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Abstract
Droughts in the summer have become more regular for the Netherlands in the last few years. A severe drought occurred in
the summer of 2018 with widespread negative impacts on different sectors with consequences for society and natural
ecosystems. The drought effects occur at different timescales and usually start with a precipitation deficit (meteorological
drought), this can propagate through the hydrological system and cause soil moisture drought which affects vegetation
(vegetation drought). Further propagation of drought can lead to streamflow and groundwater drought (hydrological
drought). For the Netherlands no clear answer is available on the relation between these different drought types. This study
investigates the relation between these drought types using different standardized drought indices in Gelderland
(Standardized Precipitation Index, Standardized Streamflow Index, Standardized Groundwater Index and Normalized
Difference Vegetation Index). This is done with three different analyses, a temporal analysis, spatial analysis and a landscape
characteristics analysis. The temporal analysis consists of the calculation of the drought indices and the subsequent
correlation of the SPI with the other indices. The spatial analysis visualizes the indices covering Gelderland which is used in a
simple linear regression analysis where the SPI is compared to the other indices. In addition this analysis is also used in two
focus areas: Wageningen and Dieren. Eventually the differences in SGI and NDVI are analysed for the landscape characteristics
of Gelderland including: soil types and land-use. From these analyses a direct relation between the meteorological and
streamflow drought is detected in both the temporal and spatial analysis. A relation between the meteorological and
groundwater and vegetation drought is expected but cannot be confirmed by this study. However it is clear that the
groundwater and vegetation drought pattern of Gelderland is determined by geographical characteristics, future research
should explore the complexity of geological and other catchment characteristics and their influence on drought propagation.
The relations found in this research indicate a direct propagation of meteorological drought through the hydrological cycle.
This can help predict hydrological and vegetation drought and improve drought mitigation, reducing the negative impacts.
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Chapter 1: Introduction

Introduction
1.1 Problem description
In recent years, droughts during summer have become
more regular in the Netherlands and it is expected that they
will occur more severely and more frequently in the future,
due to climate change (Philip, Kew, van der Wiel, Wanders,
& van Oldenborgh, 2020). The KNMI’14 climate scenario’s
for the Netherlands, based on the IPCC-2013 climate
change report, also predict more droughts to occur in the
future (KNMI, 2015). An extreme example of drought in the
Netherlands is the summer of 2018, where high
temperatures and below average precipitation caused an
extreme precipitation deficit (KNMI, 2019; Philip et al.,
2020). This extreme drought has led to negative impacts for
ecosystems and society. Sectors like agriculture, shipping
and water management were negatively affected by the
drought, which has led to an estimated economic loss of
450-2080 million euros (Philip et al., 2020).
Drought effects can occur at different timescales, this is due
to the propagation of drought through the hydrological
cycle. Drought is defined by Tallaksen and van Lanen (2004)
as a sustained period with below average water availability.
Droughts generally start with a lack of precipitation for an
extensive period of time (Tallaksen & van Lanen, 2004).
Such a precipitation deficiency is known as a meteorological
drought and usually occurs simultaneously with an increase
in evapotranspiration (Van Loon, 2015). If a meteorological
drought is persistent, this can lead to a soil moisture
drought or agricultural drought, which means there is
insufficient moisture to support vegetation (Tallaksen & van
Lanen, 2004; van Loon, 2013). Soil moisture drought further
reduces groundwater recharge and in turn streamflow,
causing a hydrological drought (Tallaksen & van Lanen,
2004). The response time of soil moisture, groundwater and
streamflow to a meteorological drought is governed by the
catchment characteristics and climate (van Loon, 2013). The
response to meteorological drought shows: lag, pooling,
attenuation and lengthening; the meteorological drought
signals are delayed, combined, reduced and extended
further into the hydrological cycle (Van Loon, 2015), shown
in Figure 1.
To indicate a drought, different drought indices are used
that focus on the different aspects of drought. The most
commonly used meteorological drought indicator is the
standardized precipitation index (SPI). The SPI was
developed by Mckee, Doesken, and Kleist (1993) and can be
used to characterize the wetness/dryness conditions of a

SPI

SRI*

NDVI

SSI

SGI

Figure 1: Propagation of drought through the hydrological system
(Changnon, 1987). With the corresponding drought indices used in
this study. *SRI (Standardized runoff index): Not applied in this
research.

region. The SPI measures precipitation anomalies by
comparing observed data for a defined accumulation period
(e.g. 1, 3, 12 months), with the long-term precipitation data
(Mckee et al., 1993). Different accumulation periods for the
SPI can be used to estimate different impacts of a
meteorological drought. On shorter timescales (1 to 3
months) the SPI can be used as an indicator for immediate
drought impact on soil moisture or streamflow for small
channels (WMO, 2012). For longer timescales (3-24
months) it can be used as an indicator for reduced
streamflow, dropping groundwater tables or reservoir
storage (European Drought observatory, 2020). The SPI
classifies the extremity of dry and wet conditions: a drought
event occurs when the SPI reaches below -1, wet conditions
occur when the SPI is above +1 (WMO, 2012).
To indicate a hydrological drought, the standardized
groundwater index (SGI) and the standardized streamflow
index (SSI) are applicable. The SGI is the only available
groundwater drought index; the SSI is the most frequently
used and effective indicator for streamflow based
hydrological drought (Shamshirband et al., 2020). The SGI
was developed by Bloomfield and Marchant (2013) and the
SSI by Vicente-Serrano et al. (2012), these indices are similar
6
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in calculation and application to the SPI, but use
groundwater level and streamflow data respectively.
Similar to the SPI, when SGI and SSI values are below -1, this
indicates a drought (Bloomfield & Marchant, 2013; VicenteSerrano et al., 2012). To indicate the drought impact on
vegetation, for both natural ecosystems and agricultural
crops, the normalized difference vegetation index (NDVI)
can be used. The NDVI developed by Tarpley, Schneider,
and Money (1984), is an index that quantifies vegetation, it
measures the greenness and vigor of vegetation. This is
done by measuring the difference between near-infrared
and red light, produced by satellites; red light is absorbed
by vegetation while near-infrared light is reflected. NDVI
ranges from -1 to 1: close to 1 there is a healthy dense
vegetation canopy, at around 0 there is bare soil and
negative values correspond to water surface, clouds or
manmade structures (Earth observing system, 2019).
Vegetation drought can be identified using the NDVI, a
decrease in NDVI values can be a result of insufficient water
availability to support vegetation. However, the NDVI is not
a direct drought indicator, like the other drought indices.
Negative or low NDVI values do not directly represent a
vegetation drought, as low values can also represent water
surface or manmade structures.
The monitoring of droughts is needed to anticipate, react
and prevent drought impact. Several studies (Barker,
Hannaford, Chiverton, & Svensson, 2016; Bloomfield &
Marchant, 2013; Buitink et al., 2020; Changnon, 1987;
Kumar et al., 2016; Vicente-Serrano et al., 2013) focused on
the temporal and spatial propagation of meteorological
drought to hydrological drought. Many studies focus on the
meteorological drought, as they can be monitored by easily
accessible precipitation measurements, while hydrological
drought data is generally harder to collect or lacking (Bakke,
Ionita, & Tallaksen, 2020). However, vegetation and
hydrological drought are related to meteorological drought,
so there is a possible opportunity to use meteorological
indices to understand and predict the hydrological and
vegetation drought damage.
Research into the relation between hydrological and
meteorological drought indices has been done for various
aspects at different scales. In research by Barker et al.
(2016), the propagation of meteorological drought to
groundwater and streamflow effects in the UK was
investigated. They found that meteorological drought
showed little spatial variability, while hydrological drought
showed many and different events, due to a more delayed
propagation of drought in catchments underlain by
aquifers. So, the catchment- and landscape characteristics

play a vital role in the propagation of drought through the
hydrological cycle. In the study by Bloomfield and Marchant
(2013) the relation between SGI and SPI was investigated
for 14 wells in the UK, they found a site-specific relation
between the two indices. However, they report that the SGI
is strongly influenced by hydrogeological properties of the
location. Local and regional flow processes can account for
the non-spatial correlation between the SPI and SGI. In the
study by Kumar et al. (2016) the relation between SPI and
SGI was also investigated, for the south of Germany and
Gelderland. In that study they found a low reliability of
groundwater drought predictions using SPI, so there are
limitations of the SPI in detecting SGI drought events. In the
study they advise future research to analyze the differences
between the SGI and SPI and analyze the role of
geographical properties in comparison to the drought
indices.
The relation between meteorological and vegetation
drought has also been researched in abundance. In research
by Buitink et al. (2020) the propagation of the 2018 summer
drought to a soil moisture deficit and decrease in vegetation
production in the Netherlands was investigated. They found
that a strong reduction in precipitation coincided with
strong negative anomalies in vegetation production. Larger
anomalies were found in sandy soils with deeper
groundwater tables. This would explain the spatial
variability of vegetation drought damage. In research by
Vicente-Serrano et al. (2013) similar effects of vegetation
and soil moisture were found based on NDVI data:
temperate forests are highly sensitive to drought and react
at short-timescales to a water deficit.
Furthermore research is also done with a focus on the
relation between drought indices for different climate types
and how these indices can be used to predict drought.
Sutanto, Wetterhall, and Van Lanen (2020) explored the
drought forecasting skill of meteorological and hydrological
drought indices in Europe. The hydrological drought
forecasts using SGI and SRI (standardized runoff index)
exceeded the meteorological drought forecasts using SPI.
This is due to the hydrological variables being affected by
soil, groundwater and other land surface water storage that
affect the meteorological drought signal. In research by Van
Loon et al. (2014), the influence of different climate types
on drought propagation is investigated. They concluded
that meteorological drought showed a linear shape in al
climates while soil moisture and hydrological drought are
strongly non-linear in climates with strong seasonality.
Which leads to their recommendation: water management
cannot only rely on meteorological indices and need to
7
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include seasonal variation for precipitation
temperature in hydrological drought forecasting.

and

Considering all these previous studies, most of them found
a relation between the different drought types and how
they propagate through the hydrological cycle. However,
these studies focus on the relation between one or two
drought types and not all studies are focused on the
Netherlands. For the Netherlands questions remain on the
relationship and propagation between all the different
drought types and their indices regarding: meteorological,
hydrological and vegetation drought. This is especially
relevant as the Netherlands is highly dependent on water,
which includes sectors like: agriculture, shipping, drinking
water companies, natural ecosystems and recreation
(Ministerie van Infrastructuur en Waterstaat, 2019).
Therefore, the complex relation between meteorological
drought and vegetation and hydrological drought is
relevant on multiple levels. The hydrological drought
regarding streamflow is complex as the streamflow signal
not limited to the Netherlands. The catchments of the Rhine
and Meuse cover multiple countries and have their origin in
Switzerland and France respectively. In addition, the
complexity of drought propagation is also linked to human
dependent sectors. Therefore, there is a need to get a more
insight into these relations for future water management
and drought management for the Netherlands.

1.2 Research objectives and questions
The objective of this study is to analyze the relationship
between the different types of drought; meteorological
drought, hydrological drought and the impact of droughts
on vegetation. More knowledge on the temporal and
spatial relation between these types of drought and their
respective indices can benefit drought predictions and
eventually help with drought prevention. This research will
concern the Netherlands, with the research focus on the
province of Gelderland, continuing and expanding on the
study of Kumar et al. (2016). Considering the need for more
insight into the relation between the drought types, this
leads to the following main research question:

This main research question will be answered with the
following sub-questions:
1.

What is the temporal relation between the different
types of drought?

2.

What is the spatial relation between the different
types of drought?

3.

Can the spatial patterns of hydrological and
vegetation drought be explained with geographic
characteristics?

The different drought types investigated in this research are
represented by their respected indices. Based on findings
from previous research and the fact that meteorological
and hydrological drought are related, it is expected that a
spatial and temporal relation will be found between the
different indices. Possibly not all meteorological drought
signals are reflected in the hydrological and vegetation
drought indices, as not all signals propagate through the
hydrological cycle. Therefore, differences in the spatial and
temporal relation between these indices are expected to be
explained by the geographical characteristics of the region.
As mentioned by Barker et al. (2016) and Kumar et al. (2016)
the geographical characteristics of a catchment can have
significant impact on the drought signal. This is especially
relevant in Gelderland, considering the complex systems
present, like the moraine systems of the Veluwe and the
east-Netherlands plateau in the Achterhoek. These complex
systems could influence the drought propagation and the
relation between the different drought types.

What is the temporal and spatial relation between
meteorological, hydrological and vegetation drought?
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Study area and data
Netherlands plateau. The elevation differences for the
Achterhoek are not as extreme as for the Veluwe. In
the Achterhoek many groundwater-fed brooks and
streams are found. The Achterhoek is known as mainly
an agricultural area, with lots of grass meadows. Some
smaller patched natural areas can be found and some
urban areas.

2.1 Gelderland
This study is focused on the province of Gelderland. This
region is chosen to focus on, as Gelderland is a versatile
region with different geologic and geomorphologic
characteristics, land use and soil types. This versatility
helps to get a better impression of the spatial distribution
of drought. In addition this study will build further on the
work of Kumar et al. (2016), which focused partly on the
province of Gelderland. Gelderland’s versatility is mostly
caused by the geology of the area. Three main regions can
be distinguished within Gelderland (see Figure 2D), that
have different geological origin and characteristics, see
Figure 2: A-D:
1.

2.

Veluwe (push moraines): Push moraines were formed
during the Saalien ice-age, by ice masses that pushed
forward sediment deposits and forming hills (Bruins,
1993). In Gelderland multiple push moraines are
found, the biggest is the moraine complex of the
Veluwe. The Veluwe consists mostly of sandy soil,
however due to the push moraines non-permeable
clay layers can be found in the sub-soil. These nonpermeable layers determine the groundwater flow and
are the reason for big aquifers in the Veluwe
(Helderman, 2013). Precipitation infiltrates at the
sandy plateaus and moves through the soil to an
aquifer and eventually leaves the area by feeding
brooks and streams (Verhagen et al., 2014). The
Veluwe has variations in elevation; plateaus and
valleys can be found within close proximity. At these
lower lying areas groundwater can be found seeping
from the soil. The Veluwe is a mostly natural area with
mainly woods (coniferous, deciduous and mixed
forest), heathland and some drift-sand landscapes
(Helderman, 2013). On the edges of the Veluwe mostly
agricultural land is found with urban areas.
Achterhoek (Cover sand): Cover sand areas were
formed during the Weichselian Ice-age in an aeolian
process (Bruins, 1993). Multiple occurrences of the
cover-sand deposits are found throughout Gelderland,
but the main area is located in the Achterhoek, the
east of Gelderland. There the east-Netherlands
plateau is also located, which consists of tertiary
material that also includes impermeable material
(Waterschap Rijn & IJssel, 2014). This leads to a similar
processes that are present in the Veluwe, where water
can infiltrate into the sandy soil and eventually seeps
out and feed brooks and streams. The Achterhoek
consist mainly of sandy soil, but in the plateaus claylike material can be found, as well as clay material
along the rivers. The Achterhoek has a soft undulating
landscape, with the highest point being the east-

3.

River area: This area is formed during the Holocene
under influence of the rivers (Bruins, 1993). There are
four rivers in Gelderland, the Rhine, IJssel, Waal and
Maas. These are all under management of
Rijkswaterstaat. The brooks and streams, partly fed by
seepage water, eventually end up in the rivers. The
rivers have their origin outside of the Netherlands, so
discharge from the entire catchment is found in these
rivers. The river area consists mostly of clay materials.
The river area is the lowest area in Gelderland, with the
floodplains being the lowest, they are under influence
of the river. The area consists mostly of meadows,
urban areas and some natural terrain.

A

Push moraine Veluwe

B
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C

& IJssel, 2015). The area has mostly sandy soil and the
main land-use is agriculture. Mostly meadows are found in
the area, with some urban areas and natural terrain like
woods (Waterschap Rijn & IJssel, 2015).

2.2 Wageningen and Dieren

D

For a more in-depth high resolution spatial analysis of
drought indices, especially considering the high resolution
NDVI data, two smaller areas are also investigated. These
two smaller versatile regions were selected to better
understand the spatial variations. These regions are the
areas around Wageningen and Dieren, Figure 3. The area
around Wageningen starts in the north at the edges of a
push moraine and ends towards the south by the river
Rhine. The area around Dieren also starts at a push
moraine in the west, crosses the river IJssel and ends
towards the east in the cover sand area of the Achterhoek.
The Wageningen area is 1.4 km2, the Dieren area is 53 km2.

A

Dieren

Figure 2: Geographic characteristics of Gelderland.
A: Geomorphology (Wageningen Environmental Research,
2012). B: Soil types (Wageningen Environmental Research,
2015). C: Land-use (Centraal Bureau voor de Statistiek, 2015).
D: The three regions and the Berkel catchment within the
Netherlands.

Bronkhorst

B

Wageningen

For the temporal analysis of this study these three
separate regions are used, to compare the drought indices
for each region. The three regions are: the Veluwe, River
area and Achterhoek, Figure 2:D.
For the temporal analysis of SPI and SSI, additionally to the
three regions also a regional system is investigated. The
Berkel system is a separate system that is not a part of a
bigger river system, the catchment of the Berkel within
Gelderland is shown in Figure 2:D. The Berkel system will
show regional discharge signals, unlike the bigger river
systems. This is done to get a better insight into the
relation between SPI and SSI for a regional system versus
a bigger river system. The Berkel is located in the
Achterhoek area and the system includes multiple
different streams. The Berkel originates from Germany
and eventually discharges into the IJssel (Waterschap Rijn

Figure 3: Overview of the two smaller study areas used in the
spatial analysis A: Dieren, B: Wageningen

2.3 Data
The data that is used for this research covers the period
2008-2019. This period is chosen as the groundwater data
that is available is limited to this period. To ensure a proper
comparison between the indices the data that is used
covers the same period.
For the spatial analysis, data from the groundwater model
LHM 4.1 is used. This data is limited to the period 20102018. For the spatial analysis it is chosen to focus on three
10

Chapter 2: Study area and data
years, that show different circumstances (dry, wet and
average). According to precipitation data from the KNMI a
yearly trend in precipitation is determined (CBS et al.,
2020). In Figure 4 the yearly precipitation and trend is
shown, with this data it is decided to use the years 2012,
2014 and 2018. 2012 is a relatively wet year, 2014 is a
relatively normal year, as it is almost the same as the
trendline and 2018 is a dry year.

Precipitation in mm

1000

900

800

700

Precipitation per year

600

Years
Figure 4: Precipitation per year for the Netherlands (CBS, PBL,
RIVM, & WUR, 2020).

Precipitation data (SPI)

The SPI is based on precipitation data, this data is provided
by KNMI. There are 3 stations throughout Gelderland:
Deelen, Herwijnen and Hupsel, Figure 5. Each region has
one precipitation station, Deelen: Veluwe, Herwijnen:
River area, Hupsel: Achterhoek. For the Berkel catchment
the Hupsel data is used, as this station in located inside the
Berkel catchment. The precipitation data that was
received is daily data in 0.1 mm. this is transformed to
monthly averaged precipitation data in mm.

2.3.2

For the spatial analysis, the groundwater level data from
the LHM (national hydrological model) is used. The LHM
4.1 data shows groundwater levels for 2010-2018, this was
averaged per month to coincide with the other indices.
The LHM data was cut to fit the province of Gelderland.
The model is not yet in operation, as the NHI is still working
on the last bugs (NHI, unpublished data). However, the
groundwater levels from the model should give a good
impression of the groundwater situation.

2.3.3

Trend in precipitation

2.3.1

Gelderland. Some of these wells had large gaps in the time
series, when a well missed >8 consecutive months of data,
this well is excluded. This left in total 52 wells throughout
Gelderland, Figure 5.

Streamflow data (SSI)

The SSI uses discharge data, this is acquired from
Rijkswaterstaat. The data is daily discharge data of the
rivers in m3/s. Discharge measuring points within and at
the border of Gelderland are used in this research, in total
14 locations, Figure 5. Unfortunately, no data from the
Meuse in Gelderland is available, therefor the Meuse is
excluded from this research. The SSI will focus on the
Rhine, IJssel and Waal, Figure 5. The SSI area includes the
rivers with a 1 km buffer on either side, to also be able to
compare the SSI with the other indices. In the temporal
analysis also the Berkel catchment is investigated. The
discharge data of the Berkel catchment is acquired from
the waterboard Rijn and IJssel. Discharge from other
smaller waterbodies is not used, this is done mainly due to
limitations regarding collection of the waterboard data
and due to limited actual discharge measurements.

Groundwater data (SGI)

The SGI uses groundwater level data from measuring
wells, acquired from Dinoloket and the Province of
Gelderland. The groundwater level data is used in the
temporal analysis. The groundwater level data is given in
cm. relative to NAP, at a daily timescale, this is
transformed to monthly averaged data.
From the 4927 wells present in Gelderland, 281 wells were
selected which includes the entire measuring period 20082019. When wells are within a range of 1 kilometer from
each other, only one well is chosen. This is done to prevent
extra work where there are similar measurements,
especially considering the limited time for this research. 80
wells were selected that are positioned throughout

Figure 5: Measurement locations and SSI area used in this study.

11

Chapter 2: Study area and data
2.3.4

Vegetation (NDVI)

The NDVI is based on data from satellite images, which is
acquired from MODIS (Didan, 2015). The NDVI is a monthly
raster dataset at 0.05⁰ resolution (± 5.5 km.).
To get a better insight into the extreme dry summer of
2018 a higher resolution dataset regarding NDVI is used.
This higher resolution dataset will be used to examine the
spatial resolution of drought in more detail, for the
Wageningen and Dieren areas. The high resolution NDVI
data is acquired from the Groenmonitor, with a resolution
of 10 meters.

2.3.5

Geographic properties

To clarify the spatial patterns as shown with the various
drought indices, the drought indices are compared for
different the geographical units. These units include: Soil
types, land-use and the three regions. The soil map is at
1:50000 meter resolution (Wageningen Environmental
Research, 2012;2015). The land-use map is from the year
2015 (Centraal Bureau voor de Statistiek, 2015). These
maps are used in ArcGIS and clipped to the focus area of
Gelderland.

12
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Methodology
This thesis can be divided into three different analysis, a
temporal, spatial and geographic characteristics drought
analysis. The data from the temporal analysis is used to
determine the spatial variation of drought. This in turn is
used in the geographic drought analysis, Figure 6.

1993). The mean of the normal distribution is 0 with a
standard deviation of 1. From this normal distribution,
negative values indicate that the data is below the median
value. Drought events may occur when the value is
continuously negative or reaches a level of -1 or less
(Mckee et al., 1993). The different drought scales based on
the drought index values is shown in Table 1.
Table 1: Drought index scale

Drought index scale
Extremely dry
Moderately dry
Dry
neutral
Wet
Moderately wet
Extremely wet

Figure 6: Flowchart of methodology for this study.

3.1 Temporal analysis: Drought indices
calculation
The first step in the temporal analysis is the calculation of
all the standardized drought indices: SPI, SGI, NDVI and SSI,
for the 3 different regions of Gelderland. This is done by
calculating the drought indices for all data locations and
then averaging this per region, Figure 2D. So for the SPI
this includes the precipitation stations, for SGI the
groundwater wells and for SSI the discharge locations and
the NDVI from MODIS by NASA (Didan, 2015).
The drought indices can be computed for different
timescales, the data for a period is compared to the same
period of the historical record (2008-2019). For the SPI this
includes the monthly timescales 1,3, 6, 12 and 24, for SGI
and SSI it is 1 month, the NDVI is not compared to a
timescale. So for computing the SPI-3 for the end of July,
the precipitation total for the period May-July is compared
to the past totals for that same period. Resulting in a SPI
value for each month, excluding the first 2 months of the
measurement period, as there is no data of the previous 3
months. To compute the drought indices, the long-term
data is fitted to a probability distribution. This fitted
distribution is then transformed to a normal distribution,
which represents the drought index values (Mckee et al.,

Drought index value
<-2
-1,5 ≤ -2
-1 ≤ -1,5
0
1 ≥ 1,5
1,5 ≥ 2
>2

The drought index calculations are done in R using the SCIpackage (Gudmundsson & Stagge, 2016). This R package
requires averaged monthly data as input. With the input
data the best fitting distribution is determined. This is
done with the fitdistrplus package. Different distributions
are fitted including gamma, Pearson(III), logarithmic, lognormal, Weibull and exponential distributions. For the
calculation of SPI the gamma distribution is a good fit
(Guttman, 1999; Stagge, Tallaksen, Gudmundsson, Van
Loon, & Stahl, 2015), for the SGI and SSI the best fitting
distribution can vary for each location. When deciding
which distribution is a good fit with the data, the loglikelihood function is applied. The highest value as
represented by the log-likelihood is statistically a better fit
(Reliasoft, 2007). This means that when it shows negative
values, the loglikelihood which is closest to 0 is the best
fitting distribution. To check the accuracy of the best
fitting distribution the two distributions with the highest
log-likelihood value are plotted in a cumulative
distribution function plot. In the CDF plot the data and
distribution are plotted together, Figure 7: A and B. The
determined best fitting distribution is then used in the SCIpackage, starting with the fitSCI function. This function
estimates the parameters needed for the transformation
of a timeseries to a Standardized Climate Index (SCI)
(Gudmundsson & Stagge, 2016). The input for the fitSCI
function includes the timescale of the calculation, the first
month for which the calculation starts and the best fitted
distribution. The function returns a column matrix
containing the parameters of distribution for each month
13
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(Gudmundsson & Stagge, 2016). With this output the
transformSCI function is used, which transforms the data
to a normal distribution and returns a numeric vector
containing the SCI. This transformation process is shown
for the SPI in Figure 7.

•

raster using the rasterFromXYZ function, resulting in
a SGI raster for each month of 2012, 2014 and 2018.
SSI: For the SSI the three separate regions are not
used, rather the whole study area. The rivers show
discharge signals from their whole catchment area,
also outside of the Netherlands. Therefor it cannot
be linked to the three regions. For the Berkel
catchment the SPI and SSI are calculated, to study if
the relation between SPI and SSI differs for a regional
and international river system.

3.2 Temporal analysis: correlation
To test the relation between the SPI and the other drought
indices the correlation is tested. The Pearson, Spearman
and cross-correlation is tested using R. This is done using
the entire data set of the indices for the three regions,
2008-2019.

Figure 7: Calculation of SPI for the river area. The blue arrows
show the transformation from the gamma distribution to the
normal distribution, getting the SPI index.

For the SPI, SGI, SSI and NDVI the calculation is very
similar, however there are a few differences:
•
To get a monthly timeseries (2008-2019), for each of
the three regions the drought index values are
averaged per region. For SPI this does not apply as
each region has one measurement station.
•
Timescale: For the SGI and SSI the timescale is 1
month. For SPI the timescales used are: 1,3,6,12 and
24 months.
•

SGI: For SGI there are two different approaches. The
SGI is calculated for the groundwater wells and
averaged per region additionally the SGI is also
calculated based on data from the groundwater
model LHM 4.1 (NHI, unpublished data), that covers
the entire study area. This LHM raster data is first
clipped to the three regions using the extract by mask
tool in ArcGIS. The values for each raster are loaded
into R as a data frame. Then the SCI package is used
and the SGI calculated in a data frame. The SGI
calculated from the LHM 4.1 is also needed in a raster
form, for the spatial analysis. As this was only needed
for the years 2012, 2014 and 2018, the bands for the
relevant years were separately extracted in R using
the Raster package. Each band represents one month
of data, these bands are transformed to a data
frame. Then using the SCI package the SGI is
calculated. This data is then transformed back to a

The Pearson correlation evaluates the linear relation
between two indices, the Spearman correlation is used to
identify the correlation between two variables that do not
have a linear relation. When the correlation coefficient is
close to (-)1 there is a perfect relation, close to 0 there is
no relation between the variables. As Kumar et al. (2016)
pointed out, the propagation of precipitation signal to
groundwater is non-linear, so the Spearman correlation is
more appropriate when comparing SPI and SGI. For
comparing the SPI and SSI the Pearson correlation is more
appropriate (Barker et al., 2016). To evaluate the relation
between the SPI and the other drought indices and
compare the correlation coefficients, both the Spearman
and Pearson correlation are determined.
Cross-correlation was also determined, to establish if
there is a lag between two signals. If the correlation is
highest at a point different from 0 lag, then there is a time
delay to the relation between the two variables. The lag is
the number of time periods that separates the two time
series, as all indices are calculated per month, 1 lag is equal
to 1 month. For example precipitation takes a while to
reach groundwater, therefor a lag is expected. If a
significant lag is found at 2 months, this means it takes two
months for the SPI signal to show up int the SGI signal. The
lags for the cross-correlation used in this study vary from 6 to +6 months.

3.3 Spatial analysis: Rasters
For the spatial analysis, rasters are needed that cover the
study area. Interpolation rasters are produced for 2012,
2014 and 2018 based on point data, this is done in ArcGIS.
For SPI, the tool Spline with barriers is used: the barriers
are the borders from the three regions, so that each region
has one measurement point. Using the Spline
14
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interpolation technique the calculated values pass exactly
through the input data (ESRI, n.d.-b). For the SPI this
results in a raster with 3 distinct areas that have one SPI
value.
For the SSI, the area does not cover the whole study area,
so this raster calculation is slightly different. The SSI
locations with the data are interpolated using the IDW
method. The discharge and SSI values vary a lot, so when
using Spline this would result in too high estimations for
areas where there is no data. With IDW the maximum and
minimum values are only reached at the data locations
(ESRI, n.d.-a). This ensures no over-estimation of the SSI
data.
For the NDVI and SGI the raster data was processed in R,
the data was transformed from a data frame back into a
stacked raster. For each year a 12-band raster is produced,
that represents the data per month.
The rasters were all produced per month for the relevant
years. Extra rasters were also produced that only include
the summer months June-August, to compare the indices
specifically during the drought season. The rasters all
follow the extent, cell size and mask of the NDVI rasters,
to ensure the same properties for each raster. For the SSI
rasters this is different as they do not cover the study area.
So, a cell-size, mask and extent were determined and used
for these rasters. To compare the SSI with the SPI, extra
rasters for the SPI were produced that follow the SSI raster
properties.

3.4 Spatial analysis: Relation of indices
To determine the spatial relation between SPI and the
other drought indices a linear regression analysis is
performed, using R. The script NASA PiCo: Pixelwise
Correlation-Based Landscape Classification is used (NASA,
2016). This script allows 2 stacked rasters to be compared
by using simple linear regression. The stacked rasters that
are compared need to have the exact same extent, raster
bands, cell-size and number of cells. These stacked rasters
are transformed to matrices and with these matrices a
simple linear regression is performed between the SPI and
another drought index. From this the R2 is calculated,
these values are put into an empty matrix. This matrix is
then transformed to a raster based on the properties of
the input raster. This raster shows the R2 values of
Gelderland for each cell. The R2 range is between 0-1, a
value close to 1 means that the variation in one variable
can completely be explained by the other variable, in this
case the SPI and another drought index. The output rasters
that are produced are based on one year of data for 2012,

2014 and 2018 and for the summer months of these years.

3.5 Landscape characteristics: ANOVA-test
The drought indices could differ for different geographic
units like: the land-use, soil types or the three regions. This
is especially relevant because of the versatility of the study
area. Geographic characteristics could explain the spatial
distribution of drought as shown by the indices. Therefor
the spatial variability shown by the drought characteristics
is tested using a one-way ANOVA test, in R. For each
geographical unit different groups are determined:
•

Soil: Sand, clay and loam.

•

Land-use: Agriculture, urban area, greenhouse,
nature, wooded area, water and other.

•

Regions: The three regions as defined in chapter
2: Study area and data.

The ANOVA test shows if the means of the groups within
the geographic units are significantly different. This is done
only for the SGI and NDVI, these can be directly related to
the geographical units. The SPI is a meteorological unit and
not related to land-use, regions or soil-type; the SSI is also
not directly related as this shows the signal from the entire
catchment area, also outside the Netherlands.
To do the one-way ANOVA test the SGI and NDVI values
within one group need to be extracted from the rasters,
this is done in ArcGIS. Within ArcGIS polygons are made of
each group, then the values of the rasters that overlap
with these polygons are extracted. These new smaller
rasters of each group are loaded in R and transformed to
data frames. Then the data frames from each group are
combined into one data frame where the drought index
values are linked to a group unit. The aov function is then
used where the SGI or NDVI is a function of a geographical
unit. From this ANOVA test the p-value is calculated, which
shows if the means of each group differ.

15

Chapter 3: Methodology
In a one-way ANOVA test there are two hypotheses:
𝐻0: 𝜇1 = 𝜇 2 = 𝜇 𝑛
𝐻1: 𝜇1 ≠ 𝜇 2
If the p-value is less than α:0.05 then H0 is rejected and H1
is accepted. Which means that not all groups have the
same mean. However, this can still mean that two or more
groups do have a similar mean. To visualize the difference
of SGI and NDVI for each group within a geographic unit,
boxplots are produced. These show the distribution of the
data within each group and show how much the SGI and
NDVI differ per group.
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Results
In this chapter the results are discussed per analysis. The
outstanding findings are described, but these are further
discussed in Chapter 5. The most important or significant
figures are shown in this chapter, the other figures are
shown in Appendix 1 to 6.

4.1 Temporal analysis
4.1.1

Drought indices

The drought indices are calculated for the three main
regions of Gelderland, over the time period 2008-2019,
Figure 8. The range of the drought indices is similar for all
three regions. The median of the indices are around zero,
this is due to the calculation method of the drought
indices; the mean for drought indices based on long term
data is zero (Mckee et al., 1993). The median for the NDVI
is slightly higher for each region and is not around zero.
This is because the NDVI differs from the other drought
indices. NDVI describes the greenness and density of
vegetation. Unlike the other drought indices, negative
values for the NDVI correspond to bare soil, water,
manmade structures etc. and not necessarily to dry
circumstances (USGS, 2020). For the NDVI values that
means that when there is vegetation this will result in a
positive value. Therefor the mean and median of the NDVI
is not zero, but higher. The most notable difference
between the regions is the NDVI for the Achterhoek, which
has a more narrow range than the other regions.

Zooming in to a more dry year:2018, the indices show a
different pattern, Figure 9. There is more variety between
the regions; the Veluwe and Achterhoek have a similar SPI
pattern, which has a negative leaning range. The SPI range
for the River area is still around zero, however the SPI-6
and especially the SPI-24 show a drier median. The SGI
values for both the River area and the Achterhoek show a
more negative (drier) range, for both the groundwater
wells and the LHM 4.1 model. However for the Veluwe the
SGI data shows a more positive (wetter) range. For both
the long term data and the year 2018, Figure 8 and 9, the
SGI based on groundwater wells shows a larger range than
the SGI based on the LHM 4.1 model. Also the medians for
both SGI methods differ, this is especially apparent in the
Veluwe area of 2018. Another difference from the long
term data is the SSI Berkel, which shows a more narrow
and negative range in 2018 and not is similar to the SSI of
Gelderland.

Figure 9: Distribution of drought indices for 2018

4.1.2

Figure 8: Distribution of drought indices for the period 2008-2019

Correlation

The temporal relationship between the SPI and the other
indices is investigated using correlation (Pearson and
Spearman correlation). For the temporal analysis this is
done per region, Figure 10. The figures show a moderate
to high correlation between SPI and SGI and SSI for all
three regions. The correlation for SGI and SPI is highest for
the 3 and 6 month SPI, for SGI based on groundwater wells
and SGI based on LHM 4.1. For the Veluwe region it also
stands out that the relation between SPI and SGI based on
the LHM 4.1 model is low, even though the relation
between SPI and SGI based on groundwater wells is
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moderate to high. The correlation between SPI and SSI is
highest for SPI-3 and is around 0.5 for each region. The
Berkel SSI shows an even higher correlation of 0.65 when
compared to SPI-1 and SPI-3. The correlation between SPI
and NDVI is very low to zero for each region.
There is almost no difference when comparing the Pearson
and Spearman correlation values. The Spearman
correlation for the SGI is slightly lower than the Pearson
correlation, but this difference is at most a few decimals.
Furthermore, no negative correlation is found when
comparing SPI with the other drought indices. Besides the
Pearson and Spearman correlation, the cross-correlation is
also calculated, for lag times ranging from -6 to +6 months.
This was done for each region, the results showed adding
a lag had no effect; the highest correlation for each index
was at 0 lag. This is the case for each index and each
region, see appendix 1.

4.2 Spatial analysis
4.2.3

Drought indices rasters

The temporal data is transformed to spatial data with
rasters for each index covering Gelderland for 2012 (wet
year), 2014 (normal year) and 2018 (dry year). The rasters
in Figure 11 show the distribution for NDVI, SSI, SGI and
SPI-3. SPI-3 is shown as this was the SPI timescale with the
highest correlation to the other drought indices in the
temporal analysis. All other rasters including the entire
years and the year 2012 are shown in Appendix 2, as well
as enlarged versions of the rasters in Figure 11.
The SGI shows a clear pattern, the lower values are found
on the edges of the moraine of the Veluwe and the west
of the river area, where the moraine of the Utrechtse
heuvelrug is located. The higher SGI values are found in the
Veluwe and the plateau in the Achterhoek. For the SPI the
edges of each region are visible, this is due to the use of
the spline with barriers method. Each region has one SPI
value, based on a meteorological station. The NDVI values
are high at the Veluwe and the north eastern part of
Gelderland. The slightly lower NDVI values are found in the
River area and to the south of Gelderland. For the SSI there
is not a clear pattern, the majority of the river area shows
a similar value, however the Twente kanaal (side channel
of the Ijssel) shows a different value. This is due to the
human regulated character of the channel, which is
managed by for example weirs. This causes the SSI value
to be slightly different from the other rivers.
Comparing the rasters for 2014 and 2018, the biggest
similarity is the SGI, the distribution shows a similar
pattern and range. The eastern point of the Achterhoek
does show a slightly higher SGI for 2014. The SPI-3 displays
lower (dry) values for 2018 and for 2014 more average to
wet. When comparing 2014 to 2018 for the SSI values, this
shows a similar pattern as the SPI; higher in 2014 than in
2018. This is also the case for the NDVI, which means a
more green and dense vegetation in 2014. For 2018 the
lowest NDVI values are found in the south and east of
Gelderland. The NDVI also shows a declining trend: the
NDVI value decreases towards the end of the summer.

Figure 10: Pearson and Spearman correlation for each region
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model perfectly. For 2014 the R2 is highest for the NDVI,
which is around 0.5. The highest values are found around
the Veluwe area. The R2 of the SGI values are around 0 to
0.4 and do not show a clear pattern. The highest values are
found in the River area. The R2 of the SSI values is also
around 0 to 0.4 and is highest towards the north of
Gelderland. For the year 2018 the R2 values for the SSI and
SGI are high, up to 0.8 even though the NDVI R2 is low with
a maximum of 0.18. The NDVI also does not show a clear
pattern. This differs from the 2014 data, as the NDVI shows
a high R2 and SGI a low R2, so the opposite of 2018.

Figure 12: R-squared values of SPI with SGI, SSI and NDVI for 2014

Figure 11: Drought indices rasters of Gelderland for summer
months of 2014 and 2018

4.2.4

R2 of rasters

With the Rasters of each drought index, the R-squared (R2)
between SPI and the other indices is investigated. This is
done by comparing the SPI to the other indices of the
entire year 2012, 2014 and 2018 with a simple linear
regression model. Figure 12 and 13 show the highest R2
values of SPI with the other indices for 2014 and 2018 of
Gelderland. The other R2 rasters with different SPI
timescales and for 2012 are shown in Appendix 3. The R2 is
a measure of goodness-of-fit for simple linear regression.
The R2 explains how the variance of SPI explains the
variance of another drought index, the range is between
0-1, at 1 the drought indices follow the linear regression

Figure 13: R-squared values of SPI, SGI and NDVI for 2018
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The R2 rasters for the summer months of 2012, 2014 and
2018, mainly show higher values for each index. This is
partly due to the fact that for the summer months only 3
months (Jun-Aug) are compared, these months show
similar signals contrary to using 12 months of data. The R2
values for the summer months is shown in Appendix 3.

4.2.5 High resolution data Wageningen and
Dieren
Two smaller areas are also investigated: Wageningen and
Dieren, to apply the high resolution NDVI data and to get
a better look at the indices at smaller scale. The high
resolution NDVI for the summer months is shown in Figure
14. The NDVI values for both areas are around 0.5 to 1,
which means that there is green and relatively dense
vegetation. However, for both areas this decreases
towards the end of the summer. For Wageningen the NDVI
decreases mainly around the River area and on the top of
the moraine. For Dieren the NDVI also decreases around
the river and on top of the moraine as well as further in
land in the Achterhoek area.

The other indices are also transformed to high resolution
data for the Wageningen and Dieren area. This is done for
the summer of 2018, see Figure 15 and 16. For both areas
the SPI shows a very dry summer, with SPI values
approaching -3, with July being the driest month. The
borders that are visible in the SPI figures are the regions,
this is due to the use of spline with barriers. The SGI
pattern for both regions does not change over the three
summer months. The pattern shows the SGI values are
lowest on the edges of the moraines. The infiltration areas,
the higher sand soils show a SGI value around 0 to 1. The
normal resolution rasters of Wageningen and Dieren for
the summer months of 2018 and 2012 are shown in
Appendix 4.

Figure 15: High resolution drought indices Dieren

Figure 14: High resolution NDVI for Wageningen and Dieren
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Figure 17: R-squared values of SPI with SGI and NDVI, Dieren

Figure 16: High resolution drought indices Wageningen

4.2.6

R2 rasters Wageningen and Dieren

With the rasters the R2 values were determined, including
the high resolution and “normal” resolution for the
summer months of 2018 and 2012. This was done in the
same way as for the whole of Gelderland, with simple
linear regression. The R2 rasters of all high resolution
indices for 2018 and the regular resolution indices for 2012
and 2018 are shown in Appendix 5.
The highest R2 rasters of SPI with SGI and NDVI for Dieren
and Wageningen are shown in Figure 17 and 18. For Dieren
the SGI and SPI-24 has the highest R2 values. Towards the
east the R2 is almost 1, however near the river and on the
edge of the moraine of the Veluwe the R2 is close to 0. The
NDVI and SPI-3 R2 values also show high values, but do not
show a clear pattern. The R2 values near the river are high
and there is some high R2 scatter throughout the area.

Figure 18: R-squared values of SPI with SGI and NDVI Wageningen

For the Wageningen area the R2 values for SGI and NDVI
are highest with SPI-3. The NDVI R2 values like the Dieren
area do not follow a clear pattern. The R2 values are
highest towards the south of the area, near the river. On
the moraine there is a scatter of high R2 values. The SGI R2
values are highest towards the south as well, near the
river. On the edge of the moraine and river there are low
R2 values that are 0.
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4.3 Geographical characteristics
To test if the geographic characteristics in Gelderland
explain the spatial distribution of drought as shown by the
indices, a one-way Anova test is done. Additionally,
boxplots are made to show the range of SGI and NDVI per
geographical unit. With the Anova test no p-values were
found that are α<0.05. So, in all geographic instances the
H0 hypothesis is rejected, which indicates that the means
of each unit are not the same. This is the case for all years
and each geographic characteristic. The tables for all
ANOVA tests are shown in Appendix 6.

4.3.7

Anova soil type

The different soil types show very different ranges for SGI
and NDVI, Figure 19. The loam soil has a very narrow
range, but this is also due to the fact that the area with
loam soil in Gelderland is limited. This leads to less cells
with drought index values that can be used and therefore
less SGI and NDVI values within the loam soil unit. The clay
and sand soil types are the most common in Gelderland.
From Figure 19 it becomes clear that the median for the
SGI and NDVI values are highest for sandy soil. The
maximum values are also always within the sand soil unit.
The difference among the years is clear for the NDVI
values, these are highest in 2018. The SGI is very similar for
each year, with minor differences in the range.

4.3.8

Anova Land-use types

The different land-use types show different medians for
both SGI and NDVI, see Figure 20. The NDVI values within
the agricultural unit have the highest median and also the
largest range. The build environment (cities, villages etc.)
also shows a big range in NDVI values. The difference for
each year is especially clear for 2018, it has the highest
NDVI values for each unit. Particularly the woods and
natural environment have the highest NDVI values in 2018.
The NDVI values for 2012 and 2014 are quite similar. For
SGI the highest median is the natural environment and
woods unit. The natural environment also has the biggest
range of SGI values. Comparing the years there is very little
difference, the range and values for SGI is almost the
same.
One land-use type stands out with curious NDVI values:
water, as previously explained NDVI values for water are
negative or 0. In Figure 20 these values are similar to the
other land-use types. This is due to the cell size of the NDVI
which is ±5.5 km., so a cell that is classified as a water area,
also includes nearby areas, which do have positive values.

Figure 20: Distribution of SGI and NDVI grouped by land-use
types.
Figure 19: Distribution of SGI and NDVI values grouped by
soil type.
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4.3.9

Anova three regions

The range and medians of the SGI and NDVI differ for each
region, see Figure 21. The NDVI values for the Achterhoek
have the highest mean and smallest range. The NDVI
values of Veluwe and River area are similar, especially in
2014 and 2018. The NDVI values of each region shows little
difference when comparing 2014 and 2018. The SGI values
also show a very similar pattern for each year. The SGI
values and median for the Achterhoek is highest. The river
area has the lowest SGI values.

Figure 21: Distribution of SGI and NDVI values grouped by the
three regions within Gelderland
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Discussion
In this chapter all results from chapter 4 are discussed per
analysis. After, the integrated findings are discussed and
related to the hypothesis and previous research. Findings
for future research and aspects of this research that
should have been considered or done differently are also
discussed.
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Figure 22: SPI-1 to 24 of Veluwe, KNMI station Deelen (Veluwe)

From Figures 8 and 9 the SGI values stood out; the LHM
4.1 data shows a narrower range than the SGI based on
the groundwater wells. For the long-term data, the
medians for both SGI methods are similar but zooming in
to 2018 these medians are different. Which can be
attributed to the differences between values from a model
and actual measurements. The LHM 4.1 model cannot
predict every extremity in groundwater level, while
groundwater wells do show extreme values. Therefore,
the range in the LHM SGI data is smaller and the medians
do not exactly overlap. However, looking at the Veluwe
area the LHM SGI data shows values just above 0, which
does not indicate a drought. This is not what is expected
considering the extreme drought of 2018. The extreme
drought in Gelderland is reported by van den Eertwegh et
al. (2019), who reported lower than average groundwater
levels for Gelderland in 2018. Considering this, low SGI
values were expected, but in this temporal analysis based
on the LHM 4.1 data this is not the case for the overall
data. The research by van den Eertwegh et al. (2019) also
looked at groundwater levels near the Hupsel, situated in
the Achterhoek. Here extreme low groundwater levels
were found for 2018, the SGI was calculated for these
levels which resulted in values of -2, which indicates
extreme drought. This was also found in this research for
individual groundwater wells, however due to taking the
average per region, this signal is not directly shown in
Figure 9. However, this is in contrast to what the LHM 4.1
model shows. Which suggest a possible inaccuracy of the
LHM 4.1 groundwater levels that are used in this study.
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The index values for the dry year 2018 show differences
between the regions and among the indices, contrary to
the long-term data where indices are similar for each
region. The drought indices for 2018 are low, as the 2018
values are the lowest index values within the long-term
data. The SPI-24 stood out as this was the lowest index of
2018 for each region. This can be attributed to the
timescale for which the precipitation values are compared.
For the 24 month SPI timescale, 24 consecutive months of
precipitation data are compared to the same 24 months of
the long term data (Van Loon, 2015; WMO, 2012). SPI
timescales higher than 12 months show long term
precipitation patterns, therefor the SPI-24 usually is
around zero or the long-term average (Van Loon, 2015;
WMO, 2012). But this is not the case for 2018, which
shows that the meteorological drought of 2018 was
extreme. In addition to the 2018 drought, the summer of
2017 and 2019 also showed a decline and low SPI values,
Figure 22. This is contradictory to the positive precipitation
trend that is expected by the KNMI, Figure 4. Therefore it
is more likely that the decline in SPI-24 is the effect of the
24 month timescale and the extremity of 2018 and 2019
compared to the long-term data. The decline in SPI-24
indicates three consecutive dry years which could be
followed by wetter years and so not necessarily point to a
drought trend. However, this does clarify the low SPI-24
values found for 2018 for all regions. Further analysis with
more meteorological data, multiple sites and a longer data
range, is needed to investigate a probability in a declining
precipitation trend.
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5.1 Long term and 2018 drought indices
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The average pattern of the groundwater levels is captured
by the model, but looking into an extreme dry year like
2018 the extreme groundwater levels are not captured. In
section 5.3.1 a comprehensive insight into the LHM 4.1
data and the corresponding SGI values for Gelderland is
explored.

5.2 Temporal correlation
Regarding the correlation between the SPI and the other
indices there is little variation between the Spearman and
Pearson correlation methods. Therefor it is not clear that
the relation between SPI and SGI is non-linear, as was
mentioned before in chapter 3. This is because the
Pearson correlation coefficient (linear) scores the same as
the Spearman correlation.
Both correlation methods show no direct relation between
the SPI and NDVI. This is not as was expected, as
vegetation growth partly depends on precipitation. A
precipitation deficit can cause a soil moisture deficit,
which in turn decreases vegetation growth. Buitink et al.
(2020) found for two separate areas in the Netherlands
that the precipitation deficit during the summer of 2018
caused a decrease in soil moisture. Which also resulted in
the decrease of vegetation indices (VOD and NIRv). This
finding suggests there is a relation between vegetation
growth and precipitation, however in this temporal
analysis this was not found. This can be due to several
different reasons, the most notable is the difference in
definition between the NDVI and SPI. The NDVI unlike the
SPI is not a direct drought index and higher or lower NDVI
values do not directly correspond to a drought. This in turn
can lead to a misrepresentation of vegetation drought and
therefore lead to a lack in correlation. In hindsight a better
reasoning would have been to use NDVI anomaly values,
which will be explained in further detail in section 5.6. In
addition to the difference between the NDVI and SPI, the
data that is used for the correlation covers all years 20082018. This includes drier and wetter years, as well as the
different seasons, most notably the winter season when
vegetation does not grow much. Dry periods in winter do
not propagate into vegetation drought, as vegetation is
not present or does not grow. Additionally, the values of
each index are averaged per region for the temporal
analysis, it could be that natural areas with dense
vegetation like the Veluwe outweigh areas that do show
vegetation drought. This would explain that the natural
propagation of meteorological drought to vegetation
drought is not witnessed in this analysis and why the
correlation is very low.
Another possible explanation for the lack of correlation is

the use of irrigation, however this is highly unlikely. On
agricultural lands, meadows and gardens people irrigate
the land, to counteract dry circumstances. This would lead
to a different propagation of drought, as meteorological
drought would not have the expected negative influence
on vegetation growth. However, the Veluwe area is a
mostly wooded and natural area, which does not include
irrigated areas, so a lack in correlation is not expected even
though the opposite is true. In addition the research by
(Buitink et al., 2020) also did not show effects of irrigation.
So, if there is an effect of irrigation this is expected to be
minimal.
The correlation for SGI corresponds to SPI-6, for SSI this is
SPI-3. The correlation values are moderate to high and
could indicate a propagation of meteorological drought to
streamflow and groundwater drought of respectively 3
and 6 months. However, it should be noted that this data
is averaged per region and could show a different
correlation in the spatial analysis. Due to local differences
in geology and soil types, the correlation values could be
linked to different SPI accumulation periods.
Zooming in to the correlation between the SPI and SSI of
the Berkel, this is higher than for the SSI of the entire river
area. This was expected as the Berkel is a regional system,
which shows regional signals which are similar to the SPI
of that region. The SSI of the entire river area includes
signals from the entire catchment, which do not
necessarily correspond to the meteorological signal of the
Achterhoek region.

5.3 Spatial analysis
5.3.1

LHM 4.1 data

As mentioned in section 5.1, the temporal analysis
indicated that the LHM 4.1 SGI data seems to not show the
extremity of the 2018 drought. This is also visible in the
spatial analysis, the SGI rasters of 2014 and 2018, Figure
11, do not show many differences. To enhance the
visualization of the differences between the groundwater
levels, two rasters are subtracted, the groundwater levels
from July 2014 and 2018, Figure 23. This shows that there
are differences between the groundwater levels of
different months and years. However, the differences are
minimal especially considering the extreme drought of
2018.
A remarkable difference is shown for the Veluwe, where
the groundwater levels show an increase for 2018. The
aquifer of the Veluwe has a depth of about 200 meters
(van Engelenburg et al., 2018) and is a slowly responding
system (Kumar et al., 2016). Therefor it could be that the
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drought signal is attenuated and delayed and the
groundwater levels of the Veluwe will respond with delay.
However, this is in contrast to the findings of van den
Eertwegh et al. (2019), who found already declining
groundwater levels in the Veluwe in April of 2018,
compared to the long term average (using LHM 3.4).
Which is in line with the findings in this research of the
groundwater level data from wells on the Veluwe. In
addition the groundwater levels used by van den Eertwegh
et al. (2019) show a decline in groundwater level, while the
LHM 4.1 data shows an increase at the Veluwe, Figure 23.
This is in line with what is reported by van Engelenburg et
al. (2018), who found that the groundwater levels of
Veluwe aquifer will rise with the projected climate
scenario´s, despite the occurrence of summer drynessdrought. This prediction is also in line with what is
reported by Janssen et al. (2020), the LHM 4.1 model
differs from its predecessor 3.4 in the prediction of big
aquifers. In LHM 3.4 the calculation showed dry
circumstances, in the LHM 4.1 these areas are calculated
as wet. This is due to the use of new subsurface data,
which included an increased transmissivity for the
moraine areas (Janssen et al., 2020) . However, taking this
into account the groundwater wells used in this research
did show lower groundwater levels for the Veluwe, which
is contradicting to the findings of the LHM 4.1 model.
Therefore the LHM data and in turn the SGI data can be
questioned on its reliability in extreme circumstances. The
NHI (Dutch hydrologic instrument) provided the following
information: This data is under construction, which is why
there are still some small uncertainties with the data
which will be resolved in the 35 year run of the model.
However, the data used in this research did not include the

entire 35 year run, as it was still in development.
The overall pattern of groundwater levels within
Gelderland does follow the expected dynamic. Lower lying
areas like the Achterhoek and River area show small
differences which correspond to what is found by (van den
Eertwegh et al., 2019). Nonetheless the groundwater
levels in Figure 23, show a smaller difference in
groundwater level than is expected. This can also be
attributed to the fact that the groundwater levels were
averaged per month, which would mean the extremes
were diminished. In addition, the data provided by NHI
was a time series of 2010-2018 for the entire Netherlands.
This could have added to the fact that a more detailed
groundwater level pattern is not visualized for the
complex systems within Gelderland. Additionally with the
calculation of the SGI a logarithmic distribution is chosen
to transform the groundwater level data to the normal
distributed SGI. This distribution is chosen as the data
followed this distribution the most accurately, Figure 24.
However, not the entire dataset is represented by this
distribution, especially considering the lower groundwater
levels of the dataset, Figure 24. Therefore, the distribution
also influences the SGI values as some of the lower
groundwater levels are excluded. Which would explain
why the SGI does not show the extreme values of the 2018
drought.
Taking all of this information into account the data does
show the overall pattern of groundwater levels
throughout Gelderland, however the extremity of 2018 is
not entirely captured by the SGI. This is especially the case
for the groundwater levels of the moraines (Veluwe and
Achterhoek plateau) these do not correspond to

Figure 23: Groundwater level differences between July 2014 and July 2018, based on LHM 4.1 data.
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groundwater well levels and previous research and
therefore should be questioned.

Figure 24: Cumulative distribution function of groundwater levels
from LHM 4.1, with the logarithmic distribution

5.4 Linear regression
5.4.2

Gelderland

Regarding the linear regression analysis a more detailed
spatial relation elaborating on the temporal correlation,
between the indices is found, for the years 2012, 2014 and
2018. The first most notable difference with the temporal
analysis is the relation between NDVI and SPI. The 2014 R2
values are high for all SPI timescales but especially for the
3 month timescale, even though in the temporal analysis
no relation between SPI and NDVI was found. However,
the NDVI and SPI relation for 2012 and 2018 is low, similar
to the temporal analysis. Although comparing the SPI and
NDVI for only the summer months the R2 values of the
NDVI and SPI approach 1, for all SPI timescales, see
Appendix 3. This implies that there is a relation between
SPI and NDVI and suggests that the low correlation values
in the temporal analysis might be due to using the entire
data range. As mentioned in section 5.1, this also includes
the non-growth season and probably influences the
relation of SPI and NDVI. The highest R 2 values are
between SPI-3 and NDVI for the summer months of 2018.
This can be explained by the extreme drought of 2018,
which resulted in wide spread vegetation drought. For
2012 and 2014 the drought in the summer months was
less extreme and the vegetation drought did not cover the
entirety of Gelderland. In 2018 the extreme drought
resulted in vegetation drought effects for the majority of
Gelderland, also shown in NDVI rasters in Appendix 2.
Considering that for the summer months the SPI and NDVI
R2 values are high for each SPI timescale and in each year,
a relation between the two is established. The highest R 2

values belong to the SPI-3, so the propagation from
meteorological drought to vegetation drought in summer
months is best described by the 3 month timescale.
However, as the R2 values considering the entire years do
not show a clear relation between the SPI and NDVI
further research is needed to confirm a direct relation
between the meteorological drought and vegetation
drought. This should be analysed using NDVI anomalies as
well, as this is more in line with the workings of SPI,
explained in detail in section 5.6.
Regarding the regression analysis for the SGI and SPI no
clear pattern is found. The SGI and SPI R2 values differ per
year and also do not show a coherent pattern within
Gelderland. This is remarkable as the SGI values do show a
clear pattern, the SGI values at the moraine are high while
the edges show low values, but this does not correspond
to the R2 values. Which is significant as the SPI values do
not show a pattern, the SPI is same within each region. The
most noticeable difference is low R2 values for SGI and SPI
in 2012, moderate to low in 2014 and high in 2018. As
mentioned before, the SGI values based on LHM 4.1 do not
show the extremity of the 2018 drought. Therefore, the R 2
values of SPI and SGI for 2018 were expected to be low,
but the opposite is true. In addition, as the LHM 4.1 data
does show the pattern of groundwater levels throughout
Gelderland a stronger relation between the SPI and SGI
was expected. One possible explanation is that the
propagation between SPI to SGI is not linear, which would
explain low R2 values as this is based on simple linear
regression. This would also explain the contradicting
findings and the lack of a clear pattern of R2 values. Within
Gelderland there are complex aquifer systems, in the
Veluwe and at the Achterhoek plateau. These moraine
systems include impermeable clay layers, which
constitutes complex groundwater flow patterns. These
complex systems could be the cause of delayed and
nonlinear relation between the SPI and SGI. However,
Bloomfield and Marchant (2013) studied the relation
between SPI and SGI for 14 sites with a range of different
aquifers characteristics. They found a positive linear
correlation the SGI and SPI for all sites. Kumar et al. (2016)
found a strong correlation between longer timescale SPI
and SGI for wells at deeper aquifers, which also included
wells in Gelderland. They did however conclude that the
relation included considerable noise, which might have
been due to the role of land-surface and hydro-geological
properties, including aquifer characteristics. Based on the
finding of these two papers it is expected that there will be
a relation between the SPI and SGI and the low R2 values
found in this study could be explained by the non-linearity
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of the relation. However, based on the results of this study
and considering the research by Bloomfield and Marchant
(2013) and Kumar et al. (2016) it can be concluded that
based on these outcomes there is no direct relation
between SGI and SPI. However, looking at the R2 values of
SPI and SGI for only the summer months they do show high
values. On the other hand, it should be noted this only
includes 3 months of data, therefor the comparison is less
strong than for an entire year. 3 summer months do not
show many differences between them, which can cause a
higher R2 value as the signals show a similar pattern. So,
based only on the high R2 values for the summer months
no direct relation between the SPI and SGI is established.
The R2 rasters between SSI and SPI show a different
pattern. The R2 between SSI and SPI are highest for SPI-3,
this is the case for all years, including only the summer
months. Comparing the values for each year the 2018 R2
values are highest and 2012 and 2014 are lower but show
the same pattern. This can be explained by the extreme
drought of 2018, which occurred all over the north-west of
Europe (WWA, 2020). This would lead to a similar drought
signal for the whole catchment of the Rhine, which in turn
corresponds to the local drought signals of Gelderland.
This in turn leads to a stronger relation between SPI and
SSI. This is also one cause for the higher R2 values when
only considering the summer months. The R 2 values for
2012 and 2014 are moderate to low, which might be due
to the drought signal of the entire catchment not
overlapping with the precipitation signal of Gelderland. So,
there is a relation between SSI and SPI, which is stronger
in dry years where the drought signal is present in the
whole catchment. A regional system would show a
stronger relation between SPI and SSI, as the streamflow
and precipitation signals are within that one region. This
was also observed in the temporal relation analysis of the
Berkel catchment. This can be further investigated in
future research by focusing on drought indices within a
smaller regional system.

5.4.3

Focus areas: Wageningen and Dieren

Zooming in to the areas of Wageningen and Dieren more
detailed and high resolution NDVI data is shown. Both
areas show a similar pattern in the decline of NDVI during
the summer of 2018. The NDVI declines on the moraine of
the Veluwe. These moraine areas include sandy soils
where water infiltrates quickly and is not retained. So
during an extended drought like 2018 there is not enough
water to sustain the vegetation and the density decreases.
Directly to the north of the Rhine in Wageningen the NDVI
is still relatively high in August. This area is a lower lying
area with influence from the river. This area still has access

to groundwater from the river and/or from the moraine.
For Dieren the middle of the area is known for its
agriculture (part of the Achterhoek). Which would explain
the areas with intact NDVI values in August, as these areas
are irrigated to mitigate drought and ensure crop growth.
Considering the linear regression for both Wageningen
and Dieren the R2 values show high values for both SGI and
NDVI compared to SPI. For Dieren the SPI-24 and SGI show
the highest R2 values, Figure 17. This might be due to the
SGI data, as explained in section 5.3.1, the SGI shows the
pattern of groundwater levels but not the dynamics. This
might be the reason the SPI-24 compared to the SGI shows
high R2 values, as the SPI-24 shows long term precipitation
patterns. This would lead to a better relation between the
two indices. In addition the clear pattern that shows very
low R2 values near the river and on the edges of the
moraine is possibly also explained by the workings of the
LHM 4.1 data. The LHM model shows this pattern
throughout Gelderland: lower groundwater values on the
edges of the moraine. Zooming in to Dieren and
Wageningen the more detailed dynamics of the
groundwater levels is complex. This complexity is not
captured by the LHM 4.1 model, so in future research a
more detailed regional model should be used for detailed
analysis of SGI values. Regional models like MIPWA were
also used by (van den Eertwegh et al., 2019), which are
recommended for a more detailed analysis. For
Wageningen the R2 values of SPI and SGI show a similar
pattern as Dieren, Figure 18. The lower values are found
on the edges of the moraine where the groundwater
dynamics are more complex. However, the SPI and SGI of
Wageningen show high R2 values for 3 month SPI
timescale. From these outcomes not a definite relation
between an SPI timescale and SGI is found. From
timescale SPI-3 onward high R2 values are found when
compared to the SGI for both Wageningen and Dieren.
Hence the high R2 values between the SPI and SGI suggest
a direct relation, but the low R2 values on and on the edges
of the moraine could imply that this is not a linear relation.
Additionally only the summer months are taken into
account in these focus areas, therefore a definite relation
between the two cannot be concluded.
Regarding the R2 values between the SPI and NDVI a more
clear relation is found. Both Wageningen and Dieren show
the highest R2 values between SPI-3 and NDVI and with a
similar pattern. Other SPI timescales also show high R2
values, but the 3 month timescale shows the highest
overall relation. This is in line with the findings for
Gelderland, where the highest R2 values were also found
between the SPI 3 month timescale and NDVI.
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5.5 Geographic characteristics
The ANOVA test for the different geographical
characteristics showed no p-values higher than 0.05.
Which concludes that the means of the different units of a
geographical characteristic are not similar. This highlights
the fact that geographical characteristics play a part in the
distribution of groundwater and vegetation drought.
Different units show different drought ranges and means,
which attributes to the drought pattern of the SGI and
NDVI throughout Gelderland.
The SGI and NDVI values ordered by soil types, show a
lower index value for clay than sand. Clay soils within
Gelderland are mostly found in the lower lying areas
around the rivers, whereas sand soils are mainly found in
the higher areas of the Achterhoek and Veluwe. The higher
NDVI values for sandy soils might be explained by the fact
that wooded and natural areas (with denser vegetation
and a higher NDVI) are found mostly on sand soils, like the
Veluwe area (Figure 2C, land-use). The natural areas
around rivers are mainly agricultural land like meadows,
which have less dense vegetation and thus results in a
lower NDVI value. However, it is notable that there is an
increase in NDVI for sand soils in 2018 compared to 2012
and 2014. This is in contrast to what is reported by Witte
, van Deijl, and van den Eertwegh (2020) they found
negative to extremely negative effects on vegetation for
sand soils in the Netherlands. The reason for the increase
in NDVI for 2018, might be due to the use of NDVI values
for the whole of 2018. NDVI for the whole year of 2018
might not show the extremity of the summer drought of
2018.
The SGI values are also highest for sandy soils this can be
explained by the LHM model, which showed very limited
difference for the big aquifers of the moraines. According
to the report by van den Eertwegh et al. (2019) the
groundwater values of the Veluwe and the plateau
showed extreme drought in 2018 compared to the long
term average (30 years). Therefor the high SGI values
found in this study for sand soils are mostly due the LHM
data, which seems to show an incorrect dynamic for
extreme dry circumstances in the summer of 2018.
Regarding the land-use types, the NDVI values are highest
within the agricultural unit. Which can be explained by
farmers trying to ensure perfect growing conditions by
using for example irrigation. However, in 2018 the wooded
and natural areas also show higher NDVI values. This might
be due to the increase in radiation and amount of sun,
which was higher than normal in 2018 (Philip et al., 2020).
This could have caused an increase in vegetation growth

when there was enough water available, for example in
spring. This in combination with the averaging over the
entire year shows an increase in NDVI instead of the
expected decrease. Zooming in to one summer month, the
NDVI values are expected to be lower for all land-use types
compared to 2012 and 2014, except the agricultural unit,
as irrigation is still used. For SGI, the natural and wooded
areas show higher values for all years. This might be due
to the location of these natural and wooded areas, which
are mainly located on or near the moraines. Which have
bigger aquifers and deeper groundwater, which is why
drought signals do not always propagate to these areas in
the LHM model. Which results in SGI values being higher
in those areas.
For the three regions, the river area has the lowest SGI and
NDVI values. The river area corresponds largely to the clay
soils, so this pattern is similar as the soil types. The
Achterhoek shows the highest NDVI and SGI values. This
does not correspond to other findings from previous
research, van den Eertwegh et al. (2019) found very low
NDVI and SGI values for the Hupsel which is located in the
Achterhoek. Which suggests that a similar signal should
have be found in this research, however the opposite is
true. The high NDVI values might be attributed to the
averaging of one year and for each region. The presence of
wooded and natural areas and the largely present
agriculture, might influence the NDVI results for the
Achterhoek.

5.6 Recommendations, reexamination and
future research
Based on the discussed findings in this research a relation
between SPI & SSI and SPI & NDVI is found. However, more
research is needed to determine the exact nature of this
relation and how geological characteristics influence this
relation. This is in line with the hypothesis as it was
expected a relation between meteorological drought and
hydrological and vegetation was present. However, for the
NDVI no definite conclusion can be made in the nature of
its relation to the SPI, as conflicting results are found in this
research. In addition, other climate types, ecosystems and
geological characteristics could render a different relation
as vegetation drought is dependent on these factors.
However, considering the variability of Gelderland a
similar result is expected for other areas in the
Netherlands. Though it is recommended to analyze the
relation between meteorological and vegetation drought
with a focus on the growth season. If a relation is found it
explains the low relation found in this research looking at
one year of data.
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The relation between meteorological drought and
streamflow drought is established in this research. In both
the temporal and spatial analysis, a clear relation was
found. The relation found for the regional system of the
Berkel strengthens the acknowledged relation between
meteorological drought and streamflow drought.
However, as the spatial analysis of this study did not
include a regional system the relation cannot be
confirmed, but this gives a first confirmation into the
relation. In this study extensive streamflow data from
waterboards was not used, which could have given more
insight into regional systems. This is due to limitations in
the available data, not all waterboards in Gelderland could
provide data. In addition, data that was available consists
mostly of discharge data linked to weirs, which influence
the data. When a weir is up, there is no discharge
measurement even though there might be discharge. This
is especially limiting in drought periods, which are
important in this research. Data for Gelderland wide
streamflow of smaller streams was not available or limited
so therefore the choice was made to focus on the bigger
rivers in Gelderland.
The findings regarding the meteorological and streamflow
relation applies to Gelderland, other areas with different
climate systems, geomorphology, soil structure and soil
types could depict a different relation. Especially colder
climate types with a distinct snow season, the
meteorological signal then does not propagate to a
streamflow signal. The effects of seasonality (snow
accumulation) is not accounted in the SPI, therefore the
response from meteorological to streamflow signal cannot
be derived from precipitation data alone (Van Loon et al.,
2014). Taking this in consideration the findings from this
study are expected to show a similar relation for other
areas of the Netherlands.

how these characteristics influence these signals is not
investigated in this study. Therefore, it is recommended
for future research to look into catchment characteristics
and how these influence drought propagation. This is
especially relevant in the case of groundwater and
streamflow drought. More insight into the complex
groundwater systems will also develop better insight into
how meteorological signals propagate to complex
aquifers.
Reexamination of the outcomes and process of this
research lead to a new insight into the chosen approach.
In hindsight an alternative approach in some cases would
have improved this study. The first being the use of NDVI,
the NDVI does not directly convey drought circumstances
therefore a better approach would be to use NDVI
anomalies. This leads to the anomalies showing drought or
wet circumstances by comparing the values to the long
term mean. This causes a better insight to drought or wet
circumstances which can be related to the other drought
indices.
Another notable difference would be the use of the LHM
4.1 model. For the focus areas another model should have
been used that captures the local differences. In addition,
the SGI values do not show the drought extremity of 2018,
which is important in this research. Therefore, it is
recommended to investigate the distribution used for the
calculation of the SGI. Additionally, the LHM model might
be used in combination with actual groundwater level
observations, to ensure proper groundwater level data.

Regarding the SGI findings in this research a relation is
expected, but this is not verified in this research as there
is some uncertainty regarding the LHM data used.
Therefore, it is recommended to explore the groundwater
drought in relation to meteorological in more detail.
Future research could look into the calculation of SGI and
how the chosen distribution influences the SGI outcomes.
In addition future research could explore a smaller region
like one catchment and use a regional groundwater model
like MIPWA. In addition, more knowledge is needed
regarding geological aquifer characteristics and how they
influence drought propagation.
From the geographical characteristics analysis, it is
confirmed that differences in land-use and soil types
influence groundwater and vegetation signals. However,
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Conclusion
The objective of this research was to investigate what the
relation is between meteorological drought and
subsequently the hydrological and vegetation drought. In
this study a relation between the different drought types
was found. Especially apparent was the relation between
the meteorological drought to the streamflow drought. To
a lesser extent the vegetation and groundwater drought
also showed some relation to the meteorological drought,
however more research is needed to confirm this. The
outcome for this research follows from the three different
analysis which correspond to the sub-questions of this
research.
1.

Zooming in to two areas, Wageningen and Dieren, an
indication for a relation between meteorological and the
vegetation and groundwater drought is also found.
However, this also only included the summer months.
The meteorological and vegetation relation showed a
similar pattern for both areas, while the groundwater did
not. In addition, no regional groundwater model data is
used, which means that local complexities in
groundwater levels are not captured. This suggests a
relation between the meteorological and vegetation
drought, but not necessarily between the meteorological
and groundwater drought.

What is the temporal relation between the different
types of drought?
In the temporal analysis the relation between the
meteorological drought and streamflow drought stood
out. Especially considering the streamflow data from the
Berkel catchment, which showed high correlation values.
This is mainly due to the Berkel catchment being a
regional system which includes similar drought signals as
shown by the meteorological signal. The groundwater
drought also showed a relation with the meteorological
drought, for both the groundwater wells and the LHM
groundwater level data. The NDVI on the other hand
showed no relation to the meteorological drought. This
can be attributed to the fact that the NDVI is not a direct
drought indicator, like the other indices. Therefore,
lower values cannot directly be attributed to drought
signals. In addition taking the average per region could
have also dampened the correlation. This average per
region has also influenced other indices.

2.

However, no clear pattern is displayed, which might be
due to the relation being non-linear. In addition, the
summer months only include 3 months of data. In the
regression analysis this would yield a higher R2 value,
therefore a relation between the meteorological drought
and vegetation and groundwater drought cannot be
confirmed.

What is the spatial relation between the different types
of drought?
The spatial relation between the different drought types
was tested using simple linear regression. This resulted
in a clear relation between meteorological drought and
streamflow drought, which supports the relation found
in the temporal analysis. The relation between the
meteorological
drought
and
vegetation
and
groundwater drought is a bit more complex.
Contradicting results were found in different years.
However, when focusing on the summer months, which
is part of the vegetation growth season, the variation in
vegetation can be explained by the SPI. Regarding the
summer months this also shows a relation between the
meteorological drought and groundwater drought.

3.

Can the spatial patterns of hydrological and vegetation
drought be explained with geographic characteristics?
The spatial pattern as shown by the indices can be
explained by the soil and land-use types. Different soil
types show different SGI and NDVI values. Sandy soils
show higher NDVI values, which corresponds to more
natural and wooded areas being present on sandy soil,
for example the Veluwe area. The SGI values are also
higher, which is due to the LHM groundwater level data
used, this model predicts an increase in groundwater
levels for the aquifers at the moraines. These areas
correspond to the sandy soils. The different land-use
types show higher NDVI values corresponding to the
agricultural areas and wooded areas. The agricultural
areas show high vegetation values which is explained by
farmers ensuring good growing conditions by using for
example irrigation.
This study gives a first insight into the drought propagation
on multiple levels for the Netherlands. Although regional
dynamics and complex aquifer systems can influence the
relation in a local situation, a direct relation is expected
between meteorological and hydrological (streamflow)
drought. A direct relation is also expected between
meteorological and vegetation drought; however this
cannot definitely be concluded with this research. The
relation between the meteorological and groundwater
drought is more complex and is expected to be non-linear,
31

Chapter 6: Conclusion
but this cannot be confirmed with this study. These new
insights into the relation between the different drought
types can help in understanding the drought propagation
and help mitigate drought effects for the Netherlands.
Future research can hopefully strengthen the conclusions
of the drought propagation leading to better insight and
better mitigation of drought.
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