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Abstract
Recent droughts in the Netherlands caused many problems for water management and agriculture during summer.
In the future, the Netherlands will probably be confronted more often with droughts, due to climate change. Hence,
reliable drought forecasts on catchment scale are crucial for water management. This study generates and analyses
long-term hydrological drought forecasts which are simulated with the rainfall-runoff model WALRUS, using seasonal
weather forecast data (SEAS5). The skill of the SEAS5 data was determined by comparing it with the observations and
climatology. The absolute error was calculated to determine if the hydrological forecasts can be made more accurate
with SEAS5 forecast than could be with the climatology and the anomalies are calculated relative to the climatology
to determine if the deviation of the SEAS5 forecast approaches the deviation of the observations. Afterwards, the
occurrence of drought and volume deficit were calculated through the monthly threshold value for the hydrological
variables, discharge, groundwater level and reduction in evapotranspiration. The SEAS5 forecast with 1 month lead
time predicted for the Dommel catchment 88% correct for all hydrological variables. The other two catchments
show values between 81% and 87% correct for all hydrological variables between the SEAS5 forecast with 1 month
lead time and reference run. The reference climatology has high percentages of overestimation for the reduction
in evapotranspiration. Concluding, SEAS5 forecast are better in predicting hydrological drought than the reference
climatology. However, further research is recommend with more recent SEAS5 data and for more catchments.
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List of abbreviations
ET act
ET pot
P
Q
GW L
AE
CM-SSF
CRPSS
ECMWF
EDO
ESP
JRC
NSE
SEAS5
WALRUS
as
cD
cG
cS
cQ
cV
cW

Actual evapotranspiration
(mm/d)
Potential evapotranspiration
(mm/d)
Precipitation
(mm/d)
Discharge
(mm/d)
Groundwater level
(mm)
Absolute error
(mm/d)
Climate-model-based seasonal streamflow forecast
Continuous ranked probability skill score
European Centre for Medium-Range Weather Forecasts
European Drought Observatory
Ensemble Streamflow Prediction
Joint Research Centre
Nash-Sutcliffe efficiency
Seasonal forecast of system 5
Wageningen Lowland Runoff Simulator
Surface water area fraction
(-)
Channel depth
(mm)
Groundwater reservoir constant (mm h)
Surface water parameter
(mm/h)
Quickflow reservoir constant
(h)
Vadose zone relaxation time
(h)
Wetness index parameter
(mm)

List of terms
• Observation = measured P and ET pot .
• Reference = ET act /ET pot , Q and dG calculated from the output of WALRUS which was simulated with the
observed P en ET pot .
• Forecast = P and ET pot from SEAS5 or ET act /ET pot , Q and dG simulated with WALRUS with the SEAS5
forecasts as input.
• Reference run = Output of WALRUS which is run with the observed P and ET pot as input variables.
• Climatology = Calculated climatology of the observed values for P and ET pot .
• Reference climatology = ET act /ET pot , Q en dG which are averaged per month for the period of 1990 until
2019 of the reference run.
• Anomaly = difference compared to climatology.
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1 | Introduction
In recent years, the Netherlands has experienced drought
during the summer. Especially 2018 was an extremely
dry year with an averaged national water deficit of 309
mm (Kramer et al., 2019). The recent droughts in the
Netherlands caused many problems for shipping, nature
reserves, water management and agriculture (Van der
Wiel, 2020). Each of these sectors has its own specific
requirements on the availability of water (Berendrecht
et al., 2010). Energy and industrial sectors desire
access to sufficient quantities of surface water, where
agriculture also needs water of high quality besides large
quantities of water. The shortage of water leads to
extra costs, lower production, decline in profits and/or
reduction of quality in all sectors (Berendrecht et al.,
2010). For example, the economic damage of the 2018
drought on the agricultural sector in the Netherlands
was between 820 million and 1.4 billion euros and on
the shipping between the 140 million and 480 million
euros (Hussen et al., 2019).
In large parts of the Netherlands, a meteorological
drought does not directly result in a hydrological
drought due to water supply from the bigger rivers
which flow through the Netherlands (Kramer et al.,
2019). In this study drought refers to the shortage of
water compared to normal conditions (Sheffield and
Wood, 2012). Droughts are most of the time classified
in four categories, namely the meteorological drought,
soil moisture drought or agricultural drought, hydrological drought and socio-economic drought (Van Loon,
2015). This study focusses on hydrological drought,
which means a below-normal groundwater level and
discharge (Van Hateren et al., 2019).
Due to climate change, the prediction is that the
Netherlands will be confronted more frequently with
droughts during summer (Kabat et al., 2005). Hence,
reliable drought forecasts for catchments in the
Netherlands are crucial for water management and
stakeholders. Climate and catchment characteristics are
the main controllers of the occurrence of hydrological
droughts (Hao et al., 2018). When there is water
shortage, the National Coordination Committee for
Water Distribution of the Netherlands decides how the
available surface water will be used and distributed
along different sectors. Therefore, skilful hydrological
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drought forecasts are essential (Berendrecht et al.,
2010).
Multiple studies have already used ensembles of atmospheric forecasts to simulate hydrological drought
predictions with the use of hydrological models, such
as Fundel et al. (2013), Trambauer et al. (2014),
Van Hateren et al. (2019) and Sutanto et al. (2020a).
The study of Trambauer et al. (2014) used three
forecast systems to predict the hydrological drought
in the semi-arid region of southern Africa, including
a seasonal forecasting system. They were capable to
predict hydrological droughts with a seasonal forecasting
system (Trambauer et al., 2014). Fundel et al. (2013)
studied the quality of streamflow drought forecasting
in Switzerland with a lead time up to one month.
They found that the initialization is essential to obtain
good predictability of streamflow droughts. In contrast
to the short lead time in the study of Fundel et al.
(2013), Sutanto et al. (2020a) used long-term meteorological forecasts to develop a probabilistic seasonal
Pan-European hydrometeorological forecasting system.
In this study, it became clear that the system could
forecasts drought in runoff and groundwater several
months ahead. Van Hateren et al. (2019) studied the
skill and robustness of hydrological drought forecast
on the catchment scale in Spain with a lead time of
a few months. In this study, they also used seasonal
meteorological forecasts. The threshold value method
and the standardized precipitation index were used as
drought indices. Van Hateren et al. (2019) found skill in
the hydrological drought forecasts for lead times up to 3
to 4 months with the LISFLOOD model. The prediction
of hydrological droughts necessitates initial catchment
conditions and meteorological forcing (Hao et al., 2018).
Besides the emergence of studies that simulate hydrological drought forecasts, the Joint Research Centre
(JRC) developed the European Drought Observatory
(EDO) (Vogt et al., 2011). It monitors, assesses and
forecasts drought events across the entire continent
of Europe. The EDO gives a one-week soil moisture
forecast and an interactive map with drought-relevant
information. However, the EDO gives no hydrological
drought forecast (Vogt et al., 2011).
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For the Netherlands, an operational drought forecasting system, the Dutch Hydrological Instrumentarium
(NHI: "Nederlands Hydrologisch Instrumentarium"), is
developed (Berendrecht et al., 2010). Precipitation
and evaporation data from Ensemble Prediction System
(EPS) of the European Centre for Medium-Range
Weather Forecasts (ECMWF) are used to provide a
10-day hydrological forecast. This forecast consists
of an ensemble forecast of groundwater level, surface
water level and soil moisture content (Berendrecht
et al., 2010). However, no long term (several months)
hydrological drought forecasts based on long term
meteorological forecasts are made for the Netherlands.
At the scale of the Netherlands, difference in water
shortage can occur due to the location of rivers and
different soil textures (Bierkens, 2018).The water
shortage is the highest in the east and south-east of
the country. Water cannot be supplied there because
the land surface is higher in elevation than the rivers.
Moreover, the soil in those areas consists of sand, which
does not retain much water (Bierkens, 2018).
Hence, hydrological drought forecasting on a national
or river basin scale would be useful for Dutch stakeholders and water managers. The aim of this study is
to generate and analyse long-term hydrological drought
forecasts for the Netherlands, which are made with a
rainfall-runoff model using seasonal weather forecasts as
input. The predictability of river discharge, groundwater level and reduction of evapotranspiration is studied,
together with the difference in predictability between
Dutch catchments.

2.2. METEOROLOGICAL DATA

2 | Field site and data
2.1

Catchments

Hydrological drought forecasts are made for different
catchments in the Netherlands. The Dutch catchments
that are used in this study are the Aa of Weerijs, Dommel and Regge. Figure 2.1 shows the locations of the
catchments on the map of the Netherlands. The benefit
of multiple catchment is that it allows comparison of the
forecast skill of the different catchments. In Table 2.1,
specifications of the catchments of this study are shown.

2.1.1

Aa of Weerijs

The catchment of the Aa of Weerijs is located in the
south-east of the Netherlands. This catchment is located in the western part of the province Noord-Brabant
in the Netherlands and Belgium. The Dutch part of the
catchment has an area of 147 km2 which mainly consist of sandy soils (Beers et al., 2018). The discharge of
this river is influenced by drainage of agricultural land,
drainage and a limited ability of water storage. This result in high peak discharge and a low baseflow. During
drought, the baseflow becomes even lower due to extraction of water for agriculture. The median discharge of
this river is 2 m3 /s, which is 10 times smaller than the
yearly peak discharge (Beers et al., 2018).

2.1.2

Dommel

The Dommel has it source in Belgium and ends in the
Maas (l’Ami, 2018). The catchment is located for 20%
in Belgium and the rest in the east of Noord-Brabant
(the Netherlands) and has a sandy soil (Uitenboogaart
et al., 2009). The Dommel belongs to the type lowland
stream, which means that the flow rate is irregularly
and the river is fed by rain water and seepage (Waterschap De Dommel, n.d.). Agriculture and nature are
the dominant land use types in the catchment of the
Dommel. In the agricultural sector of this area, cattle
breeding is the most frequent, together with other intensive livestock farming (Uitenboogaart et al., 2009).

2.1.3

Regge

The catchment of the Regge is located in the eastern
part of the Netherlands, in the province Overijssel. The
soil of this catchment is sandy and the land is mostly
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used as grassland and for agriculture (Sun et al., 2020).
The Regge river is a rainfed river (Regge-Vecht, 2014),
with a baseflow of approximately 1 m3 /s (Kuijper et al.,
2012). This catchment has a reaction time of 20 to 24
hours (Regge-Vecht, 2014).

2.2

Meteorological data

The seasonal weather forecast data that is used as input
data for the hydrological model are seasonal forecasts
of system 5 (SEAS5). This data was generated with
the fifth version of the seasonal prediction system of
the ECMWF. The data was available for the years 2003
to 2008 and 2019. For those years, a bias-correction
for precipitation and temperature was already applied
(Sutanto et al., 2020a). This bias correction was not yet
applied to 2009-2018 and therefore these were not used
in this study. The SEAS5 data contains precipitation
(P ) and potential evapotranspiration (ET pot ) at a
daily resolution. The spatial resolution of P and ET pot
has a grid-point resolution of 36 km (Stockdale et al.,
2018b). More detailed information about the SEAS5
data can be found in Stockdale et al. (2018a). The
SEAS5 data consists of 25 ensemble members for the
years 2003 to 2008 and 51 ensemble members for 2019.
Ensemble member 0 is the best guess ensemble. The
ensemble members were created due to a combination
of sea-surface temperature, atmospheric initial condition
perturbations and the activation of stochastic physics
(ECMWF, 2017). Each forecast consists of a period of
215 days (± 7 months). The initial date of the forecasts
is the 1st of each month (ECMWF, 2017).
Besides the forecasted weather data, gridded meteorological observations from 1990 up to and including
September 2019 were available. This gridded meteorological dataset is a collection from ground observations
(> 5000 synoptic stations), the JRC meteorological
database and high-resolution data from the National
member States institution (Sutanto et al., 2020a).
The observed data contains precipitation and potential
evapotranspiration with a daily resolution. The weather
data of the SEAS5 and gridded meteorological data are
both available for Europe.

4
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CHAPTER 2. FIELD SITE AND DATA
Table 2.1: Specifications Dutch catchments

Length [km]
Catchment area [km2 ]

Aa of Weerijs
(Van der Heijden, 1993)

Dommel
(l’Ami, 2018)

Regge
(Imhoff et al., 2020)

37
290

120
1800

50
957

Figure 2.1: The catchments that are used for drought forecasting in the Netherlands. The catchments Aa of Weerijs,
Dommel and Regge are respectively coloured blue, green and red. The black point is the measurement location at
the Bossche Broek of Waterschap de Dommel.
Unfortunately, the year 2019 was not used in this study.
The reasons for this is that working with a long consecutive series of data was better for doing analyses and the
observation data was not available for the whole year.

2.3

Discharge data of the Dommel

The rainfall-runoff model for the simulation of hydrological variables in this study is the Wageningen Lowland

Runoff Simulator (WALRUS). For the calibration of
WALRUS for the Dommel, the values of P and ET pot
of the gridded meteorological data and the discharge
(Q) of the measurement location at the Bossche Broek
were used (Figure 2.1). The discharge data had an
hourly resolution and was measured by the Water
Board De Dommel. The dataset start at 2 December
1999 and ends at 22 November 2020. The gridded

2.4. DISCHARGE DATA OF AA OF WEERIJS AND REGGE
meteorological data set contained data until the end of
2016. The two datasets were merged between August
2012 and 31 December 2016. This dataset with P ,
ET pot and Q was used for the calibration and validation.

2.4

Discharge data of Aa of Weerijs and
Regge

The discharge data of the Aa of Weerijs and Regge
catchments were available in hourly resolution. The
Aa of Weerijs dataset was available for 2008 and was
measured by Water Board Brabantse Delta. The Regge
dataset was available for 2006 and was measured by Water Board Vechtstromen. Both datasets had the unit of
mm h-1 .

|
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3 | Methods
3.1

3.3. CALIBRATION OF WALRUS FOR THE DOMMEL

Preparation of meteorological data

This study is based on weather data from SEAS5 and
observation data from the gridded meteorological data
which were both available for Europe. These datasets
were cropped to the catchments of the Aa of Weerijs,
Dommel and Regge. Afterwards, the cropped cells of
the catchments were averaged to obtain catchment averaged time series with a daily resolution. This was accomplished for the variables precipitation (P ) and potential evapotranspiration (ET pot ) for both datasets. The
SEAS5 data consisted of ensemble members. The ensemble members of the years were also cropped and
averaged to time series. This resulted in 25 ensemble
members for the years 2003-2008.

3.2

Model description WALRUS

The rainfall-runoff model that is used in this study
is the Wageningen Lowland Runoff Simulator (WALRUS) (Brauer et al., 2014a). WALRUS is a lumped
rainfall-runoff model that consist of three reservoirs:
the coupled groundwater-vadose reservoir, the quickflow
reservoir and a surface water reservoir (Brauer et al.,
2014a). Figure 3.1, shows the model structure of
WALRUS. In the land surface compartment, the precipitation (P ) is divided between different reservoirs. A
fixed fraction is assigned to the surface water reservoir
(P S ). The wetness index (W ) assigned the remaining
amount of precipitation to the soil reservoir (P V ) and
the quickflow reservoir (P Q ).
This model is used because it was designed for lowland
catchments, which are catchments with shallow groundwater. This applies to all three catchments. The input
variables for WALRUS are P and ET pot . The output
variables of interest, in this study, are river discharge
(Q), groundwater level (GW L) and actual evapotranspiration (ET act ). The GW L was measured with respect to the soil surface.

3.3

Calibration of WALRUS for the
Dommel

Model parameters of WALRUS had already been
calibrated for the Aa of Weerijs and Regge catchments

7
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Figure 3.1: Overview of the model structure of WALRUS
with the important processes and couplings for lowland
catchments. Fluxes are black arrows and model parameters brown diamonds (Brauer et al., 2014a)

(Imhoff, 2016; Heuvelink et al., 2020). For the calibration and validation of WALRUS for the Dommel
catchment the merged dataset of P , ET pot and Q,
which is described in section 2.3, was used. The
period 2014-2016 was used for calibration and the
period August 2012-2013 was used for validation. The
calibration process was performed manually because the
summer discharges were low and automatic calibration
resulted in discharge values of zero during summer. The
parameters of the Aa of Weerijs catchment (Table 4.1)
were used as start position for the calibration. From this
point, the various parameters were alternately slightly
changed to achieve the best measures of goodness of
fit. The Nash-Sutcliffe efficiency (NSE) and logarithm
of the NSE of the output were used as measure of
goodness of fit of WALRUS (Brauer et al., 2017). The
logarithm of the NSE was used to focus on the low
flows (Brauer et al., 2017).
At the start of the calibration the values of the parameters vadose zone relaxation time (cV ), surface water
parameter (cS ) which corresponds to the bankfull dis-
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charge at the catchment outlet and surface water area
fraction (aS ) were fixed and 4 parameters were left to
calibration: channel depth (cD ), the wetness index parameter (cW ), the ground water reservoir constant (cG )
and the quickflow reservoir constant (cQ ). The value
of cV was fixed at 10 h, because the sensitivity of this
parameter was limited (Brauer et al., 2014b). Therefore, this parameter was also not calibrated at a later
stage. The value of cS was fixed at 4 mm/d. However,
this parameter determines the stage-discharge relation
(Q-h-relation), which is important for the simulated discharge (Brauer et al., 2017). Therefore, this parameter
is calibrated after the first 4 parameters were calibrated.

3.4

Initial conditions

Figure 3.2: Illustration of a streamflow drought threshold value. The solid line is the observed or forecast
discharge, the streamflow drought detection threshold
is the dashed line. When the solid line drops below the
dashed line a drought takes place. The water deficit during this period (severity, shaded area) is the cumulative
difference between the threshold and runoff. (Adapted
from Fundel et al. (2013))

The initial conditions for the forecasts periods were determined by forcing WALRUS with the observed historical weather time series. The time series of 1990-2018
were used for the initial conditions for the forecasts
of 2003 until 2008. The values of the state variables
groundwater depth, storage deficit, quickflow reservoir
level and surface water level were used as initial conditions during simulations with the hydrological model.
The initial conditions were set on the day before the
forecast ensembles start. For example, when the forecast starts on 2 February 2003, the values of the state
variables of 1 February 2003 were used as initial conditions.

Threshold values were calculated for the hydrological variables discharge (Q), groundwater level (GW L)
and the reduction of evapotranspiration (ET act /ET pot ).
The latter was calculated as the ratio of ET act and
ET pot . Initially the ratio of ET act /ET pot was calculated on a daily basis from 1990 up to and including
2002. Afterwards, all values for the hydrological variables from January 1990 to 2002 were put together of
which the 80th percentile had been calculated. This was
also done for the other months of the year. The threshold values were calculated for 1990 to 2002 since this
period is not used for forecasts in this study.

3.5

3.6

Threshold values

The Threshold Level Method, which originates from
Yevjevich (1967), was used for the assessment of
hydrological droughts. This is a method to derive
drought characteristics from time series. When the
variable is below this level, the variable experiences a
drought (Figure 3.2). The drought duration and deficit
volume can be quantified with this method (Van Loon,
2015). In this study, a monthly threshold value was
chosen. The advantage of a monthly value is that the
deviation from the seasonal pattern can be observed
(Van Loon, 2013). The threshold value was set on the
80th percentile for the hydrological variables, which
means that 80% of the time the discharge exceeds the
threshold value. This threshold lies within the range
of the 70th-95th percentile which is commonly used in
drought studies (Van Loon, 2013).

Skill SEAS5 data

The skill of the SEAS5 data was determined by examining the match between the forecast of P and ET pot
and their observed values. The SEAS5 data was also
compared with the climatic values of P and ET pot , to
determine which time series result in the most accurate
hydrological drought forecast. The climatic time series
of P and ET pot were calculated as the average monthly
value of the years 1990 up to and including September
2019. In Figure 3.3, the climatology of P and ET pot are
shown.
The skill of the SEAS5 data was determined for lead
times of 1 to 6 months for the period 2003 until 2008.
This means that the forecast of month n was used to select the value of the variables of month n + lead time.
For example, the forecast of January (n = 1) was
used for selecting the values of P and ET pot of March

3.7. DROUGHT
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observations was made to verify the anomaly of the forecasts. When the anomaly of the forecast is close to the
anomaly of the observations, the forecasts represent the
observations better than the climatology. These were
calculated as:

2.5

3.0

P
ETpot

Anomaly = Pf orecast − Pclimatology

(3.1)

2.0

This method for the calculation of anomalies was also
used by Santillán et al. (2018).

1.5

Flux [mm/d]
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0.5

1.0

3.7

Jan

Mar

May

Jul

Sep

Nov

Months [−]

Figure 3.3: Climatic time series of precipitation (blue
dots) and potential evapotranspiration (red square) of
the Aa of Weerijs catchment, calculated over the period
1990 until September 2019.

For the hydrological variables Q, GW L and
ET act /ET pot were established whether or not drought
would occur between 2003 and 2008. WALRUS was
run with the SEAS5 forecasts and the observations of
P and ET pot to simulate hydrological variables. The
output model variables had a daily resolution due to the
daily resolution of the input values of WALRUS.

3.7.1
with a lead time of 2 months. The SEAS5 forecasts,
climatology and observations were compared per month.
To achieve this, the daily values of the P and ET pot of
the selected month were averaged. This was done for all
ensemble members. Afterwards, these monthly values
of all ensembles were averaged into one forecast value
per month n. This was done for the period from 2003
to 2008. The meteorological observations were also
averaged per month. Finally, the time series were made
for P and ET pot with the calculated monthly values of
the forecast, observations and climatology. These time
series are available for all lead times and catchment
and offer the opportunity to visually compare the values.
Thereafter, the Absolute Error (AE) was calculated for
the forecasts and climatology. This means that the forecasts and climatology observations were compared with
the observations. The AE was calculated to determine
if the hydrological forecasts can be made more accurate
with SEAS5 forecast than could be with the climatology.
Beside the AE the anomalies of P and ET pot of the observation and forecast were determined with respect to
the climatology. The anomalies are calculated to determine if the deviation of the SEAS5 forecast approaches
the deviation of the observations. The anomaly of the

Drought

Drought occurrence

The threshold value (section 3.5) and the simulated
value by WALRUS were compared to determine if there
was drought. When the values of Q and ET act /ET pot
were lower than the threshold value, a drought occurred.
The GW L is approached in the opposite way because
GW L is measured with respect to the soil surface.
Therefore, there is no drought when the simulated value
is lower than the threshold value.

3.7.2

Volume deficit

The volume deficit was calculated for GW L and Q,
next to the value that defines if there is drought. For
the discharge, this was calculated as the threshold value
minus the simulated Q, which had the unit mm d-1 . For
the GW L, the missing volume was computed as the
simulated value minus the threshold value, this variable
has the unit mm. The volume deficit was calculated as
a daily value. However, these values fluctuated strongly.
Therefore, the volume deficit was averaged over the
month.

3.7.3

Drought characteristics

The method described in section 3.7.1, was used to
identify drought obtained with the simulations of the

10
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observed values for P and ET pot (reference run),
climatology of the reference run (reference climatology)
and with all ensemble members of the SEAS5 forecasts.
The reference climatology was determined for the hydrological variables of the period 1990 until September
2019. The reference climatology was calculated as the
average monthly value.
Due to a large number of ensembles and time periods,
these could not be individually compared with the corresponding observations. Therefore, the most frequent
condition (drought or no drought) was computed per
day of all ensemble members of the SEAS5 data. This
reduced amount of information was used to calculate
multiple characteristics for the different lead times. The
characteristics were calculated for the period July 2003
until December 2008. These were first calculated per
year and afterwards averaged over the six available years.
The characteristics which were calculated are:
• Percentage Correct: the percentage of days where
the SEAS5 forecast or reference climatology had
the same condition (drought or no drought) as the
reference run.
• Percentage Overestimated: the percentage of
days where the SEAS5 forecast or reference climatology experienced a drought and the reference run
did not.
• Percentage underestimated: the percentage of
days where the SEAS5 forecast or reference climatology did not experienced a drought and the reference run did.
• Drought duration: are all days that a drought was
predicted.
• Maximum length of drought: is the longest sequence of consecutive drought days.
• Number of drought events:
drought sequences.

3.8

is the amount of

Drought in observed discharge

For all catchments, the drought occurrence was calculated of the observed discharges for one year. The threshold values (section 3.2) were compared with the observations, as described in section 3.7.1. The observed Q of
the Aa of Weerijs of 2006 was used and for the Dommel
and Regge catchment 2008 was used. The drought time
series of SEAS5 forecasts, both the best guess ensemble and the most frequent condition, and the reference

run were compared with the drought time series of the
observed Q. This comparison is made to determine how
well hydrological drought can be predicted with SEAS5
forecasts and WALRUS.

4.2. SKILL SEAS5 DATA

4 | Results
4.1

Calibration WALRUS

WALRUS was calibrated for the Dommel over the period of 2 January 2014 until 1 January 2017. Figure
4.1, shows the result of the calibration, which had a
NSE value of 0.60 and logNSE of 0.59. The validation
was performed over the period August 2012 to December 2013, resulting in an NSE value of 0.56 and logNSE
of 0.50. During the calibration process was focused on
the summer period, because in the Netherlands drought
has the highest impact during this season. However, the
summer period could not be simulated well with WALRUS. Therefore, the baseflow is calibrated to touch the
bottom of the observed discharge (top panel), during
summer periods. In the winter period, this results in
a baseflow which is too high (above the observed discharge). Additionally, the simulated discharge does not
show the peaks which are visible in the observed discharge, especially in the periods with low discharge. The
wetness index is during the whole period lower than 0.5
and in the summer and autumn, this parameter is zero
(second panel). This means that water often infiltrates
to the groundwater (Brauer et al., 2017). The values of
the parameters which were found during the calibration
are shown in Table 4.1. WALRUS was sensitive for the
value of the parameter cD . The calibration resulted in
a value of 3000 mm, which is an acceptable value; Wijngaard et al. (2017) used channel depths between 800
and 3100 mm in the Dommel catchment. The discharge
is not dynamic, as the observed peaks are not simulated.

4.2

Skill SEAS5 data

The skill of the SEAS5 data is determined by comparing
the climatology, forecast and the observation time series
for each month. This comparison is done for both ET pot
and P . For both variables, the actual values, absolute
error (AE) relative to the observations and anomaly with
respect to the climatology are studied.

4.2.1

Potential evapotranspiration

The ETpot time series for the catchment of Aa of Weerijs are shown in Figure 4.2A. The seasonal fluctuation
of ETpot is visible. The observed ETpot is often closer
to the climatic values than the predicted values with
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1 month lead time. However, this is difficult to see
because of the small differences. Therefore, the AE was
calculated for the climatology and forecasts. Figure
4.2B shows the time series of the AE for the Aa of
Weerijs catchment. No clear trend is visible in the AE
values for the two time series. More often, the AE
value of the climatology appears to be smaller than for
the forecast more often than vice versa. The average
AE is 0.25 for the SEAS5 forecast and 0.19 for the
climatology over the period 2003-2008. The peak in
July 2006 is the only month with a AE value higher
than one. In contrast to the actual values of ETpot , the
AE values show no seasonal variation.
The anomaly of the forecasts with lead times from
1 to 6 months and the observations were calculated
as described in section 3.6. Figure 4.2C shows the
anomalies; the lines with shades of blue represent the
SEAS5 forecasts and the black line the observations.
When the values are above zero, it means that the
values of ET pot were higher than the climatology
considers normal for that time of the year. The different
lead times of the forecasts do not show much variation
in the prediction of ET pot .
The results of the other two catchments, Dommel and
Regge, are similar to the Aa of Weerijs catchment, and
thus shown in Appendix A.1.

4.2.2

Precipitation

The time series of P of the Dommel catchment are
shown in Figure 4.3A. The precipitation in the Netherlands does not vary seasonally (Figure 3.3). Therefore,
the forecast, climatology and observation time series
shows more deviation from each other than the time
series of ET pot . The climatology and forecasts have
the same range of values, which is much more constant
than the observations. The AE is also calculated for P
relative to the observations. This results in Figure 4.3B
for the Dommel catchment. A precipitation peak is
visible in August 2006. Overall, there is no trend in the
AE values to conclude which time series is closer to the
observations. However, a correlation between the AE
time series of the SEAS5 forecast with 1 month lead
time and the climatology can be observed. The values
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Figure 4.1: Calibration result of WALRUS for catchment the Dommel. The top panel shows the observed (black) and
simulated (blue) discharge and the simulated groundwater drainage (orange), which indicate the baseflow (Brauer
et al., 2014a). The second panel shows ETpot , ETact and the wetness index. The third panel shows the channel
depth (dashed blue), soil surface (dashed orange), surface water level (blue) and groundwater level (orange). The
bottom panel shows the groundwater drainage (orange) and the simulated discharge is the grey background (Brauer
et al., 2017).
Table 4.1: Parameters for WALRUS of the three Dutch catchments: the Aa of Weerijs, Dommel and Regge.
∗
= these standard values are used because these were not specified by Imhoff (2016)
Parameters

Description

Aa of Weerijs
(Imhoff, 2016)

Dommel

Regge
(Heuvelink et al., 2020)

cW [mm]
cV [h]
cG [mm h]
cQ [h]
cS [mm h-1 ]
cD [mm]
aS [-]
Soiltype

Wetness index parameter
Vadose zone relaxation time
Groundwater reservoir constant
Quickflow reservoir constant
Surface water parameter: bankfull Q
Channel depth
Surface water area fraction
Soil type

150
10
45 ∗ 106
15
1
1500*
0.01*
Loamy sand

274
10
55 ∗ 106
45
8
3000
0.01
Loamy sand

396
45
16 ∗ 106
7.5
0.5
2450
0.01
Loamy sand

of these time series often show similarity.

The anomaly of P was computed to verify if hydrological drought forecasting would be better with the SEAS5
data or the climatology. In Figure 4.3C, the anomalies
of the forecasts and observations with respect to the
climatology are shown. The different lead times do
not show large variations in the predicted P . In Figure

4.3C, outliers can be observed in the observations in
2006 and 2007, however, these are not captured in the
forecasts.

For the Aa of Weerijs and Regge catchments, the figures
with time series of P , anomalies and AE of precipitation
are also made, see Appendix A.1.
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Figure 4.2: Information of ET pot at the Aa of Weerijs catchment. (A) Time series of ET pot of the SEAS5 data with
1 month lead time (red), observations (orange) and climatology (blue). (B) Absolute error of the SEAS5 data with
1 month lead time (red) and climatology (blue) with respect to the observations. (C) Anomalies of the SEAS5 data
(shades of blue) and observations (black) with respect to the climatology.

4.3

Drought

For the hydrological variables Q, GW L and
ET act /ET pot , it has been determined whether
there is drought, using the threshold level method
as described in section 3.2. The occurrence of a
drought is determined for the hydrological variables in
multiple time series, namely the most frequent condition
(drought or no drought) of all ensembles of the forecast,
the best guess ensemble of the forecast, reference run
and reference climatology.

4.3.1

Discharge

For the period February 2003-January 2009, the SEAS5
forecasts, both the best guess ensemble member and
most frequent condition of all ensembles, of discharge
for the Aa of Weerijs catchment with a lead time of 1
month were compared with the reference run in Figure
4.4A. The drought in 2003, which is shown by the
reference run is also captured in the SEAS5 forecasts.
However, these predict drought from August/September
instead of June. The most frequent forecast of SEAS5
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Figure 4.3: Information of P at the Dommel catchment. (A) Time series of ET pot of the SEAS5 data with 1 month
lead time (red), observations (orange) and climatology (blue). (B) Absolute error of the SEAS5 data with 1 month
lead time (red) and climatology (blue) with respect to the observations. (C) Anomalies of the SEAS5 data (shades
of blue) and observations (black) with respect to the climatology.

predicts a long period of consecutive drought days
from September to February. The reference run on
the other hand experienced only consecutive drought
days in November and December and in addition short
periods of drought from June to October. In the
other years, the reference run and the SEAS5 forecasts
show short drought periods. The time series of the
other two catchments, Dommel (Appendix A.2) and
Regge (Figure 4.5A), are similar to the Aa of Weerijs
catchment.

Different lead times were used in this study to provide
the most reliable seasonal forecasts. These predictions
were thereafter compared to the reference run and reference climatology time series. Table 4.2 shows the results for the different lead times for all three catchments.
The indicators are calculated per year and averaged over
the available years (section 3.7). The Dommel catchment has the highest percentage Correct (89%) of the
SEAS5 forecast, however, this is for the SEAS5 forecast
with 2 and 3 months lead time. The reference climatology of the Dommel catchment has the same percentage
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Figure 4.4: Time series of best guess ensemble of SEAS5 forecast, most frequent condition of SEAS5 forecast and
reference run with drought indicator for the Aa of Weerijs catchment. Blue indicates no drought and the sand colour
indicates drought. (A) Discharge (B) Groundwater level (C) Reduction in evapotranspiration.

Correct, even though no drought is predicted. The reference climatology of the other two catchments does
not predict any drought days either. The SEAS5 forecasts with lead time 4 to 6 months deviate more than
1.5 times from the reference run for the Aa of Weerijs
catchment. On the other hand, the drought duration of
all lead times of the Dommel catchment are close to the
reference run.

4.3.2

Groundwater level

For the groundwater level was also determined if
drought would occur. Figure 4.5B shows the time
series of the Regge catchment for the groundwater level
drought. There are two periods where all time series
show drought periods. The first drought period is in
2003. Both SEAS5 forecasts give a good representation
of the drought, even though the periods start later and
last longer.
The second period with droughts is longer but with
multiple shorter drought periods. The drought from
December 2005 until April 2006 is captured in the forecasts. The three time series show other small periods
of no drought. The reference run experienced drought
during the summer months of 2006, but the SEAS5
forecasts did not predict these droughts. All three time
series show drought at the end of 2006. However, the
periods of the SEAS5 forecasts do not match the refer-

ence run. Where the SEAS5 forecasts predict drought
in September, the reference run experienced this
drought in October. The same problem with timing was
observed in the discharge (section 4.3.1). The droughts
in November, December and January are longer in
the forecasts than were experienced in the reference run.
Table 4.3 shows the indicators of the drought in GW L
for all lead times for the three Dutch catchments. The
percentage Correct decreases for all catchments with
increasing lead times. The Dommel catchment has the
highest percentage Correct (89%) with the SEAS5 forecast. This is the same as the percentage Correct for the
reference climatology, even though it does not predict
any drought. The reference climatology of the Regge
catchment does not predict drought either. The SEAS5
forecast with a lead time of 6 months for the Aa of Weerijs catchment, experienced 119 drought days, which is
2.5 times more than the drought days of the reference
run. The number of drought events differs between the
reference run and the SEAS5 forecast, but this difference
is small.

4.3.3

Reduction evapotranspiration

The reduction of evapotranspiration (ET act /ET pot )
was calculated for the reference run and SEAS5 forecasts (best guess and most frequent). The drought
occurrence of all time series for the Aa of Weerijs

No drought
Drought
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Table 4.2: Characteristics of drought in discharge for all three catchments for all lead times. Correct is the percentage
of days where the forecast had the same condition (drought or no drought) as the observation. Overestimated is
the percentage of days where the forecast experienced a drought and the observation did not. The opposite is
U nderestimated. Drought duration are all days that a drought has occurred or was predicted. Maximum length
of drought is the longest series of consecutive drought days. Number of drought event is the number of drought
sequences.
1

SEAS5 forecast (months)
2
3
4
5
6

Reference
run

Reference
climatology

Aa of Weerijs

Correct [%]
Overestimated [%]
U nderestimated [%]
Drought duration [d]
Maximum length [d]
Number events [-]

81
8
11
48
27
8

81
8
11
48
24
7

75
15
10
72
35
9

69
21
10
96
57
8

65
26
9
113
56
8

66
24
10
105
56
11

58
21
13

83
0
17
0
0
0

Dommel

Correct [%]
Overestimated [%]
U nderestimated [%]
Drought duration [d]
Maximum length [d]
Number events [-]

88
5
6
33
22
4

89
5
7
29
19
3

89
5
7
30
25
4

83
10
7
46
25
5

83
11
6
50
24
5

82
11
8
46
23
5

37
22
6

89
0
11
0
0
0

Regge

Correct [%]
Overestimated [%]
U nderestimated [%]
Drought duration [d]
Maximum length [d]
Number events [-]

83
6
11
49
27
5

80
6
14
42
33
4

81
5
15
35
22
5

78
8
14
46
28
6

77
8
14
47
23
8

75
10
16
48
19
8

67
36
9

80
0
20
0
0
0
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Figure 4.5: Time series of best guess ensemble of SEAS5 forecast, most frequent condition of SEAS5 forecast and
reference run with drought indicator for the Regge catchment. Blue indicates no drought and the sand colour indicates
drought. (A) Discharge (B) Groundwater level (C) Reduction in evapotranspiration.
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Table 4.3: Characteristics of drought in groundwater level of all catchments for all lead times. For an explanation of
the rows, see Table 4.2.
1

SEAS5 forecast (months)
2
3
4
5
6

Reference
run

Reference
climatology

Aa of Weerijs

Correct [%]
Overestimated [%]
U nderestimated [%]
Drought duration [d]
Maximum length [d]
Number events [-]

86
7
7
47
38
3

83
9
8
48
38
3

78
13
9
58
38
3

72
18
10
75
52
4

66
24
9
97
50
5

59
32
10
119
54
5

46
39
3

81
8
12
31
31
1

Dommel

Correct [%]
Overestimated [%]
U nderestimated [%]
Drought duration [d]
Maximum length [d]
Number events [-]

89
5
6
35
22
3

88
6
6
35
24
3

88
6
6
35
27
3

82
11
7
49
27
4

81
12
6
57
26
4

81
13
7
56
24
5

36
24
3

89
0
11
0
0
0

Regge

Correct [%]
Overestimated [%]
U nderestimated [%]
Drought duration [d]
Maximum length [d]
Number events [-]

87
6
7
67
48
2

84
6
10
61
40
3

79
9
12
63
47
3

76
12
12
73
39
4

74
15
11
84
38
4

70
18
12
93
37
4

72
49
5

79
0
21
0
0
0

catchment are shown in Figure 4.4C. The time series of
the best guess ensemble and reference run show multiple
short droughts. Although all time series show one longer
drought period, from August 2003 until January 2004,
the reference run experience this longer drought period
a month earlier than the SEAS5 forecasts, it also ended
a month earlier. This is the same as was noticed in
Figure 4.5B.
The catchment of the Regge (Figure 4.5) shows two
drought periods in 2006 and a few single drought
days, beside the drought period in 2003. The Dommel catchment (Figure A.5) shows multiple shorter
droughts in 2003, December 2005 and January 2006.
No single drought days are observed in the reference run.
In Table 4.4, the indicators of drought for ET act /ET pot
are shown. For all SEAS5 forecasts the percentage
Correct decreases with lead time. The Dommel catchment has high percentages Correct, all above the 80%.
This is also the catchment with the highest percentage Correct for the reference climatology, namely 62%
relative to 35% for the Regge and 20% for the Aa
of Weerijs. These two catchments show a percentage
Overestimated of more than 50%. The drought duration of the reference run differs a factor 2 between the
three catchments. The Regge catchment experiences

the most drought days per year (72) and the Dommel
catchment the least (34).

4.4

Volume deficit

When a drought took place, the volume deficit was calculated for the Q and GW L (section 3.7.2). In the
following subchapters, the volume deficits are shown as
monthly values, because the daily values are fluctuating
too much. The different catchments will be compared
directly.

4.4.1

Discharge

The volume deficit of all three catchments can be
observed in Figure 4.6. In these plots, the volume
deficit of the forecasts with a lead time of 1 (blue) and
6 months (grey) can be compared with the reference
climatology (orange) and the reference run (red). Note
that the scale of the panels is different.
All catchments experience a drought in Q at the end
of 2003. In the SEAS5 forecast with a lead time of
6 months, a recurring pattern can be observed, with
a drought from September until January/February for
all catchments. The forecasts with a lead time of
1 month predict fewer droughts and often a smaller
volume deficit. The lowest maximum volume deficit
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Table 4.4: Characteristics of drought in reduction evapotranspiration for all catchments for all lead times. For an
explanation of the rows, see Table 4.2.
1

SEAS5 forecast (months)
2
3
4
5
6

Reference
climatology

Aa of Weerijs

Correct [%]
Overestimated [%]
U nderestimated [%]
Drought duration [d]
Maximum length [d]
Number events [-]

86
7
7
47
36
4

82
9
9
48
37
4

77
14
9
62
32
7

72
18
10
75
51
7

65
26
8
106
41
10

58
32
10
122
54
10

47
33
8

20
78
1
304
198
2

Dommel

Correct [%]
Overestimated [%]
U nderestimated [%]
Drought duration [d]
Maximum length [d]
Number events [-]

89
5
6
33
21
3

89
5
6
31
20
3

89
5
6
32
25
3

82
11
7
47
25
4

82
12
6
53
23
5

82
11
7
49
22
6

34
21
3

62
34
4
137
86
2

Regge

Correct [%]
Overestimated [%]
U nderestimated [%]
Drought duration [d]
Maximum length [d]
Number events [-]

85
7
9
65
42
4

79
9
12
64
45
4

78
10
12
66
43
6

75
13
12
77
34
5

75
14
11
82
32
5

71
17
12
87
32
8

72
45
5

35
64
2
279
122
3

of the reference run in the Aa of Weerijs catchment
was experienced in December 2003, this had a value
of 0.18 mm/d. The reference run of the Dommel had
a maximum volume deficit of 0.20 mm/d and was
encountered in January 2009. The Regge catchment
had a maximum volume deficit of 0.29 mm/d, which
was experienced in November 2003.

4.4.2

Reference
run

Groundwater level

The volume deficit of groundwater level shows variation
between the three catchments (Figure 4.7). The maximum volume deficit of the Aa of Weerijs catchment
with a shortage of 354 mm was observed in December
2003, whereas the maximum shortage of the Dommel
catchment is 164 mm in January 2009 and 265 mm
for the Regge catchment in December 2003. A pattern
can be observed in the SEAS5 forecast with 6 months
lead time for all catchments. However, the length
of the drought period and volume of shortage varies
between the years. This pattern does not occur in the
SEAS5 forecast with a lead time of one month. The
reference climatology does not experience drought for
the Dommel and Regge catchments. The catchment
of Aa of Weerijs experiences a drought with a volume
deficit of 13 mm in December.

4.5

Drought in measured discharge

The drought occurrence of SEAS5 forecast and reference run were compared with drought occurrence of
observed discharges for the Aa of Weerijs catchment
2008 was used, the catchments of the Dommel and
Regge uses 2006. The observations are the calculated
droughts of the observed Q (section 3.8).
The observation time series of the Aa of Weerijs
catchment experienced drought only in the last three
days of December (Figure 4.8A), whereas the reference
run shows consecutive drought days in February,
May and June. The SEAS5 forecasts predicted even
more drought days, especially in October and November.
The Dommel catchment is shown in Figure 4.8B. The
observation time series experienced in almost all months
drought. Long consecutive periods are observed in
January and December. The drought in January is
captured in the reference run and the most frequent
SEAS5 time series captured the first drought days.
The short droughts of the observations in March,
April, May and June are not shown in the other time
series. The best guess ensemble of the SEAS5 forecasts
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Figure 4.6: Volume drought deficit of discharge for the catchments: Aa of Weerijs, Dommel and Regge. The thick
lines are the mean of ensembles with 1 month lead time (blue), ensembles with 6 months lead time (grey), reference
run (red) and reference climatology (orange). The area between the 10th and 90th percentile of the ensembles with
lead time 1 and 6 months are respectively blue and grey.
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Figure 4.7: Volume drought deficit of groundwater level for the catchments: Aa of Weerijs, Dommel and Regge.
The thick lines are the mean of ensembles with 1 month lead time (blue), ensembles with 6 months lead time
(grey), reference run (red) and reference climatology (orange). The area between the 10th and 90th percentile of
the ensembles with lead time 1 and 6 months are respectively blue and grey.
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Figure 4.8: Time series of most frequent condition of SEAS5, best guess ensemble of SEAS5, reference run and
observations with drought indicator of discharge for all catchments. (A) Aa of Weerijs, (B) Dommel, (C) Regge.
Blue indicates no drought and the sand colour indicates drought.
predicted drought in October and December, the
drought in October does not match most of the time
the observations. The observed drought in December is
partially predicted by SEAS5.
The observations of the Regge catchment experience
mostly droughts of a couple of days (Figure 4.8C). These
drought periods are most of the time not captured in
the SEAS5 forecasts. The most frequent time series of
SEAS5 predicted a drought day in January and in October to December, but the observed droughts in May
and July, which are longer, were not captured. The best
guess time series of SEAS5 shows more drought than the
most frequent but misses also multiple drought events.
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5 | Discussion
The discussion is divided in the same sections as the results. Finally, there is a general discussion for the other
discussion points, which do not belong to a specific results chapter.

5.1

Calibration WALRUS

The calibration of WALRUS for the Dommel resulted
in a Nash-Sutcliffe efficiency (NSE) value of 0.60 and
logNSE of 0.59. The NSE value falls in the category
satisfactory/good (0.5 <NSE <0.65) (Lin et al., 2017;
Porretta-Brandyk et al., 2011). The logNSE which
was used for the evaluation of low flows is also in the
category “good” (Porretta-Brandyk et al., 2011). The
other two catchments were already calibrated. The Aa
of Weerijs was calibrated by Imhoff (2016) over the
period April 2011 until April 2013, which resulted in a
NSE value of 0.81. Loos (2015) calibrated WALRUS
for the Regge catchment for the period 1999 to 2000,
which resulted in a NSE value of 0.82. For both
catchments, no values of the logNSE were documented.
The influence of some parameters is already mentioned
in section 4.1. In this section was established that the
wetness index is often close to zero, which could be
fixed by an increase in parameter cW (Brauer et al.,
2017). Approximately 1500 parameter sets were used
during the calibration period. For reasons of time, it
was decided to use the set with the best scores for NSE
and logNSE values.

5.2

Skill SEAS5 data

In the time series of ET pot the peak in July 2006
stood out (Figure 4.2). This high value of ET pot
resulted from the high temperatures, with a monthly
average of 22.3°C against 17.4°C normal (KNMI,
n.d.). In the time series of P the peak in August
2006 was remarkable (Figure 4.3). This peak matches
the KNMI data of this summer. A record amount
of precipitation with a national average of 184 mm
was observed compared to 62 mm normal (KNMI, 2006).
In the time series of AE and anomalies of ET pot no
trends were visible (Figure 4.2B,C). The AE relative to
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the observations shows alternately higher values for the
SEAS5 forecast and climatology. The anomalies of the
observed ET pot values are more often below zero than
the values of the SEAS5 forecast. The SEAS5 forecast
predicts only lower values than the climatology for the
summer period, although the observations of ET pot in
the winter and spring are also below zero. In April 2005
and 2006, the anomaly of the observed ET pot is below
zero (-0.2), while the SEAS5 forecast has an anomaly
around 0.4. In these situations, the climatology is better
in predicting the observations than the SEAS5 forecast.
In the time series of P in Figure 4.3, no trend is immediately visible. In panel A, the SEAS5 forecast, observations and climatology were plotted. The time series of
the SEAS5 data was fluctuating around 2 mm/d. The
same applies to climatology, but more often lower values
are shown. The observations show much variation between the months. Johnson et al. (2019) studied the skill
of SEAS5 compared with the climatology of GPCP2.2
climatology (1981–2014). The GPCP is the Global Precipitation Climatology Project, which exists of consistent
analysis of global precipitation of the integration of various satellite data sets and gauge analysis (Adler et al.,
2018). In this comparison, version 2.2 is used which is
available since 2012. The continuous ranked probability
skill score (CRPSS) was calculated between the SEAS5
data and GPCP by Johnson et al. (2019). For the area
of the Netherlands, a CRPSS value of -0.2 to 0.2 was
found for the period December to February and June to
August. A value of 1 indicates a perfect forecast and
0 indicates no improvement over climatology (Johnson
et al., 2019). Overall, Johnson et al. (2019) did not find
a skill for the forecasted precipitation with SEAS5 compared to the climatology for Europe. The results of the
three Dutch catchments from this study are consistent
with this.

5.3

Drought

The SEAS5 forecast and observed values of P and ET pot
were used as input variables for WALRUS to simulate
the Q, GW L and ET act /ET pot . From these simulated
hydrological variables the drought was determined. The
results are presented in section 4.3.
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CHAPTER 5. DISCUSSION

Discharge

The forecasts of the discharge which were made with the
SEAS5 forecast with a lead time of 1 month exhibited
high percentages (> 80%) of Correct predicted days
for all catchments. The reference climatology shows
for all catchments comparable percentages. Only the
SEAS5 forecast of the Regge catchment is 3% higher
than the reference climatology. It must be said that the
SEAS5 forecasts with a lead time up to 3 months for
the Regge and Dommel catchments are almost equal
(± 1%) to the reference climatology.
Arnal et al. (2018) analysed the skill between the
climate-model-based seasonal streamflow forecast
(CM-SSF) and Ensemble Streamflow Prediction (ESP).
The CM-SSF was produced with the SEAS4 data of
ECMWF and the LISFLOOD model (Arnal et al., 2018).
Johnson et al. (2019) showed the increase of CRPSS
between SEAS4 and SEAS5, which is zero for Europe.
Therefore, the study of Arnal et al. (2018) can be compared with the results of this study. The ESP forecasts
are produced with observed historical meteorological
time series (Arnal et al., 2018). They found that the
CM-SSF produced more accurate forecasts than ESP
with a lead time of 1 month, whereas the ESP becomes
more accurate for lead times of 2 to 7 months (Arnal
et al., 2018).

rank correlation between GW L forecast which were
made with SEAS4 data and GW L observations for the
Thames catchment. A negative correlation was found
because a decrease in GW L was predicted when an
increase was observed. These findings do not agree
with the results for the three Dutch catchments.
Sutanto et al. (2020b) found for the standardized
groundwater index similar results as for the standardized runoff index, which means that the standardized
groundwater index percentage of perfect prediction is
also higher for all lead times than for the ESP. The findings of the Dommel catchment are in line with this.

5.3.3

Reduction evapotranspiration

The results of ET act /ET pot for the reference climatology are quite different from the results of Q and
GW L. The reference climatologies had 20% (Aa of
Weerijs), 62% (Dommel) and 35% (Regge) Correct.
On the contrary, the SEAS5 forecasts still have high
percentages Correct predicted days. The Aa of Weerijs
catchment has a value above 80% for the lead time of 1
and 2 months. The Dommel catchment has the highest
values for the percentages Correct; these are above the
80% for all lead times.

The SEAS5 forecasts with al lead time up to 2 months
for GW L resulted for all three catchments in high
percentages (> 80%) Correct forecasted. The reference run had 81% (Aa of Weerijs), 89% (Dommel)
and 79% (Regge) Correct. The Dommel catchment
retained this high percentage for all lead times up to 6
months. The Regge catchment also maintained good
percentages: the lowest percentage Correct, 70%, was
found for a lead time of 6 months. The Aa of Weerijs
catchment, on the other hand, falls to a rate of 59%.
Neumann et al. (2018) determined the Speakerman’s
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In contrast, Trambauer et al. (2014) and Sutanto et al.
(2020b) found that the hydrological forecasts made with
SEAS4 data were more skilful than the ESP for lead
times up to 6 months. Van Hateren et al. (2019) found
similar results, except the skill for the hydrological forecast of Q was better than the climatology up to a lead
time of 3-4 months.
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Figure 5.1: Time series of ET act /ET pot from 1990 until
September 2019. A) Aa of Weerijs, B) Dommel and C)
Regge.
The reference climatology seems to be influenced by
the large reduction in ET act in 2018 and 2019 (see
Figure 5.1 where ET act /ET pot is plotted for the three
catchments). The Aa of Weerijs catchment experiences
few moments of reduction in ET . Even when there is

5.4. VOLUME DEFICIT
a reduction, the ratio is still around 0.9 (Figure 5.1A),
except from 2018 and 2019. The threshold value is
computed from the period 1990-2002 and the reference
climatology over the whole period. The low values of
ET act /ET pot in 2018 and 2019 have a great influence
on the reference climatology values. This results in
many droughts in the reference climatology, which
has a high percentage Overestimated (78%). The
percentage Overestimated of the Regge catchment
(64%) is also high, because of the same reasons which
applies to the Aa of Weerijs catchment. The value is
lower because more reduction occurs in the period over
which the threshold was calculated.
The percentages Correct of the three Dutch catchments
of the SEAS5 forecasts show similar results as the other
two hydrological variables. The Dommel catchment has
the highest percentages. The Regge and Aa of Weerijs
catchment show varying results. The SEAS5 forecasts
with lead times up to 2 months are better predicted for
the Aa of Weerijs catchment than for the Regge catchment. However, the Regge catchment has better results
for the lead times from 3 months than the Aa of Weerijs
catchment.

5.4
5.4.1

Volume deficit
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The observed P values of the Regge catchment are lower
than the climatology, except from March and December.
The volume deficit of Q in the Regge catchment (Figure
4.6C) increases from August to December, whereafter it
decreases to no volume deficit in February. The maximum is reached in December, which can be linked to
the increase in P (Figure A.4). The volume deficit time
series of the Aa of Weerijs catchment shows a small
high peak in December 2003. The P shows an anomaly
around -1 mm/d in December. However, it is remarkable that the drought in the reference run which was
already observed in August (Figure 4.4) did not result in
a sufficient volume deficit. Nonetheless, the data shows
volume deficits in all months of the year, except May.
These are in the order of 10-4 , so they can not be observed in the time series.

5.4.2

Groundwater level

When the volume deficit time series of GW L are
compared with the volume deficit time series of Q,
the same pattern can be observed. Typically, droughts
occur in both hydrological variables at the same time.
As a result, it is assumed that droughts are caused by a
decrease in P .

Discharge

The reference climatology of all catchments did not
experience drought in Q. However, the reference run
of all catchments experienced a drought and associated
volume deficit in 2003. The peak in the volume deficit
is for the Aa of Weerijs and Dommel catchments in
November and for the Regge catchment in December.
The observed precipitation was for all catchments
the lowest in the summer of 2003. For the Dommel
catchment, the P shows beside the low values in the
summer also an anomaly of -1 mm/d in November,
which could explain the highest value in December. It
should be noted that the volume deficits remain below
0.1 mm/d and the maximum deficit for the Dommel
is in January 2009. The maximum volume deficit in
January 2009 can be explained by the precipitation time
series (Figure 4.3). The precipitation shows negative
anomalies in November, December and January, which
could lead to this volume deficit.

Since the drought in GW L and Q is happening simultaneously, the interaction between surface water and
groundwater should be fast, which is in line with the
soil type of the three Dutch catchments, namely sand
and the set-up of the WALRUS model. This is the soil
type with the highest infiltration capacity (Vaes et al.,
2004). The interaction between the groundwater and
surface water in the province of Noord-Brabant is studied by Noord-Brabant (2013). They found that the Aa of
Weerijs catchment had more interaction than the Dommel catchment. However, this can not be observed in
the results of this study. Therefore, more detailed research is required, a smaller timescale could be used for
this. When a daily time step will be used, timing and
fluctuation in quantity of the volume drought could be
studied in more detail. If the volume deficit of discharge
is also available with a smaller timescale, the interaction
between these variables can also be analysed in more
detail.
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Drought in measured discharge

The drought occurrence in the simulations of the SEAS5
forecasts and observed values of P and ET pot were compared with the drought occurrence in the observed discharges in section 4.5. The observations of the Aa of
Weerijs catchment did experience a drought of 3 days
during 2008, whereas the SEAS5 forecasts predict long
droughts in October until December. The reference run
also experienced more often drought than the observations. For the other two catchments, the results were
slightly better. In the Dommel catchment, the droughts
in January, November and December did return in the
most frequent SEAS5 forecast. However, the duration of
the predicted drought was not correct. The Regge catchment had similar results as the Dommel catchment. The
droughts in the period February to September were not
captured in the SEAS5 forecasts of both catchments.
Besides, the predicted droughts at the end of the year
were too long.

5.6

General discussion

The meteorological variables, P and ET pot , were averaged per month for comparison with the climatology,
as described in section 3.6. Therefore, the observed
values were also averaged. However, averaging the
values make the comparison between precipitation
events difficult, especially in months with convective
precipitation. For a more detailed analysis, it would be
recommended to use daily values. This allows comparison of single events and also the timing of the events, as
was done in section 4.3 for the drought forecasting of Q.
The calibration of WALRUS for the Dommel catchment
resulted in the lowest NSE values. However, the
percentages Correct for all SEAS5 forecasts of all
hydrological variables of the Dommel catchment were
higher than of the other two catchments. Important to
realize is that the calibration of the Dommel focussed
on the summer periods with low flows. The other
two catchments were calibrated during other studies
which did not focus on drought. Therefore, the values
of logNSE were not reported, which evaluate the low
flows (Brauer et al., 2017). The calibration of the low
flows in WALRUS needs more attention in future studies.
The SEAS5 has a spatial resolution of 36 km, whereas
the Aa of Weerijs catchment is approximately 15 km

in the east-west direction and 35 km in the north-south
direction. The other catchments are larger, but also consist of only one or two grid points. Given these points,
the SEAS5 resolution is coarse for hydrological drought
forecasting at the catchment scale of the Netherlands.
For hydrological modelling on this spatial resolution, a
seasonal forecast with smaller resolution could help to increase the skill. A smaller resolution results in more grid
points per catchment. This allows more spatial variation
in the catchment area, which is a better representation
of reality.
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6 | Conclusion
The goal of this study was to generate and analyse
hydrological forecasts using the Wageningen Lowland
Runoff Simulator (WALRUS) forced with seasonal
weather forecast data for three Dutch catchments (Aa
of Weerijs, Dommel and Regge). The seasonal forecasts
generated with system 5 (SEAS5) of the European
Centre for Medium Range Weather Forecasts were
used. Different lead times were used in the range of
1 to 6 months. By using the SEAS5 forecast, the
hydrological variables discharge (Q), groundwater level
(GW L), reduction in evapotranspiration (actual evapotranspiration (ET act )/ potential evapotranspiration
(ET pot )) were simulated with WALRUS. Afterwards,
these were compared with the reference run, which
exists of the simulated variables calculated with the
observed meteorological data.
First, the skill of the SEAS5 forecasts was determined
with respect to the monthly averaged observed meteorological variables, P and ET pot . No correlation was
visible between the observed P and ET pot and the
SEAS5 forecasts. The climatology of the observations
was also calculated over a time series of 29 years.
These monthly values were compared with the SEAS5
forecasts. However, this did not yield a clear trend
either. Altogether, there is no clarity whether the
SEAS5 forecasts or the climatology can better represent
the observations.
Secondly, the droughts derived from the hydrological
forecast were analysed. The simulations made with
the SEAS5 forecasts were compared with the reference
run and reference climatology (climatology calculated
with the hydrological variables which were simulated
with the observed P and ET pot ). The percentage
Correct is a drought characteristic which is used in this
study, it is the percentage of days per year where the
SEAS5 forecast of reference climatology had the same
condition (drought or no drought) as the reference
run. For the Q the reference climatology shows similar
percentages Correct as the SEAS5 forecasts with a
lead time up to 2-3 months for the Dommel and Regge
catchments. The reference climatology for the Aa of
Weerijs catchment is better than the SEAS5 forecasts
with all lead times, although the reference climatology
did not experience drought for all catchments. For the
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GW L, the SEAS5 forecast shows higher percentages
Correct than the reference climatology with lead times
of 1-2 months for all catchments. Only the reference
climatology of the Aa of Weerijs catchment experienced
drought days. The reduction of ET resulted in lower
percentages for the reference climatology (20-62%),
whereas the percentage Correct of the Dommel was
above 80% for all lead times. All things considered,
the SEAS5 forecasts with lead times up to 3 months
were better in predicting hydrological droughts than
the reference climatology.
For larger lead times,
the reference climatology which did not experience
drought days was more consistent than the observations.
Thirdly, the volume deficits of Q and GW L were
analysed. From the time series can be concluded that
the volume deficits which were forecasted with SEAS5
using 1 month lead time gives a good representation
about the moments when droughts occur, although the
exact amount of volume deficits were difficult to predict
for all catchments. The forecasts with a lead time of 6
months did not have a skill with the reference run.
Fourthly, the results of the different catchments were
contrasted. The Dommel catchment shows the highest
percentages Correct (all above 80%) for all hydrological variables and lead times. The Aa of Weerijs and
Regge catchments have high percentages Correct (>
80%) for the SEAS5 forecasts with 1 and 2 months lead
time. For higher lead times the percentage Correct
of these two catchments decreases for all hydrological
variables. The percentages of the Regge catchment stay
above 70%, where the percentages of the Aa of Weerijs
catchment decrease to 58%. Based on the results of
these three Dutch catchment no conclusions can yet be
drawn, therefore, more Dutch catchments needs to be
examined.
Finally, the drought in the observed discharge was
compared with the simulated discharges of the SEAS5
forecast and reference run for one year. The Aa of Weerijs showed no match between the hydrological forecast
based on the SEAS5 forecast and the observations. The
simulation of SEAS5 predicted multiple droughts from
September to December. However, the observations
experienced only at the end of December drought,

28

|

CHAPTER 6. CONCLUSION

whereas for these days no drought was predicted. For
the Dommel and Regge catchments, the droughts at the
end of the year were better captured in the simulations
of the SEAS5 forecast, but more drought days were
predicted than observed. The simulations with the
SEAS5 forecasts for both catchments did not predict
the drought days from March to September. Overall,
the drought in observed discharges is not captured
well in the hydrological drought forecasts, which were
simulated with WALRUS and SEA S5 forecasts.
More detailed research is required to study the difference
in surface water and groundwater interaction between
catchments. A smaller timescale could be used to study
the differences and similarities in timing and fluctuation
in quantity in more detail. Besides, smaller time steps
are suggested for more accurate analysis into which P
time series represents the observations better, SEAS5
data or climatology. In addition, two other recommendations emerged from this study. In the first place, the
influence of initial condition should be investigated on
the drought predictability. Second, more recent SEAS5
data should be used, so that the past years, including
the 2018 drought, can be simulated and analysed.
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Figure A.1: Information of ET pot at the Dommel catchment. (A) Time series of ET pot of the SEAS5 data with 1
month lead time (red), observations (orange) and climatology (blue). (B) Absolute error of the SEAS5 data with 1
month lead time (red) and climatology (blue) with respect to the observations. (C) Anomalies of the SEAS5 data
(shades of blue) and observations (black) with respect to the climatology.
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Figure A.2: Information of ET pot at the Regge catchment. (A) Time series of ET pot of the SEAS5 data with 1
month lead time (red), observations (orange) and climatology (blue). (B) Absolute error of the SEAS5 data with 1
month lead time (red) and climatology (blue) with respect to the observations. (C) Anomalies of the SEAS5 data
(shades of blue) and observations (black) with respect to the climatology.
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Figure A.3: Information of P at the Aa of Weerijs catchment. (A) Time series of P of the SEAS5 data with 1 month
lead time (red), observations (orange) and climatology (blue). (B) Absolute error of the SEAS5 data with 1 month
lead time (red) and climatology (blue) with respect to the observations. (C) Anomalies of the SEAS5 data (shades
of blue) and observations (black) with respect to the climatology.
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Figure A.4: Information of P at the Regge catchment. (A) Time series of P of the SEAS5 data with 1 month lead
time (red), observations (orange) and climatology (blue). (B) Absolute error of the SEAS5 data with 1 month lead
time (red) and climatology (blue) with respect to the observations. (C) Anomalies of the SEAS5 data (shades of
blue) and observations (black) with respect to the climatology.
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Figure A.5: Time series of best guess ensemble of SEAS5 forecast, most frequent condition of SEAS5 forecast and
reference run with drought indicator for the Dommel catchment. Blue indicates no drought and the sand colour
indicates drought. (A) Discharge (B) Groundwater level (C) Reduction in evapotranspiration.
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