (left precipitation after interception), then
infiltration excess occurs.

The fluxes between the unsaturated and saturated zone are included in the model by ‘transfer’ and
‘capillary rise’. The magnitude of these fluxes depends on soil properties and are determined by
pedotransfer functions.

As can be seen in Figure 5, the open water areas in the basin are incorporated in the model as well.
There is both open water evaporation and open water runoff. Also the evaporation of water in the
river, main reservoirs and lakes is included in the model.

2.4 The role of vegetation in hydrological modelling
As indicated earlier, interception evaporation and transpiration are important fluxes in the
hydrological cycle. The magnitude of these fluxes is dependent on the density of vegetation and the
type of vegetation. Previous research (Thompson, et al., 2011) shows that vegetation has a substantial
influence on the amount of water that is discharged to the river. An increase in vegetation leads to
more interception and transpiration. As a result, there are lower discharges (on yearly basis) and less
ground water replenishment (Cheng, et al., 2017). Next to that, when having more vegetation, water
can more easily infiltrate into the soil before being discharged. This leads to a more flattened
discharge peak (Gao, Holden, & Kirkby, 2016)



Next to the interception, vegetation influences the hydrological response of river basins through the
storage capacity of the root-zone. (Gao, et al., 2014). The root-zone storage capacity, Sy max,
determines the maximum amount of water available for transpiration to the roots of vegetation in the
unsaturated soil between field capacity and wilting point (Wang-Erlandsson, et al., 2016). In the
wflow_sbm model, the root-zone storage capacity is parameterized as the Rooting Depth. This is the
maximum depth to which the roots reach, also in mm.

A large root-zone storage capacity means that a lot of water is available for transpiration of
vegetation. In winter, because temperatures are low and deciduous trees have lost their leaves,
differences in storing capacity do not have a lot of effect since the potential evaporative losses are
very small. In summer, a large root-zone storage capacity implies a higher amount of water available
for transpiration. As a result, the discharge might be lower than when having a small root-zone
storage capacity.

Ecosystems tend to respond to water stress by adapting their root systems to the local conditions.
(Gao, 2014). Because of climate change, local conditions change. As an example, the drier conditions
of the recent years in Austria are assumed to have led to an adaption in the root system of
vegetation. This means the root-zone storage capacity increased gradually (Merz, Parajka, & Bloschl,
2011). Climate change therefore is an important factor for the root-zone storage capacity. The root-
zone storage capacity is especially related to the difference in precipitation and potential evaporation
(Kleidon & Heimann, 1998).

2.5 Estimating the root-zone storage capacity
The root-zone storage capacity thus is an important factor in hydrological modelling. Despite its
importance, estimating the root-zone storage capacity at the catchment scale is very uncertain and
difficult to measure in the field.

Currently, the root-zone storage capacity in the wflow_sbm model is estimated using look-up tables
relating rooting depth to land-use. Within a grid cell, the land-use is determined by a static land-use
map. After that, the look-up table is used to relate the land-use type to a certain rooting depth. The
values in the look-up table are determined using literature which is partly based on field experiments
(Vittal & Subbiah, 1984). The current estimations of the Rooting Depth in the Moselle catchment can
be found in Figure 30 of Appendix A. The average Rooting Depth in the current version of the model is
318 mm, ranging between 1.4 and 433mm, with a median of 340mm and a standard-deviation of
88mm. This method of estimating the root-zone storage capacity has various limitations (Wang-
Erlandsson, et al., 2016). First of all, it is difficult to measure the rooting profile in the field. Especially
in case of large study areas, root profile measurements are difficult to conduct. Secondly, when
rooting profiles would be largely available, it is difficult to translate a rooting profile to a root-zone
storage capacity. Thirdly, this method assumes that a single rooting depth is valid across a land-use
type. However, the root-zone storage capacity is changing constantly, adapting to local circumstances
and climate change. Using the root-zone storage capacity from field measurements therefore is not a
very certain option.

As an alternative for the static estimation of the root-zone storage capacity, a more dynamic
approach was designed: The root-zone storage capacity at the catchment scale can also be estimated
using a water balance approach. An advantage of this approach is that specific information about the
soil and vegetation is not required. As a result, this method can be applied on a larger scale more
easily with readily available data (Wang-Erlandsson, et al., 2016). Using precipitation and evaporation
data to estimate the root-zone storage capacity instead of using soil-derived root-zone storage
capacity values was also recommended based on the study of de Boer-Euser et al. (2016).



2.6 Data

For this research, observed climate and discharge data are used.

2.6.1 Observed climate data

For the observed climate data, the HYRAS v2.0 data set was used. This gridded dataset is developed
by the German Weather Service and uses a database of approximately 6000 stations in the KLIWAS
domain (Osnabrugge, Weerts, & Uijlenhoet, 2017). The dataset has a spatial resolution of 1 km?
(Rauthe, Steiner, Riediger, Mazurkiewicz, & Gratzki, 2013). The period of the dataset is from 1979 to
2019 (41 years).

2.6.2 Observed discharge data

The observed discharge dataset that was used (Osnabrugge, Weerts, & Uijlenhoet, 2017), provides
hourly observed discharge data at 727 locations in the Rhine catchment. For this research, 26
locations are selected. The period for which observed discharge values were available for each of the
locations can be found in Table 2 of Appendix C.



3. Methodology

The approach of the research is as follows: first | study whether the root-zone storage capacity is an
influential parameter in the model. To evaluate this, a sensitivity analysis is conducted (section 3.1).
Successively in section 3.2, the method used to determine the root-zone storage capacity using the
water balance approach is explained. This root-zone storage capacity is then translated to a rooting
depth in order to apply it in the wflow_sbm model. The method of this step can be found in section
3.3. After that, both versions of the model are compared, as explained in section 3.4.

3.1 Determination of sensitivity of the model to a change in the rooting depth
Plant transpiration is the largest continental water flux (Jasechko, 2018) and storage volumes such as
the root-zone storage capacity are key for hydrological functioning (Sprenger et al, 2019b), as they
provide a buffer against hydrological extremes. It was therefore expected that the discharge is very
sensitive to a change in root-zone storage capacity and thus that it was important to estimate this
parameter as accurately as possible. However, the hydrological response of a change in catchment
characteristics differs for different flow regimes (Ranatunga, Tong, & Yang, 2017). It therefore was
important to assess if the discharge of the Moselle is also sensitive to changes in the root-zone
storage capacity, and when this is the case. For this, a sensitivity analysis of this parameter on the
predicted discharges was conducted.

3.1.1 Output Locations
The first step of the sensitivity analysis was to select output locations across the study area. At these
output locations, which are points in the river Moselle or one of its tributaries, discharge simulated by
the model was extracted. Also, average actual and potential evaporation and precipitation data of the
catchment area upstream of the output location was retrieved.

In total, 5 output locations were selected (Figure 6). To obtain a broad overview of the influence of a
change in root-zone storage capacity on the model output, the selected locations are spread over the
study area, such that locations with different vegetational and geographical characteristics are
considered. For consistency in the next steps of this research, only locations for which observed
discharge data was available for at least 10 years were used.

Selected Locations for the Sensitivity Analysis

Selected Locations @

- Cochem

- Rosport

- Fremersdorf

- La Moselle & Uckange
- La Meurthe & Baccarat

O B

Il Moselle
B Tributary

0 25 50 km
[ |

Figure 6: Selected locations for the Sensitivity Analysis
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The first location is Cochem, which is the most downstream location for which observed discharge
data is available. This location is selected to obtain an idea of the influence of a change in root-zone
storage capacity on the model output considering the entire basin. The second location is near
Rosport, which is located on the Sauer tributary just upstream of the confluence between the Sauer
and the Moselle. The most downstream location of the Saar tributary, near Fremersdorf (location 3),
was selected as well. By selecting these two locations, the sensitivity of these two most important
tributaries of the Moselle to changes in root-zone storage capacities was determined. To analyse the
sensitivity in the French part of the Moselle basin, location 4, La Moselle a Uckange was selected. This
location is near the border between France and Germany. The last location of interest was La
Meurthe a Baccarat (location 5), located far upstream in the south-eastern part of the Moselle basin.
As stated earlier (Section 2.1), the dominant land-use type of the area upstream of this location
(coniferous forest) differs from the average dominant land-use type in the Moselle basin (cropland),
which is the reason for choosing this location.

3.1.2 Scenarios
The next step was to create different scenarios. For each scenario, the root-zone storage capacity was
changed, while all other parameters in the model as well as the forcing data of the model were kept
constant. The root-zone storage capacity in the wflow_sbm model is parametrized as the Rooting
Depth (section 2.4). To assess the sensitivity, the Rooting Depth map of the wflow_sbm model was
multiplied with different values. In total, 11 different scenarios were considered in the sensitivity
analysis. Next to the reference scenario (0), the Rooting Depth was multiplied and divided by factors
of 1.5, 2, 4, 8 and 10 (Figure 7). The values for the rooting depth in the different scenarios are not
chosen in order to be realistic but are made more extreme to obtain a broad view (within two orders
of magnitude) of the influence of a change in rooting depth on the model output.

Multiplication

Scenario Nr.

Figure 7: Overview of the different scenarios considered in the sensitivity analysis. Dark blue indicates the number of the
scenario, whereas the light blue values show the factor with which the Rooting Depth parameter was multiplied

3.1.3  Running the model
Once the output locations and scenarios were defined, output data was generated by running the
wflow_sbm model with the data mentioned in Section 2.6. For each output location, the modelled
discharges in m3/s per day were obtained. Next to that, the average precipitation and potential
evaporation of the catchment area upstream the selected location in mm/day were obtained, as well
as the average interception evaporation and transpiration in mm/day. For further analyses with this
data, a warm-up period was defined. This warm-up period was based on the modelled hydrograph of
Cochem (Appendix B). The simulated discharge data within this warm-up period was not included in
the analysis to take into account the time it takes for the model to get into realistic conditions.

11



3.1.4 Metrics
To analyse the obtained data, different metrics are used. First of all, two metrics are used to analyse
the change in average performance of the model.

1.

Run-off coefficient:

It was expected that a change in root-zone storage capacity would lead to a change in
average annual discharge. In case the root-zone storage capacity increases, there will be
more water available for vegetation for transpiration in dry periods. As a result, the actual
evaporation will increase and using the long-term water balance (P = Q + E,), this means
the annual discharge will in general decrease. To measure this effect, the run-off coefficient
was used (Goel, 2011). The run-off coefficient (C) relates the long-term discharge to the long-
term precipitation (Eq. 1).

C = Eq.1

o Qi

Q is the average annual discharge (mm/year)
P is the average annual precipitation (mm/year)

To determine the run-off coefficient of the simulation scenarios, the long-term discharge is
the average simulated discharge per hydrological year in mm/year, whereas the long-term
precipitation is the average precipitation per hydrological year in mm/year. A hydrological
year starting from the 1° of October and ending at the 30" of September was used. For the
observed run-off coefficient, observed discharge data per hydrological year in mm/year was
used.

Long-term ratio E,/P as function of E,,/P in Budyko Framework

As it was expected that the actual evaporation will increase in case the root-zone storage
capacity increases, also the long-term ratio E,/P as function of E/ﬁwas used as a metrics.
This ratio is plotted in the Budyko framework. In the Budyko framework, the evaporative
index (E4/P ) is plotted against the aridity index (E, /P ). The Budyko curve (Budyko, 1974) in
this framework is an empirically derived curve which estimates the evaporative index (E,/P )

E,
as function of the aridity index (¢ = P?p). There are multiple Budyko curves (Gerrits, Savenije,

Veling, & Pfister, 2009), but for this research the curve derived by Budyko (Budyko, 1974) is
used (Eq. 2).

B 1 Eqg.2
(%) = Jo-tanh(2)- (1 = exp(—)) |
In the Budyko framework, also the energy limit and water limit are plotted. An example of the
Budyko framework can be found in Figure 15. The expectation is that E,/P will increase and
will therefore become closer to 1. When plotting the ratio E_a/}_’ as function of E_p/}_’ in the
Budyko framework, the relative influence of a change in rooting depth will become visual. The

long-term actual evaporation (E,), long-term potential evaporation (E,) and long-term

precipitation (P) are the averages of total actual evaporation, potential evaporation and
precipitation per hydrological year (30" of September — 1% of October).

To determine the observed aridity index, the actual evaporation (E,) is estimated by
subtracting the observed long-term discharge (Q,ps) from the long-term precipitation (P),

which is based on the long-term water balance (P = Q + E_).

Because the root-zone storage capacity was expected to be especially a critical parameter in the dry
period, two metrics that evaluate the model performance in the dry period are used.

12



3.

The runoff volume during the dry season

In case the root-zone storage capacity increases, more water will be available for
transpiration in the dry period. As a result, it is expected that the discharge volume during the
dry season will decrease. The runoff volume during the dry season (1°t of April to the 30" of
September) can thus be used as a metrics to assess the sensitivity to a change in root-zone
storage capacity. The runoff volume (in mm) is calculated by summing the discharges
(mm/day) between each first of April to the 30" of September.

The average annual minimum average discharge of seven consecutive days

The average annual minimum discharge was determined as a metrics as well. This minimum
flow was determined by taking the average annual minimum average runoff of seven
consecutive days (Hanus, et al., 2021). Since the dry periods are mainly in winter (Vormoor,
Lawrence, Heistermann, & Bronstert, 2015) (Jenicek, Seibert, & Staudinger, 2018), a year
from the 1°t of April to the 30" of March was taken, to prevent that a dry period was located
at the turns of the year.

The behaviour of the peaks and its change due to a changing root-zone storage capacity, so the model
performance on event time scale, was evaluated using a visual inspection of the hydrographs. This is
the fifth metrics.

5.

Visual inspection of the hydrograph

The hydrograph for an average year, dry year and wet year were analysed. To determine
which years can be defined as average, dry and wet, precipitation data was used. The year
with the highest precipitation as an average over the area upstream of Cochem is defined as
the wet year, the lowest precipitation as the dry year and the average year is defined as the
year in which the precipitation of that year is the nearest to the average precipitation over all
years.

The visual inspection concentrated on the first peak after a dry period, both its height and
timing. In case the root-zone storage capacity was increased, it was expected that the
magnitude of the first peak after a dry period would decrease. At the end of a dry season, the
water buffer in the soil is almost empty. In case there is precipitation again, the root-zone will
be filled. Only after the water buffer is filled, water will be transferred to the unsaturated
zone or excess precipitation will be discharged. A larger root-zone storage capacity would
mean it takes longer before the water buffer is filled. As a result, the first discharge peak after
a dry period would be later and lower.

A last metric that is used in this research is the standard deviation of the annual discharges. In this
way, the influence of a change in root-zone storage capacity on the variability of discharges between
different years is researched.

6.

Relative standard deviation of the annual discharge

A change in root-zone storage capacity may lead to a change in the discharge variability
between years (Boer-Euser, McMillan, Hrachowitz, Winsemius, & Savenije, 2016). To quantify
the discharge variability between years, the standard deviation of the annual discharge
(0(Qyears)) is taken. This standard deviation is divided by the long-term discharge (Q), to
obtain the relative standard deviation of the annual discharge (0;.¢;) (Eq. 3).

oy = U(Qy_ears) Eq. 3

Q
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3.2 Estimation of the root-zone storage capacity using the water balance approach
The next step of the research was to estimate the root-zone storage capacity using the water balance
approach. When using the water balance approach, the root-zone storage capacity at the catchment
scale is estimated using water-balance data. Various studies have shown this approach for estimating
the root-zone storage capacity is promising (Nijzink, et al., 2016) (Hrachowitz, et al., 2020). First, you
estimate the transpiration from observed discharge, precipitation and evaporation data and based on
this, you estimate the storage deficits stored in the root-zone. It is assumed that this volume is a good
estimation of the root-zone storage capacity, since root systems adapt their roots in such a way that
they can survive critical dry periods with a certain return period. The root-zone storage capacity
Sy max can be determined by taking the minimum storage deficit that corresponds with the return
period of the dry period. In this research, the root-zone storage capacity is estimated using the water
balance approach for 26 different areas, after which the values of the root-zone storage capacity at
each point in the study area are estimated by using the values of the different areas.

Thus, to estimate the root-zone storage capacity in the Moselle catchment, the following steps were
taken (Figure 8):

Estimation of the root-zone storage capacity in the Moselle catchment

For each area, estimate the root-zone storage capacity

‘ 1 ‘ Estimate the vegetation storage deficit per day

| a | Estimate the long-term transpiration

Using observed discharge data at the outlet point of the area, average precipitation
and potential evaporation and modelled interception evaporation data

b | Estimate the daily transpiration

Scaling the long-term transpiration using daily and long-term modelled interception
and potential evaporation data

| c | Estimate the vegetation storage deficit per day

Using daily differences in effective precipitation and transpiration

‘ 2 ‘ Determine the minimum vegetation storage deficit per year

Using a year from the 1st of April to the 30th of March

‘ 3 | Translate the minima per year to a root-zone storage capacity

Using a Gumbel distribution and different return periods

E Estimate the root-zone storage capacity across the study area

‘ 4 | Combine the root-zone storage capacity values

Using the root-zone storage capacity values of different areas to estimate the root-zone
storage capacity at each point in the study area

Figure 8: Overview of the steps to be taken in order to estimate the root-zone storage capacity in the Moselle catchment
using the water balance approach

3.2.1 Step Al: Estimate the vegetation storage deficit per day
The first step of the water balance approach was thus to determine the vegetation storage deficits at
each day. For this, first the long-term transpiration is estimated, which is scaled to a daily
transpiration to estimate the vegetation storage deficit at each day.

Ala: Estimation of the long-term transpiration
First, the long-term water balance (Eq. 4) was used to estimate the long-term transpiration. The long-

term water balance indicates that, on the long-term, all precipitation (P) (mm/year) will be either

evaporated (E,) (mm/year) or discharged (Q) (mm/year), as storage changes are assumed to be
negligible over long-term period.
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P=Q+ E, Eq.4
The total actual evaporation (E,) (mm/year) is the sum of interception evaporation (E,) (mm/year),
soil evaporation (Es ) (mm/year) and transpiration (E,) (mm/year) (Eq. 5). It is difficult to make a
distinction between soil evaporation and transpiration. Therefore, the soil evaporation will be

included in the transpiration.
Eq=E+ E; + E,=E + E, Eq.5
To determine the transpiration, Eg. 6 can thus be used to determine the long-term transpiration.

E=P-0-F Eq.6

To obtain the long-term precipitation (P), precipitation data in mm/day as an average over the whole
area upstream the outlet point was used. For each hydrological year (1% of October — 30" of
September), the total amount of precipitation in mm/year was determined, after which an average of

these years was taken as the long-term precipitation (P) in mm/year.

Approximately the same approach was used for the long-term discharge (Q) and long-term
interception evaporation (E,). For the long-term discharge, hourly observed discharge data was
obtained at the outlet point of each area in m3/s. For each day, an average of this hourly discharge
data was determined. This discharge in m3/s was then translated to mm/day, using the area of the
catchment upstream the outlet point. The discharge in mm/year was then determined by summing
the discharges in mm/day. In some years, observed discharge data at some days was missing. It was
chosen to only include a year in the calculation in case at least 95% of the days, observed discharge
data was available. An average of these discharges in mm/day was taken as the long-term observed
discharge (Q). A warm-up period was used to exclude the data at the start of the model run. For the
long-term interception evaporation, modelled interception evaporation data per day was in the same
way as the precipitation calculation summed to mm/year and then averaged. In all the calculations,

the leap years are considered.

Estimation of daily transpiration

To take into account seasonality, the long-term transpiration (E,) (mm/year) was translated to a daily
transpiration (E,-(t)) (mm/day). This was done by scaling the long-term transpiration with the ratio of
mean daily potential evaporation (Ej (t)) (mm/day) minus the daily interception evaporation (E;(t))
(mm/day) over the mean annual potential evaporation (E},) (mm/year) minus the mean interception
evaporation E, (mm/year) (Eq. 7).

Ep(O)=Ei(t)

T Eq. 7
-5 LT

E, (t) =

The daily potential evaporation is input data, whereas daily interception evaporation was obtained in
the model. For estimating the long-term potential evaporation, the same approach was used as for
estimating the long-term interception evaporation.

Estimation of the effective precipitation

To determine the storage deficit, also effective precipitation (P, (t)) (mm/day) is needed. The
effective precipitation was determined by subtracting the interception evaporation E;(t) (mm/day)
from the total precipitation (P(t)) (mm/day) (Eq. 8). The effective precipitation therefore indicates
the amount of precipitation that actually reaches the soil.

P,(t) = P(t) — E;(¢t) Eq. 8
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Estimation of the vegetation storage deficit

Now that both the effective daily precipitation and daily transpiration are known, the cumulative
vegetation storage deficit can be estimated. The vegetation storage deficit was determined by taking
the cumulative differences between effective precipitation (P, (t), mm/day) and transpiration (E, (t),
mm/day) for each day (Eq. 9). The cumulation started at Ty, the moment that the storage deficit
became negative, and ended at T;, when the storage deficit was positive again.

Sraer(®) = [ (Bo(t) — E(£))dt £q.9

For this calculation, the flowchart of Figure 9 was used:

Determine the difference between effective precipitation (P, (t)) and
transpiration evaporation (E,.(t)) for day t

F (t) - Er(t]

| IsB, — E,(t) < 0?

|
t=1t+1 Yes ?:=EJZ|

| IsB, — E.(t) < |VSD|? |

- Add P.(t) — E,(t) to VSD | VSD = 0 —

‘ VSD: Vegetation storage deficit ‘

Figure 9: Flowchart used to determine the vegetation storage deficit (VSD) at each day

3.2.2 Step A2: Determine the minimum vegetation storage deficit per year
When the cumulative vegetation storage deficits per day are known, the minimum vegetation storage
deficit per year is determined by taking the minimum value of the vegetation storage deficits in a
hydrological year from the 1°t of April to the 30" of March. A year from the 1 of April to the 30" of
March is taken, since it is assumed that the 1% of April, the end of the wet period, the vegetation
storage deficit is almost always O.

3.2.3 Step A3: Translate the minima per year to a root-zone storage capacity
To estimate the root-zone storage capacity of an area, the minimum vegetation storage deficits of
each year are used. The reason for this, is explained below.

In Figure 10, the vegetation storage deficit and the situation in the root-zone for a period of 3 years,
in a fictional situation is schematized. In Figure 10A, the vegetation storage deficit (mm) is plotted
against time (the values are fictional). In the Figure, seven characteristic points are indicated. In Figure
10B, the water deficit within the unsaturated zone of the soil at each characteristic point is
schematized. The black line represents the upper boundary of the unsaturated zone. The orange
blocks indicate the magnitude of the water deficit within the soil for that situation. In Figure 10B, the
water deficit is schematized directly below the surface. In reality however, in case there is a water
deficit, the location of the pores filled with air (indicating the water deficit) however is not per se the
upper part of the soil but is instead divided over the whole unsaturated soil. The schematization
therefore only gives the magnitude of the water deficit and not the location of the water deficit
within the root-zone storage.
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Figure 10: (A) Schematization of the vegetation storage deficit through time (fictional case), 7 characteristic points are
indicated. (B) schematizes the water deficit in the root-zone for these 7 characteristic points

In situation 1, in a wet period, the vegetation storage deficit is O or higher, which means that the root-
zone storage is completely filled with water and so all excess precipitation is immediately discharged.
Between situation 1 and 2, the transpiration was higher than effective precipitation. As a result, a part
of the buffer of the root-zone was evaporated and so the storage deficit decreased below 0. This
means there is a water deficit (indicated in orange). The same happens between situation 2 and 3,
leading to a further decrease in storage deficit. Since after situation 3, the storage deficit increases
again, the minimum storage deficit of the first year is reached in situation 3. Between situation 3 and
4, the effective precipitation is higher than the transpiration. As a result, the storage deficit increased
with respect to situation 3. The orange area of situation 4 shows that there is still a water deficit, but
less than in situation 3. In situation 5, the storage deficit is O or higher again, the water deficit in the
root-zone is not present anymore. The same process happens in year 2 and 3. In situation 6 and 7, the
minimum storage deficits of corresponding year 2 and 3 are shown.

To determine the root-zone storage capacity Sy ;mqx (Mmm) of this area, the minimum vegetation
storage deficits of multiple years are needed. For example, for year 1, 2 and 3, situation 3, 6 and 7 can
be used. By determining the minimum vegetation storage deficits for multiple consecutive years, the
root-zone storage capacity can be estimated using a Gumbel distribution. The minimum vegetation
storage deficit that corresponds with a certain recurrence time is taken as the root-zone storage
capacity. Important to mention is that for the determination of the annual minimum vegetation
storage deficits, it is assumed that the root-zone is infinitely big. Another important assumption of
this methodology is that vegetation taps its water from the unsaturated zone and not from the
saturated zone.

Thus, to translate the minimum vegetation storage deficits per year to a root-zone storage capacity
for that area, the annual minimum vegetations storage deficits are fitted to an extreme value
distribution of Gumbel. With this Gumbel distribution, the root-zone storage capacities were
estimated using different return periods. According to Nijzink et al. (2016), root systems in forested
areas survive dry periods with a return period of ~20 years. For cropland and grasslands, return
periods of ~2 years have been used in previous researches (Wang-Erlandsson, et al., 2016). Wang-
Erlandsson et al. (2016) state that the return period differs per land-use type. However, in order to
avoid artificially introduced transitions of the root-zone storage capacity between landscapes, a
uniform return period across the area was used (Singh, Wang-Erlandsson, Fetzer, Rockstrom, & Ent,
2020). In total, four different scenarios, using return periods of 2, 5, 10 and 20 years, were chosen for
this research.
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3.2.4 Step B: Combine the root-zone storage capacity values to estimate S, ;45 across the area
The root-zone storage capacity was estimated for in total 26 nested sub-catchments, shown in Figure
11. The black dots indicate the outlet points, so the most downstream points, of the sub-catchments.
The sub-catchment belonging to an outlet point is the total area upstream of this outlet point. As can
be seen in Figure 11, the sub-catchments are divided in different levels. The two sub-catchments
belonging to level 6 are located most upstream, while the level 1 sub-catchment, upstream Cochem
(1A), is the most downstream sub-catchment. A catchment area of a certain level X encompasses the
catchment areas of level X+1. For example, sub-catchment area 4D consist of all area upstream outlet
point 4D, which is the orange part north-eastern from outlet point 4D and the two yellow areas
upstream outlet points 5C and 5D. Sub-catchments 5C and 5D are thus nested within sub-catchment
4D. In Appendix C, this is elaborated further.

Nested subcatchments in the Moselle catchment

Selected Locations @
1x - Outlet Location Level 1 (A)
2x - Outlet Location Level 2 (A - B)
3x - Outlet Location Level 3 (A - C)
4x - Qutlet Location Level 4 (A - 1)
5x - Outlet Location Level 5 (A - H)
6x - Outlet Location Level 6 (A - B)

Subcatchments
B Level 1

[ Level 2
[ Level 3
[ Level 4
[ JLevels
I Level 6

0 25 s0km
— /

Figure 11: Nested sub-catchments in the Moselle catchment. Colours indicate the different levels, the black points indicate the
outlet points of each sub-catchment

For each nested sub-catchment of Figure 11, the root-zone storage capacity is estimated using the
water balance approach explained in Section 3.2. Since the sub-catchments are nested, it is needed to
make a translation to a unique root-zone storage capacity for each pointin the area. To determine
this, the values of the nested catchments are used for the non-nested catchments. To clarify this, an
example of area 4D, 5C and 5D is used (Figure 12).

A B

Figure 12: Example of nested catchments: Area 5C and 5D are nesting within area 4D
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As said, the root-zone storage capacity value of catchment 4D belongs to the whole area upstream
outlet point 4D (Figure 12A). Within this area, catchment 5C and 5D are nested. Also for these two
areas, a root-zone storage capacity value was determined. The root-zone storage capacity of the
remaining orange area of Figure 12B, which is from now on called the non-nested area 4D, is given
the value of the root-zone storage capacity of the nested area 4D (Figure 12A). The reason for doing
this can be found in Appendix E.5.

3.3 Implementation of new estimations of S, ;45 in the wflow_sbm model
As was stated in section 2.4, the root-zone storage capacity is the maximum amount of water
available to the roots of vegetation in the unsaturated soil between field capacity and wilting point
(Wang-Erlandsson, et al., 2016). In the wflow_sbm model, this root-zone storage capacity is
parametrized as the Rooting Depth, which is the maximum depth of the roots in the soil, in mm. To
translate the root-zone storage capacity values of the previous step (Section 3.2) to a Rooting Depth,
soil characteristics were considered.

First of all, the saturated water content, 8, which is the maximum amount of water that the soil can

store. It is equivalent to the porosity and differs throughout the study area (Figure 31 of Appendix A).
A 6 of 40% thus means that 40% of the volume of the soil can possibly consist of water. To translate

the root-zone storage capacity to a rooting depth, it is thus important to divide the root-zone storage
capacity by the value of 6.

However, the roots are not able to suck up all the water in the ground. Only water above the wilting
point is available for the roots. Therefore, also the residual soil water content, which is the
percentage of soil in which water can be stored that is not accessible for the roots, should be
considered. In Figure 32 of Appendix A, these values can be found.

Thus, to translate the root-zone storage capacity values to a rooting depth, the root-zone storage
capacity values should be divided by the saturated water content minus the residual soil water
content (Eq. 10).

S.
RD = r,max Eq 10
95 - er
In which: Srmax = root-zone storage capacity (mm), as determined in step 2 (Section 3.2)

0, = saturated water content of the soil (-)
0, = wilting point (-)

RD = Rooting depth (mm)

3.4 Analysis of the predictive power of both versions of the model
The last step of this research was to analyse the predictive power of the different versions of the
model and see which estimations for the root-zone storage capacity are yielding the optimal
predictive power of the model. After this, sub-question 4 and the main question can be answered.

As stated on page 18, in the estimations of the root-zone storage capacity using the water balance
approach, four different return periods were used. As a result, there are five different versions of the
model (Figure 13A). First of all, the model as it is now, with the root-zone storage capacity estimated
using look-up tables relating rooting depth to land-use. Next to that, the four versions of the model,
with the root-zone storage capacities estimated using the water balance approach, each with another
return period.
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Old Estimations  New Estimations Overview of metrics used in the analysis of the predictive power

. Average annual run-off coefficient

. Long-term ratio E,/P as function of E, /P (Budyko)

. The runoff volume during the dry season

. The average annual minimum average discharge of 7 consecutive days
. Average discharges per month

. Visual inspection of the hydrograph (timing of the peaks)

. Visual inspection of the hydrograph (height of the peaks)
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Figure 13A: Overview of the different versions of the hydrological wflow_sbm model for the Moselle catchment. Figure B
shows an overview of the metrics used in the analysis of the predictive power

The different versions of the model are compared with each other, but also with the observed values.
For this analysis, the metrics stated in Figure 13B are used. The first 4 metrics are the same metrics as
in the sensitivity analysis (described in Section 3.1). Also, the same locations for which these metrics
are determined are the same as in the sensitivity analysis (Figure 6, page 10).

For the fifth metric, the average discharge per month (in mm/day) is determined. This is done for all 5
scenarios and for the observed values. The sixth and seventh metric use the hydrograph to analyse
the performance of the different versions of the model on an event time scale. Both the timing and
height of peaks in the hydrograph are analysed.

For the timing (metric 6), the hydrograph of different years is visually inspected and it is assessed if
and how the different versions of the model differ in the timing of different peaks. For this, the
hydrographs of output location 1, Cochem, are used. Since observed data is available for Cochem for
the period 1990 — 2016, 117 different peaks in this period are compared in timing, for each scenario.
For each peak, it is defined based on a visual inspection whether the new versions of the model
(WBA_2 to WBA_20) are predicting the timing of the peak more accurately than the current version
of the model (LU). Three possible outcomes are given for each peak: ‘Worse’, when the timing of the
peak became substantially worse for the new versions of the model compared to the current version,
‘Better’, when the timing of the peaks substantially improved, or ‘No Difference’, when there is no
substantial difference.

For the height of the peak (metric 7), again 117 peaks in the period 1990 — 2016 are visually inspected
and given either the value ‘Worse’, ‘No Difference’ or ‘Better’. In the analysis, a distinction is made
between peaks falling within the dry period of the year (June — October) and the wet period of the
year (November — May). Also, a distinction is made between peaks within dry years and wet years.
The dry years are defined as the 7 years in the period 1979-2019 in which the annual precipitation
was the lowest, the wet years are defined as the 7 years in the period 1979-2019 in which the annual
precipitation was the highest.
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4. Results

4.1 Sensitivity analysis

4.1.1 Variables of the sensitivity analysis

In the sensitivity analysis, different scenarios of the Rooting Depth parameter were created as
described in Section 3.1. After this, for each scenario, modelled discharge data at the five selected
output locations was obtained, as well as average precipitation, potential evaporation, interception
evaporation and transpiration of the areas upstream these output locations.

As stated in Section 3.1, a warm-up period was determined using simulated discharge data [Appendix
B]. The warm-up period in this research is defined as 1 year, which means that all simulated discharge
data collected between 1-1-1979 and 1-1-1980 is not included in the analysis. This means that in total
40 years of modelled data (1980-2019) were used in the analysis. In case hydrological years are used,
the year in which the hydrological year ends, is the name of that hydrological year. For example, for
the hydrological year from the 1-10-1987 to 30-9-1988, this hydrological year is called ‘1988’ in the
analysis.

4.1.2 Average annual performance

To assess the average annual performance of the model, the average annual run-off coefficient was
determined for each scenario, for the 5 selected locations. In Figure 14, the relative change in a
scenario’s average annual run-off coefficient compared with the base situation can be found, for all
five selected locations.

Relative change in average annual run-off coefficient for different scenarios of the Rooting Depth compared with the current scenario
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Figure 14: Relative change in average annual run-off coefficient for different scenarios of the Rooting Depth compared with
the current scenario, for each selected location. The value behind the name in the Legend represents the average annual run-
off coefficient in the base scenario. For example, for selected location 4, the average annual run-off coefficient changed to
85% when multiplying the Rooting Depth with 8 compared to the base scenario. The average annual run-off coefficient of
that location, for that scenario was thus 85% of 0.45

As can be seen in Figure 14, an increase in the rooting depth leads to a decrease in run-off coefficient
for all the selected locations. When the rooting depth is doubled, the average decrease of the average
annual run-off coefficient for all 5 selected locations is 10.3%. The rooting depth thus has substantial
influence on the average annual run-off coefficient. The direction of the change in run-off coefficient
can be explained by an increase of the water that roots are able to access in case of an increase in
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rooting depth. As a result, roots will be able to evaporate more, which via the long-term water
balance (P = E, + Q) leads to less discharge on the long term.

However, Figure 14 also shows there is a limit to a substantial change in average annual run-off
coefficient in case of a change in rooting depth. For example, the red line (location 4, ‘La Moselle a
Uckange) between scenario 4 and 10 is almost horizontal: the average annual run-off coefficient
changes by only 1.4% while increasing the rooting depth with 150%. At the other side of the graph,
between scenario 0.1 and scenario 0.25, the differences in average annual run-off coefficient are very
limited as well. For all the selected locations, the change in rooting depth is thus especially affecting
the average annual run-off coefficient when this change is between a factor 0.25* and 4* the
reference scenario. Between this range, the average annual run-off coefficient changes, as an average
over all locations, with 28,5%, while this percentage only increases to 31.9% when increasing the
range from 0.1* to 10* the reference scenario. The rooting depth parameter for the Moselle
catchment affects the annual average run-off coefficient the most when the average Rooting Depth is
between 80 and 1300mm (Table 3 of Appendix D.1).

It is not unreasonable that there is a limit to a change in average annual run-off coefficient when
changing the rooting depth. In case the rooting depth is already sufficiently large, the roots may
already be able to access enough water to evaporate. Increasing the amount of water that the roots
can reach may not have influence on the evaporation and thus the run-off anymore. This line of
reasoning was checked by comparing the actual and potential evaporation in different scenarios
(Appendix D.1). Figure 44 of this Appendix shows that indeed the actual evaporation approaches the
potential evaporation when having large rooting depth values. However, the actual evaporation does
not reach the potential evaporation value. A reason for this may lay in the way transpiration and
potential evaporation are related in the wflow_sbm model. On the other side, when the rooting
depth already is too small for the vegetation to evaporate a significant amount of water, decreasing
this rooting depth even more does not have influence on the amount of water that is evaporated and
thus not on the run-off coefficient.

When examining the differences between the selected locations, Figure 14 and Table 1 show that the
influence of a change in rooting depth on the average annual run-off coefficient at location 5 is
smaller than for the other locations. This may be since the average annual run-off coefficient at this
location (0.53) in the base scenario is substantially higher than the average annual run-off coefficients
at the other locations (all between 0.43 and 0.45). As can be seen in rows 3 and 4 of Table 1, this is
due to both a higher average annual discharge as well as a higher precipitation. The higher
precipitation may have as an effect that there is more often excess precipitation which leads to more
discharge. Another important factor may be the slope of the areas, which is for location 5 twice as
high as for the other locations (Table 1). As a result, water will be discharged faster, before it can be
evaporated. Hence, because of the higher run-off coefficient, the rooting depth plays a less important
role.
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Table 1: Characteristics of the areas upstream the five selected locations. In the first row, the percentual difference in run-off

coefficient between scenario 0.1 and 10 can be found. The average annual run-off coefficient, precipitation and discharge of

the base scenario (mm/year) are shown in row 2, 3 and 4 respectively. The average slope of the area upstream the locations
is shown in the last row

1- 2— 3- 4— 5-
Cochem Rosport Fremersdorf | La Moselle a Uckange | La Meurthe a Baccarat
%A C 33.9 35.5 355 303 24.1
(Sce 0.1 & Sce 10)
Chase scenario 0.44 0.44 0.43 0.45 0.53
P 923 904 900 980 1234
(mm/year)
Qbase SEEEAD 403 394 390 440 653
(mm/year)
Slope 0.10 0.09 0.09 0.08 0.19

To evaluate the average annual performance for the different scenarios, also the ratio E_a/l3 as
function of E_p/ﬁis shown in the Budyko space for each scenario at each location (Figure 15A). The
green box of Figure 15A is enlarged in Figure 15B. With the red crosses, the observed evaporative
index as function of the aridity index is estimated.

Budyko Space Sensitivity Analysis
0.70 4
1.0 4
——- Budyko 0.65 4 .' ’ -
—— Energy Limit - ,»”
. e _-
. 0.84 —— Water Limit e * * -
g 0.60 - §%
B .- @ 01 -
< - 0.125 .0 ®
g 061 - 0.25 0.55 1 1
£ (e 0.5 ! e
w - . e
2z - Lol ® 066 0.50 - -
% 0.4 - -
w 0. .
c e 1 a
2 15 -8 e ©
1] " 4 L4 - -
2 . 2 0.45 - 13
0.2 4 - 4
e 4 /”
e 8 0.40 + ’,/
0.0 4 e 10 P 8
+ obs 035 .7 5 [Numbers present the number of selected locations

T T T
0.0 0.2 0.4

0:6
Aridity index (Ep/P)

T
0.8

T
10

T
12

T
14

0.6

T T
0.7 0.8

Figure 15: Budyko Space showing the rat/'ofa/l5 as function ofE'p/Ffor each scenario at each selected output location. The
grey dotted line presents the Budyko curve, the red and blue line the energy and water limit. The green box is enlarged in
Figure B. The numbers below the dots in Figure B present the number of the output locations (1 = Cochem, 2 = Rosport, 3 =
Fremersdorf, 4 = La Moselle a Uckange, 5 = La Meurthe a Baccarat).

Again, location 5 stands out from the other locations because of the low aridity index because of the
high precipitation. As a result, also the evaporative index of location 5 is lower than the evaporative
indexes of other locations.

For each location, the relationship between the rooting depth and the evaporative index is the same:
As the rooting depth increases, also the evaporative index increases. In case the rooting depth is
multiplied with 10 compared with the base scenario, the evaporative index for station 1 (Cochem) is
0.65, with an aridity index of 0.74. This is 10.5% higher than the expected evaporative index for an
aridity index of 0.74 using the Budyko curve (0.58) and 6.1% higher than the observed evaporative
index (0.61). The rooting depth thus again has substantial influence on the average performance of
the model.
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Studying at Figure 15B, again it is visible that there is a limit on the change in average model output
when changing the rooting depth. For example, the yellow and red dots (showing the evaporative
indexes of scenarios 0.1 and 0.25) are close to each other.

4.1.3 Average performance in dry periods

The root-zone storage capacity was expected to especially have influence on the discharges in the dry
period, since then precipitation is relatively low and potential evaporation high (Figure 4 on page 5).
As a result, the root-zone was expected to play a more important role. To check this, the average
annual run-off volume during the dry season and the average annual minimum average discharge of
seven consecutive days were used as metrics. The relative changes in the metrics of different
scenarios compared with the base scenario can be found in Figure 45 and Figure 46 in Appendix D.
The same trend is visible as for the average annual run-off coefficient (Figure 15), namely that the
metric decreases in case of an increase in rooting depth.

When comparing the average annual run-off coefficient, average annual run-off volume during the
dry season and the average annual minimum discharge (Figure 16), it can be seen that the effect of a
change in rooting depth is more extreme for the annual minimum discharge than it is for the other
metrics. The difference in average annual minimum discharge between scenario 0.1 and scenario 10
is 70%, while it is 45% for the annual run-off volume during the dry season and even lower (34%) for
the annual average run-off coefficient. A possible reason for this could be that for the data used for
the annual minimum discharge (the 7 consecutive days with the lowest average discharge), the roots
are heavily dependent on the water in the soil, while for the average annual run-off coefficient also
days are used in which the roots are not dependent on the water in the soil. Furthermore, as relative
differences are given in this graph, due to a small discharge value, the values may be blown up.

Relative change in different metrics for different scenarios of the Rooting Depth compared with the current scenario
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Figure 16: Relative change in different metrics (see legend) for different scenarios of the Rooting Depth, compared with the
current scenario (%). Location = Cochem (1)

When having a look at Figure 16, it can also be seen that the average annual minimum discharge at
Cochem is decreasing between scenario 4 and 8 more than when exploring the average run-off
coefficient. The average annual minimum discharge changes with 24% when changing the rooting
depth from scenario 4 to scenario 8, while the average annual run-off coefficient only changes by 2%.
This effect is also visible for the other locations (Figure 47Figure 48 to Figure 51 of Appendix D).
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Discharge (mm/day)

Modelled hydrograph at Cochem (1), average year (2018) Modelled hydrograph at Cochem (1), dry year (1996)

4.1.4 Performance in peak periods

As can be seen in the hydrographs of Figure 17, the rooting depth also influences the model
performance at event time scale. In Figure 17, the hydrographs at Cochem (location 1) are plotted for
five different scenarios of the Rooting Depth (0.1, 0.5, 1, 2 and 10). This is done for an average year

(2018), dry year (1996) and wet year (1983). The hydrographs at the other selected locations can be
found in Appendix D.
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Figure 17: Modelled hydrographs at Cochem (location 1) for an average year (2018) (fig. A), dry year (1996) (fig. B) and wet
vear (1983) (fig. C), for 5 scenarios of the Rooting Depth (0.1, 0.5, 1, 2, 10)

A change in rooting depth influences discharge peaks for all types of years (Figure 17). This shows that
the influence of the rooting depth on the discharge is not only limited to dry periods, but also occurs
in the discharge peaks. The model with a lower rooting depth value leads to a more erratic pattern
with higher peaks, while increasing the rooting depth leads to a more muted output.

An interesting point in the hydrographs is the first discharge peak after a dry period. For example, the
peak in September 1983 (Figure 18) is differing for each scenario in both timing and height.

Modelled hydrograph at Cochem (1), wet year (1983)
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Figure 18: Modelled hydrograph at Cochem (1983), zoomed in on the peak in September 1983

Comparing this peak for scenario 0.1 and 10, the peak of scenario 0.1 is 4 days earlier and 5.7 times
higher than the peak of scenario 10. This phenomenon is also visible at the peaks after the dry periods
in other years and at other locations. A possible explanation could be that the first discharge peak
after a dry period occurs after the root-zone is saturated by a precipitation event. In case of a larger
root-zone storage capacity, it takes longer for the root-zone to be saturated again and as a result, the
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discharge peak will be later. Next to that, the discharge peak will be spread over a longer period,
resulting in a lower peak.

4.1.5 Performance of variability between years

A last metric that is used to evaluate the model performance when changing the rooting depth, is the
relative standard deviation of the annual discharge (Eq. 3 of Section 3.1.4). In Figure 19, the relative
change in this metric can be found for each of the selected locations and for each scenario, compared
with the current scenario.

Relative change in average relative standard deviation in annual discharges for different scenarios of the Rooting Depth compared with the current scenario
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Figure 19: Relative change in relative standard deviation of the annual discharges for different scenarios of the Rooting Depth
compared with the current scenario, for each selected location. The value behind the name in the Legend represents the
relative standard deviation of the annual discharges in the base scenario

The relative standard deviation of the annual discharges increases on average with 15.9% in case of
doubling the rooting depth of the current scenario. This will mainly be because the average
discharges of the dry years become lower (roots can access more water, will evaporate more water
and thus less discharge), while the average discharges of the wet years are also becoming lower, but
to a smaller extent. As a result, the differences between dry and wet years are becoming bigger,
resulting in a higher flow variability between different years. In Appendix D.5 (Figure 57 and Figure
58) this is elaborated further.
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4.2 Root-zone storage capacity according to the water balance approach
In step 2 of this research, the root-zone storage capacity was estimated using the water balance
approach. Since four different return periods were used (2, 5, 10 and 20 years), there are four
different results (Figure 20). Some general statistics of these maps can be found in Appendix E.6.

Root-zone storage capacity estimated using the water balance approach
Return period = 2 years

Average = 105.3 mm

B

Root: storage

d using the water balance approach

Return period = 5 years

Root-zone storage capacity estimated using the water balance approach
Return period = 10 years

Root-zone storage capacity estimated using the water balance approach
Return period = 20 years
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ﬁ Average =171.3 mm

Average = 196.5 mm

Figure 20: Estimated root-zone storage capacity values (mm) using the water
balance approach, for different return periods. Figure A presents the Sy qx
values that were determined using a return period of 2 years, Figure B, C and D
show the values using return periods of 5, 10 and 20 years respectively

Root-zone
storage capacity
(mm)

. N

0

In Appendix E, the intermediary results of the water balance approach can be found. First of all, the
long-term values used to determine the vegetation storage deficits. Then, the vegetation storage
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deficits and the minimum annual vegetation storage deficits. Then, the Gumbel plots used to estimate
the Sy max using different return periods, for each catchment area.

4.3 Implementation of the water balance approach in the wflow_sbm model
In step 3 of this research, the root-zone storage capacity values of step 2 were translated to a Rooting
Depth (mm), using the method described in Section 3.3. Since four different return periods were used
(2,5, 10 and 20 years), there are four different results (Figure 21).

A B

Rooting Depth (mm) estimated using the water balance approach Rooting Depth (mm) estimated using the water balance approach
Return period = 2 years Return period = 5 years

Average = 390 mm Average = 537 mm

Rooting Depth (mm) estimated using the water balance approach Rooting Depth (mm) estimated using the water balance approach
Return period = 10 years Return period = 20 years

Figure 21: Estimated rooting depth (mm) using the water balance approach, for
different return periods. Figure A presents the rooting depth values that were

Average = 635 mm - % Average = 728 mm
1.330

determined using a return period of 2 years, Figure B, C and D show the values ]

using return periods of 5, 10 and 20 years respectively Rooting Depth

(mm) 0
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In Appendix F, a comparison between the rooting depth maps of Figure 21 and the rooting depth map
in the current model (Figure 30 in Appendix A) can be found. Also, basic statistics for these rooting
depth maps can be found here.

4.4 Comparison predictive power of different versions of the model
In this Section, the results of the comparison of the different scenarios of the model (Section 3.4) are
discussed. The different scenarios are compared with observed discharge data. To obtain the results,
again a warm-up period of 1 year was used.

4.4.1 Average annual performance
For the five selected scenarios (described in section 3.4) and the five selected locations (Figure 6), the
average annual run-off coefficient was determined. In Figure 22, for each scenario, the relative
difference in average annual run-off coefficient compared with the observed average annual run-off
coefficient can be found. The scenarios are named the same as in Figure 13: LU stands for the
scenario with the current estimation of the Rooting Depth, and the “‘WBA_x’ scenarios are the new
scenarios, each with another return period.

Relative difference in average annual run-off coefficient for different scenarios of the Rooting Depth compared with the observed scenario
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Figure 22: Relative differences in average annual run-off coefficient for different scenarios, compared with the observed
average annual run-off coefficient, for each location. The black dashed line represents the observed scenario. Behind each
name of the location in the legend, the average observed annual run-off coefficient is presented in mm/da

As can be seen, when using the water-balance method to estimate the Rooting Depth, the average
annual run-off coefficient is closer to the average observed annual run-off coefficient for all locations.
For example, for output location Cochem (1), the annual average run-off coefficient differs only 1.4%
from the observed value when using the estimations of the water balance approach with a return
period of 10 years, whereas this difference is 11.7% when using the current estimations of the rooting
depth. The box plot in Figure 68 of Appendix G.1 shows how these values are spread out for different
years.

However, it depends per location which return period is the most optimal. For example, for Cochem,
the scenario in which estimations using a return period of 10 years is used is the closest to the
average observed annual run-off coefficient, while for location 3, Fremersdorf, the scenario WBA_2
performs closest to the observed annual run-off coefficient. For location 5, La Meurthe a Baccarat, a
return period of 20 years is most optimal to choose when examining at the annual run-off coefficient.
This probably has to do with the differences in land-use. In the catchment area belonging to location
5, coniferous forest is the dominant land-use type, whereas cropland is the dominant land-use type of
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the catchment area belonging to location 3. Literature advises higher return periods for catchments
with forested area than for catchments in which cropland is the main land-use type (Wang-
Erlandsson, et al., 2016). The results of Figure 22 are thus consistent with previous studies. In
Appendix G.1, Figure 69, this is elaborated further, by showing the optimal return periods for 26
different locations.

Using the average annual run-off coefficient as a metric to measure the performance of the different
versions of the model shows that the water balance approach can be an improvement for the
estimation of the Rooting Depth, for each selected location. On average for all locations, using a
return period of 10 years leads to a deviation of 0.6% with the average observed annual run-off
coefficient, while it deviates 11.8% when using the current estimations of the Rooting Depth.

The evaporative index (E,/P) as function of the aridity index (E, /P ) for each scenario is also plotted
in the Budyko framework (Figure 15). In this framework, also the observed estimated evaporative
index as function of the aridity index can be found for each location.
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Figure 23: Budyko Space showing the ratio E,/P as function ofE_p/ﬁfor each scenario at each selected output location. The
grey dotted line presents the Budyko curve, the red and blue line the energy and water limit. The green box is enlarged in
Figure B. The numbers below the dots in Figure B present the number of the output locations (1 = Cochem, 2 = Rosport, 3 =
Fremersdorf, 4 = La Moselle a Uckange, 5 = La Meurthe a Baccarat)

Studying this Budyko framework, it is visible that the points based on observed values are not closer
to the Budyko curve than some points belonging to modelled scenarios. This is not necessarily
unexpected, since catchments around the world plot in a scatter around the Budyko curve. The points
belonging to the observed data are a good estimation, but they differ from the Budyko curve because
the Budyko curve is empirically derived as an average of all catchments in the world (Gerrits, Savenije,
Veling, & Pfister, 2009).

On average for all locations, the points of the scenarios in which the water balance approach is used
are closer to the observed values than the points belonging to the current scenario (LU). It thus can
be concluded that for this annual average performance, the water balance approach leads to a higher
predictive power of the model.

4.4.2 Dry period performance
In Figure 24, the relative differences between the average annual run-off volume during the dry
period of each scenario with the observed average annual run-off volume during the dry period can
be found. In Figure 25, the same differences are shown, but now in average annual minimum average
discharge of 7 consecutive days. As can be seen, all lines are decreasing in case the return period is
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increasing. This can be explained by the fact that the Rooting Depth increases in case of an increase in
Return period, resulting in more evaporation and thus less discharge. For some locations (Rosport,
Cochem), the descending line means the value of the metric is coming closer to the metric of the
observed scenario, while for some other locations, such as Fremersdorf, the differences between the
metric of the scenario and the metric of the observed discharges are deviating more.

Relative difference in average annual run-off volume during dry season for different scenarios of the Rooting Depth compared with the observed scenario
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Figure 24: Relative difference in average annual run-off volume during the dry season (15t of April — 30" of September) for
different scenarios of the Rooting Depth compared with the current scenario, for each selected location. The black dashed line
represents the observed scenario. Behind each name of the location in the legend, the average observed annual run-off
volume during the dry season is presented in mm

Relative difference in average annual minimum discharge for different scenarios of the Rooting Depth compared with the observed scenario
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Figure 25: Relative difference in average annual minimum discharge of seven consecutive days for different scenarios of the
Rooting Depth compared with the current scenario, for each selected location. The black dashed line represents the observed
scenario. Behind each name of the location in the legend, the average observed annual minimum discharge is presented in
mm/day

4.4.3  Average monthly performance
In Figure 26, the average discharge per month (mm/day) for each scenario can be found, as well as
the average observed discharge per month. These discharges are measured or modelled at Cochem.
For the other locations, the same bar charts can be found in Appendix G.

31



Average discharge per month, per scenario, Location = Cochem
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Figure 26: Average discharge per month (mm/day), per scenario, for Cochem

As can be seen in Figure 26, from February to July, the average discharge of all modelled scenarios is
higher than the observed average discharge. In these six months, the average discharge of the
scenario in which a return period of 20 years was used to estimate the Rooting Depth is the closest to
the observed average discharge of that month. However, in the other six months, the average
discharges of the scenarios ‘WBA_2’ and ‘WBA_5’ are closer to the observed average discharges.

For Cochem, the months with a high discharge are thus estimated the best with a high return period.
This applies for the other locations, for example Fremersdorf (Figure 75 of Appendix G), as well.

A possible explanation could be that the current model on average overestimates the discharges in
the wet period (which is mostly in the first half of the year). An example is shown in Figure 27, which
is the hydrograph showing both the observed values and the modelled discharges in the current
version of the model, for Cochem, 1999. In this Figure, the blue line (current model) is almost always
above the observed line in the period November — April.
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Figure 27: Hydrograph for Cochem (1), in 1999, showing the observed discharges as well as the modelled discharge values
with the current version of the model

Because the current model overestimates the discharges in the wet period, the scenarios using the
water balance approach to estimate the Rooting Depth will be closer to the monthly discharges. This
is because in the scenarios of the water balance approach, the average Rooting Depth is higher,
leading to more evaporation and thus less discharge. As a result, the discharges in the wet period are
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lower and less overestimating the observed values. At first it was expected that the rooting depth
would especially have influence in the dry periods, as then precipitation is low and thus the
vegetation is dependent on water in the root-zone. However, this graph shows the rooting depth also
leads to substantial changes in discharge in the wet months. This may be the case because when the
rooting depth increases, more water will be evaporated in the dry period, which means less water will
be recharged to the saturated zone. As a result, in the wet periods, the system is not completely filled
yet, which means in the wet periods also water is recharged instead of only discharged, which means
lower discharge peaks.

Concluding, examining the monthly performance of the different scenarios, the predictive power of
those scenarios in which the water balance approach is used, is higher than the predictive power of
the current scenario.

4.4.4 Performance in peak periods
In this research, not only the average performance of the different versions of the model are
compared, but also the performance at event time scale. For this, | performed a visual inspection of
several peak periods of different hydrographs.

Timing of the peaks

In total, 117 peaks within the period 1990 — 2016 in the hydrograph at Cochem were analysed. For all
peaks, the timing of the peaks was not improved by the new version of the model compared with the
current version of the model. For the peaks within the wet period, there was no substantial difference
in timing between the peak of the current version of the model and the peaks of the new versions of
the model (example shown in Figure 28A). For the discharge peaks that were located just after a long
dry period, the timing of the peaks of the new versions was worse than the timing of the peak of the
current version of the model (example shown in Figure 28B). A possible explanation for this could be
that a peak in the wet period is so high, that they occur at the moment of a large precipitation event
anyway, even though the saturated zone is not completely full yet. The precipitation in this case is
larger than the amount of water recharged to the saturated zone. In peaks just after a long dry
period, the precipitation is not always higher than the amount of water that needs to be recharged to
the saturated zone. As a result, there is a delay in the peak (Section 4.1.1). Since the rooting depth of
the scenarios in which the water balance approach was used is bigger than the rooting depth of the
current version of the model, the peak is later (Section 4.1.1). In Appendix G.4, the results for all
peaks can be found.
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Figure 28: (A) Example of peak within a wet period (February 2005) of which the timing is not substantially differing for the

different modelled scenarios. (B) Example of peak after a dry period (October 2001) of which the timing is worse in the
scenarios in which the water balance approach was used (RP2 — RP20) compared to the current version of the model (LU)
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The predictive power of all versions of the model regarding the timing of the peak is not very strong.
The peaks modelled with the current version of the model are on average 3 days later than the
observed peaks. For the new versions of the model, this is even bigger. A possible reason for this
would be the measurement errors at stations. This was especially likely to be the case when the
observed peaks in precipitation are later than observed discharge peaks. However, as elaborated in
Appendix G.5., this is not the case.

Height of the peaks

The same 117 peaks in the hydrograph of Cochem were used to analyse the predictive power of the
height of the peaks for the different versions of the model. As can be seen in Figure 29, for the total
of 117 peaks, 47% of the peaks was predicted more accurately by the new versions of the model,
while 36% of the peaks was predicted more accurately by the current version of the model.
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Figure 29: Percentage of the considered peaks for which the versions of the model with the new estimations of the Rooting
Depth predicted the height of the observed peak better (green) or worse (red) than the model with the current estimations of
the Rooting Depth. In blue, the percentage of peaks for which there was no substantial difference between both versions is
given
What stands out is that the height of the peaks falling within the 6 wettest years is substantially better
predicted by the versions of the model using the water balance approach (72%) to estimate the root-

zone storage capacity than the current version of the model (4%). A possible explanation for this
could be that the peaks in the wet years are currently overestimated and that the water balance
approach leads to a lower estimation (Section 4.4.3). Especially the peaks in the wet period of the wet
peaks are closer to the observations when using the water balance approach to estimate the root-
zone storage capacity.
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5. Discussion

To improve the wflow_sbm model of the Moselle basin, in this research, the role of the root-zone
storage capacity in this model was evaluated and it was assessed whether another method, the water
balance approach, for estimating the root-zone storage capacity would improve the predictive power
of the model.

5.1 Sensitivity analysis

First of all, the results of Section 4.1 show the Rooting Depth has a substantial role in the model
performance of the wflow_sbm model, which is also concluded in Imhoff, Verseveld, Osnabrugge &
Weerts (2020). Since the Rooting Depth (parameter in the wflow_sbm model) is closely related to the
root-zone storage capacity (Singh, Wang-Erlandsson, Fetzer, Rockstrom, & Ent, 2020), this implies the
model is sensitive to a change in the root-zone storage capacity. From the sensitivity analysis, it
follows that a larger rooting depth leads to a lower discharge and a higher actual evaporation,
especially for dry periods. (Wang-Erlandsson, et al., 2016) and (Bouaziz, et al., 2021) indicate the same
relationship. However, according to Figure 14, there is a limit to this trend: changing the average
value of the rooting depth between 80 and 1300 mm gives a substantial difference in annual run-off
coefficient, but when the average rooting depth is more than 1300 mm or less than 80 mm, changing
the rooting depth does not lead to a substantial change in annual model performance. As the average
rooting depth in the current model is 318 mm and it is physically unlikely that the average rooting
depth in the Moselle basin becomes higher than 1300 mm or lower than 80 mm, the rooting depth
thus is a sensitive parameter to the average annual output in the Moselle basin.

5.2 Water balance approach

The results of the estimation of the root-zone storage capacity using the water balance approach
(Figure 20) are in the same order of magnitude as the estimations of Wang-Erlandsson, et al. (2016)
and Schenk, et al. (2009). However, uncertainties in the estimation of the root-zone storage capacity
remain. A first important reason for this is the limited data availability of observed discharge data. To
determine the long-term discharge, the average of annual discharges is determined. However, the
period in which observed discharge data was available was for some locations very short (Table 2 of
Appendix C). As a result, the amount of years for which 95% of the days observed discharge data is
available, for location 4A is only 11 years (Table 2 of Appendix C). The long-term discharge is thus
based on a short period and is thus uncertain. In case the long-term discharge would increase with
10%, the root-zone storage capacity would decrease with 16.3%, while an increase of 10% in long-
term discharge leads to an increase with 17.7% of the root-zone storage capacity.

Secondly, uncertainties in precipitation and evaporation data may lead to uncertain estimates of the
root-zone storage capacity. In the Rhine river, stations for precipitation observations are often
irregularly spatially and temporally distributed, leading to substantial uncertainties (Rauthe, Steiner,
Riediger, Mazurkiewicz, & Gratzki, 2013).

Thirdly, there are uncertainties in the estimations of the root-zone storage capacity using the water
balance approach, as the water balance approach is based on certain assumptions which are not
always true in the Moselle basin. For example, in the water balance approach it is assumed that
vegetation systems adapt their roots in such a way that they can survive critical periods (Merz,
Parajka, & Bloschl, 2011). However, from the area for which cropland is the dominant land-use, 78% is
arable land (European Environment Agency, 2018), which means the land is under temporary crops

! Average over all return periods
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and ploughed regularly. As a result, root systems of these crops cannot adapt in such a way that they
can survive critical periods, as this is a process of years.

5.3 Translating the root-zone storage capacity to a rooting depth

The values that were obtained after having translated the root-zone storage capacity to a rooting
depth (Figure 21, page 28) are on average higher than the current rooting depth values, but still
within a realistic range (Canadell, et al., 1996): For each return period that is used, the average and
median rooting depth is higher than the average and median rooting depth of the current model
(Appendix F). However, especially in the steeper, more forested areas, the rooting depth of the
current model is higher than the estimations using the water balance approach with a low return
period (Figure 62 and Figure 63).

In the translation step (Section 3.3) it was assumed that an increase in root-zone storage capacity
would lead to an increase in rooting depth (in vertical direction). However, it may also be possible
that the roots develop in horizontal direction in reality. This leaves room for improvement. Another
important assumption of the water balance approach is that vegetation only taps its water from the
unsaturated zone and not from the saturated zone. In the wflow_sbm model, if the roots are able to
reach the saturated zone, first the transpiration is taken from the saturated zone, but if the roots are
above the groundwater level the unsaturated zone is used (Schellekens, wflow Documentation,
2020).

5.4 Comparison between models

Comparing the predictive power of the new versions of the model with the predictive power of the
current version of the model shows that the average annual performance of the new versions of the
model are closer to the annual observed data than the current version of the model (Figure 22). The
return period that is recommended however depends per location (Figure 69).

Especially for the wet months, in which the current version of the model is overestimating the
discharge, the new versions of the model perform better (Figure 26). Regarding the height of
discharge peaks on event time scale, when assessing wet years (Figure 29), the predictive power of
the new versions of the model perform substantially better than the current version of the model.
This is remarkable, as the model comes to better results in these important peak periods without any
further calibration of the model. When considering peaks in all years, there is not one model version
that performs substantially better than another version (Figure 29).

Regarding the timing of peaks, the peaks of the current version of the model are on average 3 days
later than observed peaks. For the new versions of the model, the timing is even later. It was assessed
if an unrealistic timing between precipitation event and corresponding discharge peak was the cause
of this, but this was not the case (Appendix G).

In the analysis of the results there is however uncertainty regarding the observed values. First of all,
the observed values with which the simulated values are compared are sometimes based on a small
period, as explained earlier and indicated in Table 2 of Appendix C. Next to that, the validity of these
observed data can be doubted, because of measurement errors in the data. On an annual level, in
case the observed discharge data increases with 5%, still the model version in which the water
balance approach is used has a higher predictive power (Figure 70 of Appendix G.1)
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6. Conclusion and recommendations

6.1 Conclusion
The aim of this research was to evaluate the differences between two methods to estimate the root-
zone storage capacity in the hydrological wflow_sbm model and to recommend one of the methods
for application in operational water management and water management planning. In this conclusion,
first the four sub-questions are answered, after that a conclusion to the main question is formulated.

1. How sensitive is the simulated discharge of the Moselle to changes in root-zone storage
capacity?
In this study, the rooting depth of the wflow_sbm model is multiplied with different values and the
model output at different locations for each scenario was determined. The results show the root-zone
storage capacity is a key parameter in the hydrological model of the Moselle. Doubling the rooting
depth leads to a decrease in annual discharge of 10.3% (Section 4.1). On event time scale, an increase
in the root-zone storage capacity leads to later and lower discharge peaks.

2. How large is the root-zone storage capacity for catchments within the Moselle basin according
to the water balance approach and how much does it differ from the current estimation based
on look-up tables related to land-use?

The root-zone storage capacity was estimated using the water balance approach using four different
return periods. The root-zone storage capacity values differ within the basin and differ for each return
period but are within a range of 70 to 266 mm (Table 7, p.60). For return periods 2, 5, 10 and 20
years, the average root-zone storage capacities are 105, 145, 171 and 196 mm respectively (Section
4.2). Only after translating this root-zone storage capacity to a rooting depth (sub-question 3), the
root-zone storage capacity could be compared with the current estimations.

3. How can the method for estimating the root-zone storage capacity from water balance data
best be implemented in the hydrological wflow_sbm model of the Moselle?
The root-zone storage capacity value was implemented in the hydrological wflow_sbm model by
translating it to a rooting depth, using estimates of the saturated and residual water contents (Section
3.3). The resulting rooting depth values differ within the basin and per return period but are within a
range of 179 to 1304 mm (Table 8, p.62). Using a return period of 10 years, the average rooting depth
is 99.7% higher than the current estimations of the rooting depth.

4. What are the differences in predictive power of both versions of the hydrological wflow _sbm
model of the Moselle?
As the new estimations of the rooting depth are higher than the current estimations, the versions of
the model in which the water balance approach was used gave lower annual discharges and later and
lower discharge peaks.

Comparing both versions of the model with observed discharge data, it turned out that the version in
which the root-zone storage capacity was estimated using the water balance approach had a higher
predictive power for the annual and monthly metrics. The average annual run-off coefficient of the
version of the model in which the water-balance method was used to estimate the root-zone storage
capacity deviated 1.38% from the observed annual run-off coefficient, whereas this is 11.7% for the
current version of the model.

At event time scale, no such conclusion can be drawn. However surprisingly, in wet years, especially in
the wet periods of these years, the model version in which the water balance approach is used is
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simulating the peaks closer to observations than the current version. This is remarkable, as the model
comes to better results in these important peak periods without any further calibration of the model.

“Which of the two methods for estimating the root-zone storage capacity yields the best predictive
power of the hydrological wflow_sbm model of the Moselle?”

Following from the answers to the sub-questions, the water balance approach for estimating the
root-zone storage capacity is recommended for the Moselle basin, regarding both water management
planning and operational water management.

6.2 Recommendations

6.2.1 Practical recommendations for predicting discharges in the Moselle basin

When predicting discharges in the Moselle basin, it is recommended to use the water balance
approach for estimating the root-zone storage capacity, instead of using look-up tables relating
rooting depth to land-use.

Especially regarding annual metrics, the wflow_sbm model with estimations of the root-zone storage
capacity for which the water balance approach was used gives a better prediction (Figure 22, page
29). This makes the water balance approach a suitable approach for estimating the root-zone storage
capacity in the field of water management planning.

The version of the model in which the water balance approach was used to estimate the root-zone
storage capacity also has a higher predictive power of the heights of discharge peaks in wet years
(Figure 29, page 34). The water balance approach is thus also recommended for operational water
management, when focusing on high flows. When the focus of a study is on low flows, not a specific
version of the model performs better.

When using the water balance approach for the Moselle basin, it is recommended to assume
vegetation systems adapt their roots such that they can survive a dry period with a return period of
10 years. Using other return periods model performance improved as well, however as a return
period of 10 years led to the best model performance at Cochem (Figure 22, page 29), the most
downstream location in the Moselle basin, this return period is recommended.

The water balance approach especially led to better model performance in sub-catchments with a
high percentage of forest. Thus, when the focus of the study is on these areas, the water balance
approach is highly recommended.

6.2.2 Recommendations for further research
As the water balance approach seems a promising approach for the Moselle, this topic is important to
do further research on. In this section, some recommendations for further research are given.

First of all, as mentioned in Section 4.4.4, the predictive power of all versions of the model regarding
the timing of peaks is not very strong. The simulated peaks at Cochem (downstream) are on average
minimal 3 days later than the observed discharge peaks in all versions of the model. It was already
preliminary checked if an unrealistic timing between observed precipitation and discharge peaks
could be the cause (Appendix G.5.1), but this was not the case. Another possible cause could be the
uncertainty in estimating the kinematic wave (Appendix G.5.2), as the approach that is currently used
in the wflow_sbm model especially has limitations in non-steep terrain (Schellekens, 2013). As it is
important to be able to predict the timing of peaks on operational water management level, it is
important to do further research on the cause of late peak estimations in the wflow_sbm model.
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Secondly, as stated in Section 4.4.1, it was expected that the actual evaporation would be equal to the
potential evaporation in case the rooting depth was infinitely big. This was however not the case
(Appendix D.1). A reason for this may lay in the way soil transpiration and potential evaporation are
related in the wflow_sbm model. The actual soil transpiration is dependent on the potential soil
evaporation, which is determined by subtracting the actual interception evaporation from the total
potential evaporation (Schellekens, The wflow_sbm Model, 2013). It could be that the actual
evaporation is not equal to the potential evaporation in case the interception evaporation is not
potential. To obtain more insight in the role of the root-zone storage capacity in the wflow_sbm
model, checking why the actual evaporation is not equal to the potential evaporation in case the
rooting depth is infinitely big could be helpful.

As the water balance approach for estimating the root-zone storage capacity is a promising approach,
it would be interesting to see how these findings in the Moselle translate to basins in other parts of
the world. For example, basins with a tropical climate, with a short wet season and a long dry season,
could be interesting. Gao, et al. (2014) already showed that ecosystems are adjusting their root
systems to their environment in diverse catchments in Thailand. As land-cover is changing rapidly in
Indonesia (Agaton, Setiawan, & Effendi, 2016), the water balance approach, which is independent on
land-cover maps, could be a good approach for estimating the root-zone storage capacity. Testing the
findings of this research in a catchment in Indonesia could therefore be valuable.

A last recommendation for further research is to assess if the water balance approach for estimating
the root-zone storage capacity will also be useful in basins in which observed discharge data is
available at less locations. In the Moselle catchment, the limited availability of observed discharge
data already leads to uncertainty in the estimations of the root-zone storage capacity using the water
balance approach. In other basins however, it could be that observed discharge data is even more
limited. It would thus be interesting to see if using only the most downstream location in the basin in
the water balance approach would lead to an improved model performance as well. As elaborated in
Appendix H, it is expected that the water balance approach could still improve model performance,
but it is important to check this.
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Appendices

Appendix A. Rooting depth, porosity and wilting point in the Moselle basin
In this Appendix, maps that are used in the current version of the wflow_sbm model of the Moselle
can be found.

A.1 Rooting Depth
In Figure 30, the Rooting Depth map that is currently used in the wflow_sbm model of the Moselle
can be found. The values are based on look-up tables, relating land-use to a rooting depth.

Rooting Depth (mm) of the Moselle Basin

Rooting Depth (mm)
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Figure 30: Rooting depth (mm) of the Moselle basin, as used in the current version of the wflow_sbm model of the Moselle

A.2 Porosity
In Figure 31, the porosity map that is currently used in the wflow_sbm model of the Moselle can be
found.
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Figure 31: Porosity of the soil (-), as used in the current version of the wflow_sbm model of the Moselle
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A.3 Wilting Point
In Figure 32, the wilting point map that is currently used in the wflow_sbm model of the Moselle can
be found.

Theta_r (wilting point) in the Moselle basin
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Figure 32: Wilting point (-), as used in the current version of the wflow_sbm model of the Moselle

Appendix B. Warm-up period

To define the warm-up period, the modelled hydrograph at Cochem for the first three years of the
simulation period (1979 — 1981) was used (Figure 33). As can be seen in this Figure, the discharge at
1-1-1979 is 0 m3/s, which is an unrealistic value. As can be seen, after around 50 days, the discharge is
1900 m?/s. Studying the shape of the hydrograph of the other years, this value and shape is realistic.
It is thus assumed that the model is in the right state after 50 days. To be more certain about this
period, a warm-up period of 1 year was assumed.

Simulated discharge at Cochem (m3/s) for the period 1979 - 1981

3000 +

2500+
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T T T T
01-1979 01-1980 01-1981 01-1982

Figure 33: Modelled hydrograph at Cochem for the period 1979-1981

Appendix C. Overview of sub-catchments
In this Appendix, more information about the nested sub-catchments in which the Moselle catchment
area is divided can be found.
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As stated in Section 3.2.4, in total 26 nested sub-catchments are defined. In Figure 34, an overview of
the locations of these catchments can be found.

Nested subcatchments in the Moselle catchment

Selected Locations @
1x - Outlet Location Level 1 (A)
2x - Outlet Location Level 2 (A - B)
3x - Outlet Location Level 3 (A - C)
4x - Outlet Location Level 4 (A - J)
5x - Outlet Location Level 5 (A - H)
6x - Outlet Location Level 6 (A - B)

Subcatchments
Level 1

[ Level 2
[ Level 3
[ Level 4
[ ILevel 5
B Level 6

0 25 50km
[ — 1/

Figure 34: Nested sub-catchments in the Moselle catchment. Colours indicate the different levels, the black points indicate the
outlet points of each sub-catchment

As said, the catchments are nested. This means that certain catchments of level X+1 are located

within a catchment of level X. For example, catchment 5C and 5D are nesting within catchment 4D.

The catchment area belonging to location 4D is thus the total of the two yellow parts and the orange

part of Figure 35B.

A B

Figure 35: Example of nested catchments: Area 5C and 5D are nesting within area 4D

In the Figures below (Figure 36 to Figure 41), the full catchment areas belonging to a certain level can
be found.
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Subcatchment Belonging to Level 1

Selected Locations @
1x - Outlet Location Level 1 (A)

Subcatchments
Bl Level 1

0 25 50km
[ —)

Figure 36: Sub-catchment in the Moselle catchment that belongs to level 1

Subcatchments Belonging to Level 1 and 2

Selected Locations @
1x - Outlet Location Level 1 (A)
2x - Qutlet Location Level 2 (A - B)
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Figure 37: Sub-catchments in the Moselle catchment that belong to level 1 and 2

Subcatchments Belonging to Level 1, 2 and 3

Selected Locations @
1x - Qutlet Location Level 1 (A)
2x - Qutlet Location Level 2 (A - B)
3x - Outlet Location Level 3 (A - C)
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e

Figure 38: Sub-catchments in the Moselle catchment that belong to level 1, 2 and 3
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Subcatchments Belonging to Level 1, 2, 3 and 4

Selected Locations @
1x - Outlet Location Level 1 (A)
2x - Outlet Location Level 2 (A - B)
3x - Outlet Location Level 3 (A - C)
4x - Outlet Location Level 4 (A - 1)
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[ Level 4

0 25 50km
[ —

Figure 39: Sub-catchments in the Moselle catchment that belong to level 1, 2, 3 and 4

Subcatchments Belonging to Level 1, 2, 3, 4 and 5
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2x - Outlet Location Level 2 (A - B)
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Figure 40: Sub-catchments in the Moselle catchment that belong to level 1, 2, 3, 4 and 5

Subcatchments Belonging to Level 1, 2, 3,4, 5and 6
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1x - Qutlet Location Level 1 (A)
2x - Outlet Location Level 2 (A - B)
3x - Outlet Location Level 3 (A- C)
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5x - Qutlet Location Level 5 (A - H}
6x - Qutlet Location Level 6 (A- B)
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Figure 41: Sub-catchments in the Moselle catchment that belong to level 1, 2, 3, 4, 5 and 6

In Table 2, an overview of the characteristics of the different catchment areas can be found. The areas
that are also selected for the sensitivity analysis are made bold.
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Table 2: Overview of the characteristics of different catchment areas. The data period that is given is the period in which
observed discharge data at the output locations of the catchments is available. The amount of years for which at least 95% of
the days data is available, is given in the last column

# | Le | Name Area (km?) | Nestingareas |ID | Data Eff.
vel Years
(1A [1 |Cochem 271873 [2A28 694 [19902016 25 |
2A | 2 Kordel 819.8 - 683 | 1990-2016 | 25
2B | 2 Trier 23815.0 3A, 3B, 3C 707 | 1990-2016 | 22
3A |3 Rosport 4268.9 4A, 4B 14 2002-2016 | 12
3B |3 Fremersdorf 6974.2 4C, 4D, 4E, AF 711 | 1990-2008 | 17
3C |3 La Moselle a Uckange 10801.4 4G, 4H, 41, 4) 373 | 1990-2016 | 25
4A | 4 Vianden 636.7 = 11 2002-2016 | 12
4B | 4 Diekirch 2183.7 5A, 5B 10 2002-2016 | 12
4C | 4 Nalbach 718.7 - 302 | 1989-2016 | 26
4D | 4 Reinheim 1806.9 5C, 5D 299 | 1989-2016 | 26
4E | 4 La Sarre a Wittring 1712.5 - 368 | 1994-2016 | 21
4F | 4 Niedaltdorf 1345.1 - 303 | 1989-2016 | 26
4G | 4 L'Orne a Rosselange 1237.8 - 399 | 1990-2016 | 24
44 | 4 La Seille a Metz 1271.6 - 726 | 1990-2005 | 13
4] 4 La Meurthe a Malzéville 2881.9 5G, 5H 365 | 1990-2012 | 11
4) | 4 La Moselle a Toul 3404.2 5E, 5F 414 | 1990-2016 | 24
5A |5 Michelau 948.8 - 20 2002-2015 | 12
5B | 5 Mersch 740.0 = 5 2002-2016 | 12
5C | 5 Neunkirchen 319.2 - 297 | 1989-2016 | 26
5D | 5 Eined 1158.9 - 328 | 1989-2016 | 26
5 | 5 Le Madon a Pulligny 945.4 - 409 | 1990-2016 | 25
5F | 5 La Moselle a Tonnoy 1994.1 6B 375 | 1990-2016 | 22
5G | 5 La Meurthe a Luneville 1105.2 6A 391 | 1990-2016 | 20
5H | 5 La Mortagne a Gerbéviller 495.8 - 394 | 1990-2016 | 25
6A | 6 La Meurthe a Baccarat 935.7 - 374 | 1992-2009 | 15
6B | 6 La Moselle a Saint-Nabord 630.7 - 413 | 1990-2016 | 23
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Appendix D. Results of the sensitivity analysis (step 1)
In this Appendix, the results of the sensitivity analysis can be found.

D.1 Average Annual Performance

Relative change in average annual run-off coefficient for different scenarios of the Rooting Depth compared with the current scenario
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Figure 42: Relative change in average annual run-off coefficient for different scenarios of the Rooting Depth compared with
the current scenario, for each selected location. The value behind the name in the Legend represents the average annual run-
off coefficient in the base scenario. For example, for selected location 4, the average annual run-off coefficient changed to
85% when multiplying the Rooting Depth with 8 compared to the base scenario. The average annual run-off coefficient of

that location, for that scenario was thus 85% of 0.45

Budyko Space Sensitivity Analysis
1.0
Budyko
0.8 1 —— Energy Limit
— ~= = Water Limit
& -7 0.1
. * C
< 0.6 » 0125
- 0.25
=
= 0.5
2 0.4 4
5 e 066
< o 1
0.2 4 & 15
o 2
e 4
0.0 4 e 38
e 10
T T T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4

Evaporative index (Ep/P)

0.75

0.70 4

0.65

0.60

0.55 4

0.50 1

0.45 4

0.40 4

0.35

.“.
3
421

[Numbers present the number of selected locations |

0.6

0.7 0.8 0.9

Figure 43: Budyko Space showing the ratio E4/P as function of E_p/F_’for each scenario at each selected output location. The
grey dotted line presents the Budyko curve, the red and blue line the energy and water limit. The green box is enlarged in
Figure B. The numbers below the points in Figure B present the number of the output locations (1 = Cochem, 2 = Rosport, 3 =
Fremersdorf, 4 = La Moselle a Uckange, 5 = La Meurthe a Baccarat)
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Table 3: Average values of the rooting depth (mm) for different scenarios, namely the base scenario, scenario *0.25 and
scenario *4. In blue, the range of rooting depth is given for which the model output is sensitive. In case the rooting depth
value falls inside the range, this means the average annual run-off coefficient changes substantially when changing the
Rooting Depth. In case the rooting depth falls outside the range, the rooting depth does not have substantial influence on the
model output

# Name RD (base scenario) RD*0.25 | RD*4
1 Cochem 318 80 1272
2 Rosport 314 79 1256
3 Fremersdorf 309 77 1236
4 La Moselle a Uckange 325 81 1300
5 La Meurthe a Baccarat 333 83 1332
80 1300
1
8
m pos
%. - + » ——1-Cochem
E o= 2-Rosport
p——
-ﬁ"i 0.85 1 1 —e—3-Fremersdorf
=
% o —a—4-1a Moselle &
% - Uckange
H —a—5-La Meurthe &
8 075 Baccarat
<
0.7
o z 4 & g 10 1z

Scenario {values presant factor with which Rooting Depth is multiplied)

Figure 44: Actual evaporation divided by potential evaporation for different scenarios of the rooting depth (those scenarios
for which the rooting depth is increased), and for different locations. As the rooting depth increases, the ratio Eq /E,,
increases with a lower rate. Eq /E), never reaches 1, which means the actual evaporation never is equal to the potential
evaporation
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D.2 Performance in dry period

Relative change in average annual run-off volume during dry season for different scenarios of the Rooting Depth compared with the current scenario
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Figure 45: Relative change in average annual run-off volume during the dry season (15t of April — 30t" of September) for
different scenarios of the Rooting Depth compared with the current scenario, for each selected location. The value behind the
name in the Legend represents the average annual run-off volume (mm) during the dry season in the base scenario
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Figure 46: Relative change in average annual average minimum discharge of seven consecutive days for different scenarios of

the Rooting Depth compared with the current scenario, for each selected location. The value behind the name in the Legend
represents the average annual average minimum discharge of seven consecutive days (mmy/day) in the base scenario
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D.3 Comparison average performance and dry period, for all stations

Relative change in different metrics for different scenarios of the Rooting Depth compared with the current scenario
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Figure 47: Relative change in different metrics (see legend) for different scenarios of the Rooting Depth, compared with the
current scenario (%). Location = Cochem (1)
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Figure 48: Relative change in different metrics (see legend) for different scenarios of the Rooting Depth, compared with the
current scenario (%). Location = Rosport (2)
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Figure 49: Relative change in different metrics (see legend) for different scenarios of the Rooting Depth, compared with the
current scenario (%). Location = Fremersdorf
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Discharge (mm/day)

Relative change in different metrics for different scenarios of the Rooting Depth compared with the current scenario
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Figure 50: Relative change in different metrics (see legend) for different scenarios of the Rooting Depth, compared with the

current scenario (%). Location = La Moselle a Uckange (4)
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Figure 51: Relative change in different metrics (see legend) for different scenarios of the Rooting Depth, compared with the

D.4 Hydrographs

current scenario (%). Location = La Meurthe a Baccarat (5)
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Figure 52: Modelled hydrographs at Cochem (location 1) for different years (2018, 1996, 1983), for different scenarios of the

rooting depth (0.1, 0.5, 1, 2, 10)
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Modelled hydrograph at Rosport (2), average year (2018) Modelled hydrograph at Rosport (2), dry year (1996) Modelled hydrograph at Rosport (2), wet year (1983)
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Figure 53: Modelled hydrographs at Rosport (location 2) for different years (2018, 1996, 1983), for different scenarios of the
rooting depth (0.1, 0.5, 1, 2, 10)
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Figure 54: Modelled hydrographs at Fremersdorf (location 3) for different years (2018, 1996, 1983), for different scenarios of
the rooting depth (0.1, 0.5, 1, 2, 10)
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Figure 55: Modelled hydrographs at La Moselle a Uckange (location 4) for different years (2018, 1996, 1983), for different
scenarios of the rooting depth (0.1, 0.5, 1, 2, 10)
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Modelled hydrograph at La Meurthe a Baccarat (5), average year (2018)
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Figure 56: Modelled hydrographs at La Meurthe a Baccarat (location 5) for different years (2018, 1996, 1983), for different
scenarios of the rooting depth (0.1, 0.5, 1, 2, 10)
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Figure 57: Annual discharge for different scenarios of the rooting depth (blue = current model, orange = Rooting depth
multiplied by 10). In the graph, also the annual precipitation is plotted
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Figure 58: Difference in annual discharge between scenario RD=1 and scenario RD=10 for each year, with on the x-axis the
annual precipitation of that year (mm/year). As can be seen, the difference in annual discharge between both scenarios

decreases in case the precipitation increases
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Appendix E. Results of the water balance approach (step 2)

To estimate the root-zone storage capacity values using the water balance approach, different steps
were taken. The final results can be found in Section 0. In this Appendix, the intermediary results will
be shown. First, the intermediary results of the estimation of the root-zone storage capacity in area
1A (Figure 11) are given. After that, the final estimated root-zone storage capacities of all areas are
shown, as well as the final root-zone storage capacities across the study area.

E.1 Long-term values

To determine the vegetation storage deficit at each day, first the long-term annual precipitation,
potential evaporation, interception evaporation and discharge were determined. The long-term
precipitation and potential evaporation were determined using the data described in Section 2.6. The
long-term interception evaporation was modelled using the wflow_sbm model. The long-term
interception evaporation is the average annual interception evaporation between 1980 and 2019. To
determine the long-term discharge, observed data was used. Only years of which for 95% of the days
data was available, are used to determine this long-term discharge. In Table 4, the long-term values of
area 1A can be found.

Table 4: Long-term annual discharge, precipitation, potential evaporation and interception evaporation. In row 2, the amount
of years for which sufficient data was available are shown

Q (mm/year) | P (mm/year) | E, (mm/year) | E, (mm/year)
Value | 358.534 923.478 146.376 681.029
Years | 25 40 40 40

E.2 Vegetation storage deficits

Using the long-term values of Table 4, the minimum vegetation storage deficit of each day was
determined. In Figure 59A, the vegetation storage deficit in mm for each day in the period 1980 —
2019 can be found. For the hydrological year 1-4-1996 — 30-3-1997, the vegetation storage deficits of
each day in mm can be found in Figure 59B. As can be seen in Figure 59B, the vegetation storage
deficit is decreasing gradually and increases more steeply, because of large precipitation events in the
autumn.
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Figure 59: Vegetation storage deficit (mm) for 1980 - 2019 (Figure A) and 1-4-1996 - 30-3-1997 (Figure B)
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E.3 Minimum annual vegetation storage deficits

Once the vegetation storage deficits of each day are determined, the annual minimum vegetation
storage deficits are determined using hydrological years from the 1st of April to the 30th of March.
For area 1A, these values are shown in Table 5.

Table 5: Minimum vegetation storage deficits for each hydrological year (1-4 to 30-3), for area 1A

Year Sy dey (Mmm) Year Sy des (Mm) Year Sy des (Mm)
1981 -43.5 1994 -125.6 2007 -133.0
1982 -39.3 1995 -112.1 2008 -79.5
1983 -68.8 1996 -82.5 2009 -82.2
1984 -164.9 1997 -138.8 2010 -90.3
1985 -105.1 1998 -85.2 2011 -104.2
1986 -69.3 1999 -114.9 2012 -138.0
1987 -95.3 2000 -87.5 2013 -81.7
1988 -39.3 2001 -60.0 2014 -89.7
1989 -79.7 2002 -88.2 2015 -143.8
1990 -136.1 2003 -97.1 2016 -172.1
1991 -126.1 2004 -212.1 2017 -104.3
1992 -208.7 2005 -106.5 2018 -122.1
1993 -88.9 2006 -97.1 2019 -206.3

E.4 Gumbel plots used to estimate the root-zone storage capacity

Once the minimum vegetation storage deficits are known, these values are plotted in a Gumbel plot,
with the reduced variate (—In(—In(F)) on the x-axis. In Figure 60, the Gumbel plot for area 1A can
be found. The green-dotted lines represent the reduced variates belonging to the return periods. The
intersection between the red Gumbel function and the green-dotted lines are the root-zone storage
capacities.
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Figure 60: Gumbel Plot for determining the root-zone storage capacity, for different return periods
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E.5 Translating from nested to non-nested areas

Once the root-zone storage capacities for each nested area are known (column 3 of Table 6), the
root-zone storage capacities are translated using the approach described in Section 3.2.4. This means
the root-zone storage capacity of a nested area X is assigned to the non-nested area X. The root-zone
storage capacity values in the non-nested areas are thus equal to the values in the nested areas
(column 6 of Table 6).

Table 6: Root-zone storage capacity values for the catchment areas, using different approaches

2B | 3A, 3B,3C 137.4 278.1 9.3 137.4
3A | 4A,4B 169.9 174.2 175.8 169.9
3B | 4C, 4D, 4E, 4F 162.2 53.3 88.9 162.2
3C | 4G, 4H, 41, 4) 176.7 268.4 318.0 176.7
4B | 5A, 5B 175.9 145.3 157.4 175.9
4D | 5C, 5D 204.6 165.7 179.4 204.6
4] | 5G, 5H 141.7 75.2 96.0 141.7
4] | 5E,5F 146.4 -29.2 50.2 146.4
5F | 6B 162.7 181.6 186.0 162.7
5G | 6A 178.5 279.0 3233 178.5

First of all, the root-zone storage capacities of the non-nested areas were determined using the
method of the arithmetic mean.

A B

Figure 61: Example of nested catchments: Area 5C and 5D are nesting within area 4D

In Figure 61, the example of nested area 4D and its nesting areas 5C and 5D can be found. When
using the method of the arithmetic mean, the root-zone storage capacity of the remaining part
orange part in Figure 61B is thus estimated by assuming that the weighted mean of nested area 4D is
equal to the weighted mean of area 5C, 5D and non-nested area 4D. Thus, Eq. 11 is used:

Sr,max_4DAaD~ Sr;max_s¢"Asc~ Srmax_sp*AsD Eq_ 11

S =
r,m 4D
/max_4b_nn Asp—Asc—Asp
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In which:

- Srmax 4D nn : ROOt-zone storage capacity in the non-nested area 4D (orange part Figure 5B)
- Sy max_ 4D, Srmax_sc and Sy max sp: Root-zone storage capacities of the nested catchments
- Aup, Asc and Asp : Areas of the nested catchments

The results of this calculation can be found in column 4 of Table 6. When analysing these values, the
value of area 4J *-29.5’ draws the attention. A negative root-zone storage capacity is not realistic. A
possible explanation of this result is the high uncertainty in the determination of the root-zone
storage capacity using the water balance approach (Section 0). As a result, when averaging the values,
the value of the remaining area is getting an unrealistic value.

Since the results of column 4 could not be used, another approach was used, which was based on the
geometric mean (Eq. 12).

In(Symax_40)*A4p— IN(Sy max_sc) Asc— (Srmax_sp)Asp ) Eqg.12

S. =ex (
r,max_4D_nn p Asp—Asc—Asp

The results of this approach can be found in column 5 of Table 6. As can be seen, there are no
negative results anymore, however, the values are still unrealistic. For example the ‘9.3’ value of area
2B is unrealistic. The unrealistic values of both approaches are likely related to the high uncertainties
of the water balance approach, due to limited data availability. Therefore, it was chosen to have the
original values of the nested catchment for the non-nested catchments.

E.6 Final Results
The results of the estimation of the root-zone storage capacity using the water balance approach can
be found in Section 4.2. In Table 7, some general statistics of each scenario can be found.

Table 7: Statistics (average, median, standard deviation, minimum and maximum) of different scenarios for the root-zone
storage capacity (mm)

(mm) Average | Median | Stdev Min Max

WBA2 105 101 18 71 144
WBAS 145 138 23 101 195
WBA10 171 163 26 122 231
WBA20 196 189 30 141 266

Appendix F. Statistics of new rooting depth estimations (step 3)

In this Appendix, Figures in which the new estimations of the rooting depth and the current
estimations of the rooting depth are compared can be found. In Table 8, some general statistics of
each scenario can be found.
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Figure 62: Different in rooting depth (mm), comparing the estimations using the water balance approach (return period of 2)
and the current estimations. Blue indicates an increase compared with the current estimations
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Figure 63: Different in rooting depth (mm), comparing the estimations using the water balance approach (return period of 5)
and the current estimations. Blue indicates an increase compared with the current estimations
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Figure 64: Different in rooting depth (mm), comparing the estimations using the water balance approach (return period of
10) and the current estimations. Blue indicates an increase compared with the current estimations
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Figure 65: Different in rooting depth (mm), comparing the estimations using the water balance approach (return period of
20) and the current estimations. Blue indicates an increase compared with the current estimations

Table 8: Statistics (average, median, standard deviation, minimum and maximum) of different scenarios for the rooting depth

(mm)
(mm) Average | Median | Stdev Min Max
LU 318 340 87 0 432
WBA2 390 376 89 179 688
WBAS 537 517 118 257 955
WBA10 635 611 138 308 1133
WBA20 728 700 157 358 1304

Appendix G. Results of the comparison between different model versions (step 4)
In this Appendix, the results of the analysis of different versions of the model can be found.

G.1 Average Annual Performance

Relative difference in average annual run-off coefficient for different scenarios of the Rooting Depth compared with the observed scenario
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Figure 66: Relative differences in average annual run-off coefficient for different scenarios, compared with the observed
average annual run-off coefficient, for each location. The black dashed line represents the observed scenario. Behind each
name of the location in the legend, the average observed annual run-off coefficient is presented in mm/day
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Budyko Space For Comparing Results
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Figure 67: Budyko Space showing the ratio E4/P as function of E_p/ﬁfor each scenario at each selected output location. The
grey dotted line presents the Budyko curve, the red and blue line the energy and water limit. The green box is enlarged in
Figure B. The numbers below the dots in Figure B present the number of the output locations (1 = Cochem, 2 = Rosport, 3 =
Fremersdorf, 4 = La Moselle a Uckange, 5 = La Meurthe a Baccarat)
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Figure 68: Boxplot showing the spread over annual run-off coefficients at Cochem (location 1), for different scenarios. In blue,
the run-off coefficient for the model in which the water balance approach with a return period of 10 years was used to
estimate the root-zone storage capacity. In orange, the run-off coefficient for the current version of the model, and in grey
the observed annual run-off coefficients
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Figure 69: Deviation from the observed annual run-off coefficient for both methods for estimating the root-zone storage
capacity, for each catchment area. Blue indicates the deviation from observations when using the current estimations of the
rooting depth, whereas orange indicates the deviation when using the water-balance method. Above the orange bar, the
return period in the water balance approach that led to the annual average run-of coefficient the closest to the observations
can be found. The catchment areas (locations shown in Figure 11) are sorted in such a way that the catchment area with the
lowest percentage of forest is left, while the catchment area with the highest percentage of forest is right. In green, these
percentages are given

As can be seen in Figure 69, when the percentage of forest in the catchment area increases, the
return period which is most optimal in the water balance approach also on average increases.

Relative difference in average annual run-off coefficient for different scenarios of the Rooting Depth compared with the observed scenario
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Figure 70: Relative differences in average annual run-off coefficient for different scenarios, compared with the observed
average annual run-off coefficient, for each location. The black dashed line represents the observed scenario, they grey
dashed lines show a deviation of +5% and -5% from the observed scenario. Behind each name of the location in the legend,
the average observed annual run-off coefficient is presented in mm/day
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G.2 Performance in dry period

Relative difference in average annual run-off volume during dry season for different scenarios of the Rooting Depth compared with the observed scenario
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Figure 71: Relative difference in average annual run-off volume during the dry season (15t of April — 30" of September) for
different scenarios of the Rooting Depth compared with the current scenario, for each selected location. The black dashed line
represents the observed scenario. Behind each name of the location in the legend, the average observed annual run-off
volume during the dry season is presented in mm

Relative difference in average annual minimum discharge for different scenarios of the Rooting Depth compared with the observed scenario
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Figure 72: Relative difference in average annual minimum discharge of seven consecutive days for different scenarios of the
Rooting Depth compared with the current scenario, for each selected location. The black dashed line represents the observed
scenario. Behind each name of the location in the legend, the average observed annual minimum discharge is presented in
mm/day
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G.3 Average Monthly Performance

Average discharge per month, per scenario, Location = Cochem
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Figure 73: Average discharge per month (mm/day), per scenario, for Cochem (1)
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Figure 74: Average discharge per month (mm/day), per scenario, for Rosport (2)
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Figure 75: Average discharge per month (mm/day), per scenario, for Fremersdorf (3)
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Average discharge per month, per scenario, Location = La Moselle a Uckange
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Figure 76: Average discharge per month (mm/day), per scenario, for La Moselle & Uckange (4)
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Figure 77: Average discharge per month (mm/day), per scenario, for La Meurthe & Baccarat (5)

G.4 Hydrographs

In the Figures below, the hydrographs for each scenario at Cochem (Location 1) can be found for each

year. The number of the peaks are indicated in red.
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Figure 78: Hydrographs at Cochem (location 1), for each year. Observations are showed with the black dotted line
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In Table 9, the results of the analysis of the height of the peaks in the hydrographs can be found. For
each number (indicated in the Figures above), in the column ‘Height’ it is indicated which version of
the model performs better.

Table 9: Results of the analysis of the heights of the peaks

Year Season | Year | Height | # Year | Season | Year | Height | # Year | Season | Year | Height

1 1990 | Wet - LU 40 | 1997 | Dry - WBA 79 | 2006 | Wet - LU

2 1990 | Wet - WBA 41 | 1998 | Dry - WBA 80 | 2006 | Dry - WBA

3 1990 | Wet - WBA 42 | 1998 | Wet - WBA 81 | 2007 | Dry Wet | WBA

4 1990 | Dry - LU 43 | 1998 | Wet - - 82 | 2007 | Wet Wet | -

5 1990 | Dry - LU 44 | 1998 | Dry - LU 83 | 2007 | Dry Wet | WBA

6 1991 | Dry Dry LU 45 | 1999 | Dry Wet | WBA 84 | 2007 | Dry Wet | WBA

7 1991 | Wet Dry WBA 46 | 1999 | Wet Wet | - 85 | 2008 | Wet - LU

8 1991 | Wet Dry WBA 47 | 1999 | Wet Wet | - 86 | 2008 | Wet - -

9 1991 | Wet Dry LU 48 | 1999 | Wet Wet | - 87 | 2008 | Dry - -
10 1991 | Wet Dry - 49 | 2000 | Dry Wet | WBA 88 | 2009 | Dry Dry WBA
11 1991 | Dry Dry - 50 | 2000 | Wet Wet | WBA 89 | 2009 | Wet Dry LU
12 1992 | Wet - WBA 51 | 2000 | Wet Wet | WBA 90 | 2009 | Dry Dry | LU
13 1992 | Wet - LU 52 | 2000 | Dry Wet | - 91 | 2009 | Dry Dry | -
14 1992 | Wet - WBA 53 | 2000 | Dry Wet | WBA 92 | 2010 | Wet - WBA
15 1992 | Wet - LU 54 | 2001 | Dry Wet | WBA 93 | 2010 | Wet - WBA
16 1992 | Wet - - 55 | 2001 | Wet Wet | WBA 94 | 2010 | Dry - LU
17 1992 | Dry - LU 56 | 2001 | Wet Wet | WBA 95 | 2010 | Dry - LU
18 1992 | Dry - - 57 | 2001 | Dry Wet | - 96 | 2011 | Dry Dry | LU
19 1993 | Dry - LU 58 | 2002 | Wet - WBA 97 | 2011 | Wet Dry WBA
20 1993 | Wet - WBA 59 | 2002 | Wet - WBA 98 | 2011 | Wet Dry WBA
21 1993 | Wet - - 60 | 2002 | Wet - WBA 99 | 2011 | Dry Dry LU
22 1993 | Dry - LU 61 | 2002 | Dry - - 100 | 2012 | Wet - WBA
23 1993 | Dry - WBA 62 | 2002 | Dry - - 101 | 2012 | Wet - LU
24 1994 | Dry Wet | WBA 63 | 2003 | Wet - LU 102 | 2012 | Dry - LU
25 1994 | Wet Wet | WBA 64 | 2003 | Wet - LU 103 | 2013 | Dry - LU
26 1994 | Dry Wet | WBA 65 | 2003 | Wet - LU 104 | 2013 | Wet - WBA
27 1995 | Dry Wet | WBA 66 | 2003 | Dry - LU 105 | 2013 | Wet - WBA
28 1995 | Wet Wet | WBA 67 | 2004 | Dry - - 106 | 2013 | Wet - LU
29 1995 | Wet Wet | WBA 68 | 2004 | Wet - WBA 107 | 2013 | Dry - LU
30 1995 | Wet Wet | WBA 69 | 2004 | Wet - LU 108 | 2014 | Dry - WBA
31 1995 | Dry Wet | LU 70 | 2004 | Dry - LU 109 | 2014 | Wet - WBA
32 1996 | Dry Dry WBA 71 | 2005 | Wet Dry WBA 110 | 2014 | Wet - WBA
33 1996 | Wet Dry WBA 72 | 2005 | Wet Dry WBA 111 | 2014 | Dry - -
34 1996 | Wet Dry LU 73 | 2005 | Wet Dry LU 112 | 2015 | Dry - WBA
35 1996 | Wet Dry LU 74 | 2005 | Wet Dry LU 113 | 2015 | Wet - WBA
36 1996 | Dry Dry LU 75 | 2005 | Dry Dry LU 114 | 2015 | Wet - LU
37 1997 | Wet - WBA 76 | 2006 | Wet - LU 115 | 2015 | Dry - LU
38 1997 | Wet - WBA 77 | 2006 | Wet - LU 116 | 2016 | Wet - -
39 1997 | Wet - WBA 78 | 2006 | Wet - LU 117 | 2016 | Wet - WBA
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G.5 Possible causes for differences in timing between observed and simulated peaks

As mentioned in section 4.4.4, there is a difference in timing between the simulated discharge peaks
and observed discharge peaks: In Cochem, the simulated peaks are on average 3 days later than the
observed discharge peaks. In this Appendix, possible causes are discussed.

G.5.1 Observed precipitation peaks in relation with peaks in the hydrograph

As mentioned in section 4.4.4, the difference in timing between simulated discharge peaks and
observed discharge peaks could possibly have to do something with measurement errors of
precipitation peaks. In case the precipitation peaks were earlier than the observed discharge peaks,
this meant something would be wrong with the observations. However, Figure 79, Figure 80 and
Figure 81 show this is not the case.
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Figure 79: Observed and simulated discharge peaks, as well as daily precipitation values, for the period September 2001 -
October 2001 (Cochem)

Modelled hydrograph at Cochem (1), year: 1994
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Figure 80:0bserved and simulated discharge peaks, as well as daily precipitation values, for the period December 1993 —
January 1994 (Cochem)

Modelled hydrograph at Cochem (1), year: 2004
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Figure 81: Observed and simulated discharge peaks, as well as daily precipitation values, for the period May 2004 (Cochem)
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G.5.2 Uncertainty in the kinematic wave

Another possible cause could be the uncertainty in estimating the kinematic wave, as the approach
that is currently used in the wflow_sbm model especially has limitations in non-steep terrain.

In Cochem, the simulated discharge peaks are on average 3 days later than the observed discharge
peaks. For La Meurthe a Baccarat (more upstream, Figure 6, page 10), this difference is less extreme.
Here, sometimes the simulated discharge peaks are even earlier than observed peaks (Figure 82).

o A

30 4 RP2 :
— RP5 }

— RP10 !

1

2.5 1 H

Discharge (mm/day)
%]
o

=
(%]
L

1.0

0.5 T

Figure 82: Modelled hydrograph at La Meurthe a Baccarat, located upstream, for July 2000, for different scenarios

Appendix H. Water balance approach using only one gauge for observed data

As stated in Section 6.2.2, it could be useful to assess if the model performance increases when using
the water balance approach with only one location for observed discharge data. In Table 10, you can
see for each return period in the water balance approach, the average root-zone storage capacity
using the approach described in Section 3.2. In the second column, the average root-zone storage
capacity is stated when using only the observed discharge data at Cochem. As can be seen, both
averages are close to each other. This suggests that when using only observed discharge data at
Cochem, the model performance would not deviate substantially from the model performance when
using multiple stations for observed discharge data.

Table 10: Average root-zone storage capacity (mm) determined with the water balance approach, and root-zone storage
capacity when using only the most downstream gauge (Cochem) for observed discharge data

Average root-zone storage capacity Root-zone storage capacity when using only
(mm) the most downstream gauge for observed
discharge data (mm)
WBA_ 2 | 105 101
WBA 5 | 145 138
WBA_10 | 171 163
WBA_20 | 197 187
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