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Summary

In this report the hydrological response to multiyear droughts has been researched. Long-term
droughts have resulted in an increase in tree die-off in affected areas. As the hydrological response
is related to the vegetation in a catchment, it is of interest to find out whether catchment response
regarding rainfall-runoff is different after a long-term drought relative to the situation before the
drought. It is important to know this, because a good prediction of water availability is required for
making decisions regarding water resources.

The research is conducted in Australia, where a long-term drought took place from 1997 up to 2008.
The two research questions that have been investigated during this research are:

• Is there a change in runoff ratio (the fraction of precipitation that becomes runoff) in catch-
ments after a long-term drought relative to the situation before the drought?

• Is there a change in the root-zone storage capacity (the amount of storage available in the
root-zone of the soil) determined with the mass curve technique following a multiyear drought?

In this research, the runoff ratio observed after the drought has been compared to the runoff ratio
before the drought. This is done to determine whether a change has taken place in the rainfall-
runoff relationship of the catchment.

In the catchments where the rainfall-runoff relationship shows a change from the situation be-
fore the drought, a decrease in runoff ratio is mostly observed. In 54 out of the 196 analyzed catch-
ments, the runoff ratio is lower than the 10 percentile of the runoff ratio before the drought. In 27
catchments, the runoff ratio after the drought is above the 90 percentile of the runoff ratio before
drought. In most of the studied catchments no clear difference in the rainfall-runoff relationship
can be found due to a long-term drought.

Factors that were found to play a role in the differences between the responses to a drought were
the drought severity, which is a combination of the drought length and the intensity of the drought,
and the seasonality of the precipitation. Catchments that had an increase in runoff ratio were more
likely to have a longer drought period and a summer-based precipitation pattern.

For the second research question, the root-zone storage capacities have been determined using an
earlier derived mass curve technique method, combined with a method that has been developed for
recovering ecosystems. In order to compare root-zone storage capacities before and after a drought,
a variable is introduced that describes the differences between the values for the root-zone storage
capacities before and after the drought.

Catchments that showed an increase in the runoff ratio were also more likely to have a nega-
tive change in the root-zone storage capacity. This indicates that the root-zone storage capacity
decreases in catchments that show an increase in the runoff ratio after drought.

v





Contents

List of Figures ix

List of Tables xi

List of Abbreviations and Symbols xiii

1 Introduction 1

1.1 Catchment response to drought. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.2 Research goal and questions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3
1.3 Relevance . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

2 Theoretical background 5

2.1 Droughts . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
2.1.1 Drought indices. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
2.1.2 Droughts in Australia . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

2.2 Budyko framework . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6
2.3 Change detection. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7
2.4 Root-zone storage capacity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8

3 Research area and data 9

3.1 Catchments . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
3.2 Data . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

3.2.1 Climatic data . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
3.2.2 Testing climatic data validity. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
3.2.3 Land use and land cover data . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
3.2.4 Climatic zones . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
3.2.5 Additional spatial datasets . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

4 Methodology 15

4.1 Approach . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15
4.2 Drought . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

4.2.1 Drought index. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15
4.2.2 Timeseries. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

4.3 Methods for change detection in rainfall-runoff . . . . . . . . . . . . . . . . . . . . . . 17
4.3.1 Basic idea . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17
4.3.2 Expectations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18
4.3.3 Sampling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18
4.3.4 Determination of ω . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19
4.3.5 Empirical distribution of ω . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20
4.3.6 Factors relating to change in rainfall-runoff . . . . . . . . . . . . . . . . . . . . 21

4.4 Methods for determining change in the root-zone storage capacity . . . . . . . . . . . 22
4.4.1 Bucket model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23
4.4.2 Determination of fluxes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23
4.4.3 Interception capacity. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25
4.4.4 Yearly deficit . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25

vii



viii Contents

4.4.5 Long-term root-zone storage capacity . . . . . . . . . . . . . . . . . . . . . . . 26
4.4.6 Recovery of root-zone storage capacity . . . . . . . . . . . . . . . . . . . . . . . 26
4.4.7 Identification of change in root-zone storage capacity . . . . . . . . . . . . . . 27

5 Results 29
5.1 Drought identification . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29
5.2 Results of detecting rainfall-runoff change . . . . . . . . . . . . . . . . . . . . . . . . . 30

5.2.1 Distribution of change rainfall-runoff relationship . . . . . . . . . . . . . . . . 30
5.2.2 Changes in rainfall-runoff in Budyko framework . . . . . . . . . . . . . . . . . 32
5.2.3 Investigation of factors affecting a change in rainfall-runoff . . . . . . . . . . . 35

5.3 Results of detecting root-zone storage capacity change . . . . . . . . . . . . . . . . . . 41
5.3.1 Pre-drought root-zone storage capacity . . . . . . . . . . . . . . . . . . . . . . 41
5.3.2 Change in root-zone storage capacity. . . . . . . . . . . . . . . . . . . . . . . . 41

5.4 Combined results. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44

6 Discussion 47
6.1 Drought detection . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47
6.2 Rainfall-runoff relationship . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47

6.2.1 Difference in response between short and long sample lengths . . . . . . . . . 48
6.2.2 Reasons for changing rainfall-runoff relationship . . . . . . . . . . . . . . . . . 48
6.2.3 Rainfall-runoff change methodology . . . . . . . . . . . . . . . . . . . . . . . . 49
6.2.4 Factors relating to change . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50

6.3 Root-zone storage recovery . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51

7 Conclusions 55

Bibliography 57

A Additional climatic condition plots 63

B Additional Land Use / Land Cover plots 65

C Comparison with Jaramillo 67

D Uncertainty of ω 69

E Python code 75



List of Figures

2.1 The Budyko framework, with the energy and water limit displayed . . . . . . . . . . . . 7

3.1 The location of all the different catchments of the Hydrologic Reference Stations. Data
from Zhang et al. (2016) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10

3.2 All the HRS catchments displayed in the Budyko framework . . . . . . . . . . . . . . . . 11
3.3 Fraction of irrigated area for each catchment. Data: Australia Government Depart-

ment of Agriculture (2016) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
3.4 Fraction of forest covered area for each catchment. Data is from Australian Govern-

ment Department of the Environment and Energy (2018) . . . . . . . . . . . . . . . . . 13
3.5 Fraction of eucalypt covered area for each catchment. Data is from Australian Govern-

ment Department of the Environment and Energy (2018) . . . . . . . . . . . . . . . . . 13

4.1 SPEI comparison for an accumulation period of 12 and 36 months for station 405209.
The dashed black line is the drought limit of -0.5. . . . . . . . . . . . . . . . . . . . . . . 16

4.2 The Budyko framework for different values of ω . . . . . . . . . . . . . . . . . . . . . . . 18
4.3 The empirical cumulative distribution of ω values for catchment 405209. In this case

the sample length is 5 years. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20
4.4 The Budyko framework for catchment 405209. In this case, the Fu equation is dis-

played for the median value of ω as well as for the 5 and 95 percentiles of ω . . . . . . 21
4.5 Basic display of the used model for the root-zone storage determination . . . . . . . . 23
4.6 The yearly deficit for a catchment . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25
4.7 The monthly estimated transpiration after the drought for catchment 405209 using a

water balance of (a) 2 years and (b) 3 years . . . . . . . . . . . . . . . . . . . . . . . . . . 28

5.1 The distribution of the longest determined drought durations for the 196 catchments
used in the analysis. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29

5.2 Distribution of F (ωa f ter ) for different sample years . . . . . . . . . . . . . . . . . . . . . 31
5.3 Correlation of F (ωa f ter ) for different sample lengths using the Pearson correlation co-

efficient. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32
5.4 Changes within the Budyko framework before and after the drought for catchments

with a value of F (ωa f ter ) < 0.1. The arrow displays the change. The sample length is 5
years. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33

5.5 Changes within the Budyko framework before and after the drought for catchments
with a value of F (ωa f ter ) > 0.9. The arrow displays the change. The sample length is 5
years. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33

5.6 F (ωa f ter ) versus the change in evaporative index in case of a sample length of 5 years.
Each blue dot represents a catchment. A negative change in evaporative index indi-
cates a decrease in evaporative index over the drought period, while a positive value
indicates that the evaporative index has increased. . . . . . . . . . . . . . . . . . . . . . 34

5.7 The drought severity for the different groups of F (ωa f ter ) . . . . . . . . . . . . . . . . . 36
5.8 Mean SPEI after the drought . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37
5.9 Aridity index before the drought . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38
5.10 Boxplot climate zones . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38

ix



x List of Figures

5.11 Violinplot Seasonality Timing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39
5.12 Violinplot for forest cover . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40
5.13 Difference in NDVI . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41
5.14 Histogram for the determined values of the pre-drought SR . . . . . . . . . . . . . . . . 42
5.15 The spatial distribution of SR . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42
5.16 Histogram for the determined values of ∆SR,1yr . . . . . . . . . . . . . . . . . . . . . . . 43
5.17 The spatial distribution of ∆SR,1yr . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43
5.18 Violinplot linking the found value of SR with the changes found in the rainfall-runoff

relationship . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44
5.19 Violinplot linking the changes found in the rainfall-runoff relationship to the change

in root-zone storage capacity. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45

6.1 ∆SR,1yr compared to a relative change of NDVI. A negative value of ∆SR,1yr indicates
a decrease in the root-zone storage capacity over the drought period, while a positive
value indicates an increase. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52

6.2 Comparison for SR,1yr for differing values of Imax . . . . . . . . . . . . . . . . . . . . . . 53

A.1 Violinplot comparing the drought intensity for the three different groups . . . . . . . . 63
A.2 Violinplot comparing the drought length for the three different groups . . . . . . . . . 64
A.3 Violinplot comparing the seasonality index for the three different groups . . . . . . . . 64

B.1 Violinplot comparing the fraction of the catchment covered by Eucalypt trees for the
three different groups . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65

B.2 Violinplot comparing the max fraction of burned area in a month for the three differ-
ent catchments . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66

C.1 Comparison between results of the method used in this research vs. method used by
Jaramillo and Destouni . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67



List of Tables

2.1 Drought indices . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

3.1 Climatic zones present in Australia . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

5.1 The three groups that are used in the analysis, with the number of catchments that are
in each group. The number of catchments is based on a sample length of 5 years. . . . 32

5.2 Change in evaporative index over the drought period . . . . . . . . . . . . . . . . . . . . 35
5.3 Statistics for the value of ∆r N DV I for the different groups of F (ωa f ter ) . . . . . . . . . 40
5.4 Statistics for the value of ∆SR,1yr . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44
5.5 Statistics for the value of ∆SR,1yr for the different groups of F (ωa f ter ) . . . . . . . . . . 45

D.1 The values for ω at the 5 and 95 percentile and the difference between these two for a
sample length of 1 year and 7 years. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69

xi





List of Abbreviations and Symbols

D Storage deficit [L]
E A Actual evaporation [LT-1]
EP Potential evaporation [LT-1]
Ei Interception evaporation [LT-1]
Et Transpiration [LT-1]
F (ωa f ter ) Variable that describes how the rainfall-runoff relation-

ship after the drought is related to the rainfall-runoff re-
lationship before the drought

[-]

Imax Interception storage capacity [L]
P Precipitation [LT-1]
Pe Effective precipitation [LT-1]
Q Discharge [LT-1]
SR Root-zone storage capacity [L]
Si Interception storage [L]
SR,1yr 1 year root-zone storage capacity [L]
∆(E/P )r Residual change in evaporative index [-]
∆S Change in storage [L]
ω Free parameter in equation of Fu [-]
AI Aridity Index [-]
ECDF Empirical Cumulative Distribution Function
EI Evaporative Index [-]
HRS Hydrologic Reference Stations
KS Kolmogorov-Smirnov
NDVI Normalized Difference Vegetation Index [-]
SI Seasonality Index [-]
SPEI Standard Precipitation Evapotranspiration Index [-]

xiii





1
Introduction

Droughts are caused by temporary dry conditions in an area (Mishra and Singh, 2010). The effects
of droughts are manyfold, differing from a reduction in the production of hydropower to conflicts
between humans (Van Loon and Laaha, 2015). Droughts are characterized by a reduction in the
availability of water, which can arise in different ways, like a lower amount of streamflow and a
reduction in the precipitation (Dai, 2011).

The duration of droughts varies, from a few months to multiple years. Recent examples of mul-
tiyear droughts are the drought in California, which lasted from 2012 up until 2019 (National Inte-
grated Drought Information System, nd) and the Millennium drought in Australia, lasting from 1997
up to 2008 (Potter and Chiew, 2011).

In Australia, the occurrence of droughts is related to the occurrence of El Niño (van Dijk et al.,
2013). The presence of global warming will lead to more variable and extreme meteorological con-
ditions, which is expected to make droughts more severe and their duration longer (Dai, 2011).

It is therefore of importance to know the effects droughts have on availability of water resources.
Previous studies have already investigated the effects of drought on streamflow during the Millen-
nium drought (Saft et al., 2015). However, the effect of droughts are not only limited to the period
of the drought, but they can also have effects on the catchment after the drought. An important
change that can occur during drought is a shift in vegetation (Mueller et al., 2005). These changes
can have a long-term effect on the available water resources in a catchment. It is therefore of value
to investigate the hydrological response of catchments after a long-term drought.

In this research a case study will be performed in Australia. Australia has been chosen because of
its large data availability and the relatively long time that has passed since the end of the drought,
compared to for example California.

1.1. Catchment response to drought
Hydrological response under drought conditions in Australia has been researched extensively (Pot-
ter and Chiew, 2011; Saft et al., 2015). Saft et al. (2015) found that during a long-term drought a
significant change in the rainfall-runoff response could be found in 46% of the investigated catch-
ments. Part of this change was thought to be related to groundwater declines and changes in deep
soil moisture. Furthermore, it was found that a shift in rainfall-runoff was most often present in
arid catchments. The effects of vegetation have been mentioned in this research, but have not yet
been extensively analysed and was seen as an area for future research. Also, the research of Saft
et al. (2015) only focussed on the response during the dry years and not on the response when the
precipitation returned to pre-drought levels.

1



2 1. Introduction

As hydrologic response to rainfall and vegetation characteristics are interrelated, it is important to
not only consider the hydrological response, but also the response of the ecosystem during and after
a long-term drought.

During droughts, the production of vegetation reduces due to water stress (Ciais et al., 2005;
Zhao and Running, 2010). In certain cases, droughts can even lead to dying of trees and other vege-
tation (Allen et al., 2010; Anderegg et al., 2012; Goulden and Bales, 2019; Lewis et al., 2011; Mueller
et al., 2005). As the vulnerability of a forest to mortality due to drought is independent of the mean
annual precipitation of that catchment (Choat et al., 2012), it is an incident that can occur in very
different climatic areas.

Droughts also increase the effects of wildfires (Anderegg et al., 2012). This happens in two ways.
Firstly, the amount of organic material that is present for burning increases due to the increased
tree mortality. The second effect on wildfires is due to the extreme temperature conditions during a
drought.

A change in hydrological response also has an effect on hydrological models. Hydrological models
are used in two main ways. First of all hydrological models are used in research, for testing hypothe-
ses. A second way in which hydrological models are used is for the allocation of water resources
(Savenije, 2009).

If models are used to allocate water resources, the model is used to predict water availability.
Parameters in these hydrological models are often calibrated to existing data, with climatic data
as input and runoff data as output. When the rainfall-runoff relationship changes, oftentimes the
parameters that are calibrated to the pre-drought runoff are not valid anymore. This can lead to a
bias in the model (Saft et al., 2016), with as a consequence a worse model performance and wrong
water availability predictions.

One parameter that is often used in hydrological models is the storage capacity that is generated
by the roots of trees. This parameter is often assumed to be static. However, recent research has
shown that this is not the case (Gao et al., 2014; Nijzink et al., 2016; Vose et al., 2016).

One of the important components of the vegetation with regard to the hydrological response
is the storage capacity that is created in the root-zone of the vegetation. As the vegetation after a
drought can differ from before the drought, it is therefore of importance to look into the response of
this parameter after a drought.

Currently, the main ways of determining the storage capacity (SR ) in the root-zone are based
on catchment soil characteristics and root depths from literature. Another way in which the root-
zone storage is determined is by calibrating the model on known runoff values (Nijzink et al., 2016).
These methods are not perfect and have some disadvantages, being:

• The root depth approach is not very accurate, as these depths are dependent on climatic and
soil characteristics. The measured root depth does not take the climatic conditions into ac-
count and oftentimes there are little measurements. Therefore, this method is only valid if the
soil type and climate characteristics in the modeled site are equal to the site of the measure-
ment.

• Calibration on runoff values does not give a lot of system knowledge. Furthermore, the root-
zone storage capacity determined with this method is not transferrable to differing condi-
tions.

An assumption in these methods is that the value of SR is constant and does not change over time.
The value of SR is however not a static parameter, as it depends on climate and land cover conditions
(Gao et al., 2014). To work with this, a mass curve technique can be applied to a catchment to
estimate soil moisture capacity (de Boer-Euser et al., 2016; Gao et al., 2014; Nijzink et al., 2016; Wang-
Erlandsson et al., 2016). The mass curve technique assumes that ecosystems evolve to overcome a
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drought with a return period of 10-20 years (Gao et al., 2014). The climate-derived values for SR

have shown to be an improvement over soil-derived SR values de Boer-Euser et al. (2016)

1.2. Research goal and questions
The goal of this research is to determine if there is a difference in catchment response to rainfall
after a drought, relative to the situation before drought. If that is the case, the factors that play a role
in these changes will be investigated.

To conduct this research, two research questions have been determined. The research questions
that will be answered with this research are the following:

1. Is there a change in runoff ratio in catchments after a long-term drought relative to the situa-
tion before the drought?

2. Is there a change in the root-zone storage capacity determined with the mass curve technique
following a multiyear drought?

The hypotheses belonging to these research questions are the following:

1. Long-term droughts lead to an increase in runoff ratio in a catchment.
2. The effect of a multiyear drought is a reduction in the root-zone storage capacity.

1.3. Relevance
Hydrological models are used in the prediction of water availability. The amount of water that is
available is important in making decisions for water resources.

Research from Saft et al. (2016) has shown that models in catchments in which a shift occurs in
the rainfall-runoff relationship perform significantly poorer than models in catchments where this
shift does not occur. In most cases, the models overestimated the discharge. The shift in rainfall-
runoff response is assumed to be an indicator of changes in the catchment characteristics.

It is therefore of importance to gain a better insight in the changes that occur in the catchments
during a drought. This will help in improving the performance of models and get a more complete
overview of what happens in a catchment during and after a drought.

If the water resources are limited, as is often the case in arid areas, decisions have to be made
about the allocation of the available water. If the information on which these decisions are based
are incorrect, conflicts can arise. Besides from conflicts, it can also lead to a reduction in water
availability downstream.

In wetter areas, flood risk is an important factor to take into account. Incorrect predictions in the
incoming discharge can have an effect on society. If the amount of incoming discharge is overes-
timated, measures will be taken to prevent floodings, like closing floodgates. These measures can
be costly and can have other effects on society, like reduction of shipping. Reducing the number of
times these measures are taken is therefore preferential.

On the other hand, in case of underestimation of runoff, it may be possible that there will not
be any measures taken while they are necessary. In that case, floodings can occur, which can lead
to loss of life and material damage.





2
Theoretical background

In this chapter the current state-of-the-art in the literature will be described. The information from
this will be used in the methods section to set up an appropriate method and in the discussions to
compare the findings to the current literature

2.1. Droughts
The precise definition of a drought does not exist (Mishra and Singh, 2010). As stated in Chapter 1,
there are multiple classifications of drought. Often used classifications of drought are (Dai, 2011):

• Meteorological droughts, which are directly related to a decrease in precipitation and an in-
crease in evaporation.

• Agricultural droughts, which are related to low soil moisture availability.
• Hydrological droughts, which are related to deficiencies in hydrological components, like re-

duced streamflow and lower reservoir levels.

This research will focus on the meteorological drought, which is often characterized by a lack of
precipitation (Mishra and Singh, 2010). However, other factors are also important when considering
a meteorological drought, like wind speed and temperature (Vicente-Serrano et al., 2009). As these
influence the potential evaporation, they have an impact on the available water.

2.1.1. Drought indices
As there is not one method for specifying a drought, different methods have been developed for de-
termining droughts. To identify meteorological droughts, drought indices are often used. Different
drought indices calculate the level of dryness in varying manners (Svoboda et al., 2016). Further-
more, the data requirements for indices vary. In all cases, the precipitation is taken into account.
However, other factors can also be included if the data is available, like potential evaporation or
actual evaporation. In Table 2.1, several different indices are shown, together with the data require-
ments.

2.1.2. Droughts in Australia
Saft et al. (2015) conducted research into the effect of the Millennium drought on the rainfall-runoff
response on a catchment scale. In 73 catchments out of the 158 investigated, a significant change
in rainfall-runoff response was found during the drought. Out of those 73 catchments, 68 showed
a downward relationship, meaning that the runoff has decreased. The shifts in rainfall-runoff that
were found, were more often present in catchments that were less-forested, flatter and had a drier
climate.

5
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Table 2.1: Drought indices

Drought index Abbreviation Data Citation
required

Standard Precipitation Index SPI P McKee et al. (1993)
Standard Precipitation SPEI P , EP Vicente-Serrano et al. (2009)
Evapotranspiration Index
Drought Reconnaissance Index DRI P , EP Tsakiris and Vangelis (2005)
Deciles - P

In Australia, dry conditions have led to a die-off of different type of trees (Allen et al., 2010). The
occurrence of a large die-off can have diverse effects, like a change in the density of forests and a
change in the tree species composition (Anderegg et al., 2012).

2.2. Budyko framework
The Budyko framework (Budyko, 1974), is a simple framework to describe the relation between the
climatic forcing and the evaporation index. This is done by comparing the potential evaporation as
a fraction of precipitation, the aridity index, to the actual evaporation as a fraction of precipitation,
the evaporative index. In this way, the Budyko framework can be used to describe water availability.
Because in this research, a change in water availability will be looked into, the Budyko framework
can be used in assessing these changes.

Budyko (1974) introduced a curve that describes the way in which the climatic factors lead to
discharge. In this simple equation, there are no free parameters. Therefore, in this equation the
evaporation is only a factor of the potential evaporation and the precipitation. The Budyko curve
is non-linear, meaning that there is a difference in how much the evaporative index changes in
response to a change in the aridity index depending on the value of the aridity index. At low values
of the aridity index, the changes in the evaporative index are bigger than at higher values of the
aridity index.

In Figure 2.1, the Budyko framework is displayed visually. The Budyko framework has two
bounds, the energy limit and the water limit. In case of the energy limit, the catchment is bounded
by the amount of energy that is available for evaporation, as the potential evaporation is lower than
the amount of precipitation. The actual evaporation is therefore bounded by the potential evapora-
tion. If the potential evaporation is larger than the precipitation, which means that the aridity index
is larger than 1, the actual evaporation is bounded by the amount of water that is available. In the
long term, the total actual evaporation can never be larger than the total precipitation. The limit for
the evaporative index is therefore equal to 1.

Additional research has been done on the Budyko framework and several additions have been made
to the Budyko curve. Equations with one or more free parameters have been introduced (Fu, 1981;
Zhang et al., 2015, 2001, 2004). One example is the equation of Fu (Fu, 1981; Zhang et al., 2004),
displayed in Equation 2.1.

E A

P
= 1+ EP

P
−

(
1+ EP

P

ω) 1
ω

(2.1)

In case of the equation of Fu (1981), the free parameter is ω. This parameter does not have
a given physical meaning. However, it is often seen as a parameter that is reflective of catchment
properties, like soil and vegetative properties. Catchments with a smaller value ofω are often related
to low plant available water storage capacity, high precipitation intensity and steep slopes (Zhang
et al., 2004).
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Figure 2.1: The Budyko framework, with the energy and water limit displayed

A new extension to the Budyko framework is the use of a probabilistic model (Greve et al., 2015; Guo
et al., 2019). With the probabilistic Budyko model, the uncertainty within the Budyko framework is
investigated. In the case of Guo et al. (2019), this is done by using bootstrapping to gather samples
of the climatic conditions in the catchment. These climatic conditions are used together with the
equation of Fu (Equation 2.1) to determine the ω value of the catchment. The samples are used to
generate a confidence interval of the ω value for the catchment. This confidence interval gives an
indication on how much water is available within a catchment, given a certain aridity index.

2.3. Change detection
Change detection is used to determine whether a change is present within a timeseries. As this study
will go into change after a long-term drought, it is important to consider what change detection
methods are used in current research.

In change detection, there is a distinction between two types of change, namely:

• Trend
• Step-change

The difference between these two types of change is that trend is a change that takes place gradually
over a long period of time and a step-change is a change that occurs suddenly Rougé et al. (2013).

These changes are often detected by means of statistical testing. Tests that are often used in
change detection are the Mann-Kendall test in case of a trend and the Pettitt’s test for change in
case of a step-change (Kundzewicz and Robson, 2004). However, a problem with these tests is that
they do not always detect the expected type of change. Rougé et al. (2013) showed that often trend
tests also detects step-change and vice versa.

Another way of detecting change in hydrological timeseries is to make use of the Budyko frame-
work (Jaramillo et al., 2018; Jaramillo and Destouni, 2014; van der Velde et al., 2014). In this case,
two separate periods are considered, which are analysed individually. The response in these two
periods are thereafter compared. Contrary to the Pettitt’s test, where the change point is identified
by the test, the time of change has in this case been assumed before performing the test.
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In case of Jaramillo et al. (2018), the change that is found within the Budyko framework is sep-
arated into change due to a change in climate and a change due to changing catchment character-
istics. This is done based on the equation of Choudhoury, which is similar to Equation 2.1. The ω
value is determined for the first period. Using the aridity index of the second period, the climatic
evaporative index for the second period is determined using the found ω value. This value is com-
pared to the evaporative index for the second period based on runoff measurements. The difference
that is found between the climatic evaporative index and the observed evaporative index, gives in-
formation about changes in catchment characteristics.

2.4. Root-zone storage capacity
As stated in the introduction, using a mass curve technique to estimate root-zone storage capacities
has shown to produce good results (de Boer-Euser et al., 2016; Gao et al., 2014; Wang-Erlandsson
et al., 2016). Gao et al. (2014) found that root-zones evolve to overcome a deficit present once every
10 - 20 years.

To determine the value of SR , yearly determined deficits are fitted to a Gumbel distribution. This
Gumbel distribution is then used to determine the deficit value with a return period of 20 years. This
is the value used for SR . Wang-Erlandsson et al. (2016) showed that the performance of modeled
evaporation using the mass curve technique had differing optimal return periods, depending on
the land cover of an area. Crop and grassland performed better with short return periods, while
forests in general performed better when longer return periods were used.

Nijzink et al. (2016) introduced a new variable, SR,1yr . The idea behind this variable is that it can
be used to determine the recovery of the root-zone storage capacity in a catchment after deforesta-
tion. Due to deforestation, the capacity for transpiration (Et ) is reduced. After deforestation, this is
expected to increase gradually due to regrowth of forest.

Due to this variability in Et , a long-term water balance can not be used. However, using a one-
year water balance can lead to relatively large storage changes. As a middle ground, a water balance
of 2 years is used to estimate the value for Et . This estimation of Et is used in the first of the two
years to determine the yearly deficit. This yearly deficit is called SR,1yr and is assumed to be the
root-zone storage capacity for that year.



3
Research area and data

In this chapter, the research area is presented. Furthermore, the different data sources that are used
in the analysis are shown.

3.1. Catchments
As stated in previous chapter, the study area of this research is Australia. For this study the catch-
ments defined by the Hydrologic Reference Stations (Zhang et al., 2016) are used. Data is available
for 220 stations, that are spread across Australia. The locations of the different catchments can be
found in Figure 3.1. From this Figure, it becomes clear that most of the catchments are located in
the southeast of Australia. The larger catchments are located more in the north.

Stations that are used in this dataset are unregulated catchments with minimal land use change.
Unregulated means that there are no weirs, dams or other structures present upstream from the
discharge measurement. The areas of the catchments differ between 4.5 km2 and 232,846.0 km2.
The median area is 328.65 km2.

3.2. Data
For this research data has been collected from different sources. The data that has been used and
the sources are described in this section. Furthermore, processing steps that have been taken to
preprocess the data are described.

3.2.1. Climatic data
The climatic data that has been used consists of three elements:

• Runoff data
• Precipitation data
• Potential evaporation data

The runoff data comes from the same source as the catchment delineation, the HRS (Zhang et al.,
2016). The runoff is given in aggregated daily volumes. Days where data is not available are gap-
filled using a calibrated GR4J model (Perrin et al., 2003). The data comes with quality codes for each
day, which can be used to assess the quality of the data. For each station, the time period for which
data is available differs. The earliest available data is from January 1951 and the newest datasets end
in December 2018. However, the exact data availability differs per catchment.

The runoff is given in 1000 m3 per day. This has been converted to mm per day, to make the data
compatible with other data sources. The area that has been used to convert this is the area that is
given by the HRS.

9
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Figure 3.1: The location of all the different catchments of the Hydrologic Reference Stations. Data from Zhang et al. (2016)

The data that is used for precipitation and potential evaporation is from SILO (Jeffrey et al., 2001).
The data is supplied as gridded daily precipitation and Morton‘s potential evaporation. The spatial
resolution of the data is approximately 5 x 5 km. As the goal is to work with lumped catchment
data, a geographical analysis has been performed to convert the gridded data to a daily value for
each catchment. Each raster cell that touches the catchment shapefile, so is either fully or partly
within the catchment, is taken into account. For each day the mean value of all these cells is taken
to determine the daily precipitation and potential evaporation for the catchments.

The SILO data is available for a longer period than the data from HRS. Only the time period
were runoff data is available from the Hydrologic Reference Stations are taken into account for the
analysis. Therefore, the data that is used starts in 1951 and runs until 2018.

3.2.2. Testing climatic data validity
As the climatic data is the main input for this research, it is important to test the validity of the data.
For testing the validity of the data two tests are performed, namely:

• A water balance test
• A test based on the Budyko framework

Firstly, the water balance is checked for each catchment. If the water balance does not close, it
means that there is water that is unaccounted for. Especially since data comes from different sources,
this is a real possibility. Possible reasons for inconsistencies could be data errors, interaction be-
tween catchments or irrigation.

The equation for the water balance is given in Equation 3.1. However, since the water balance is
determined over a long period, the storage change is assumed to be small and is therefore neglected.
The water balance without storage change is given in Equation 3.2. In this equation, the complete
available timeseries is used.

∑
(P − (Q +E A))+∆S = 0 (3.1)
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∑
(P − (Q +E A)) = 0 (3.2)

As actual evaporation data is not available, the potential evaporation is used. Because potential
evaporation is always larger or equal to the actual evaporation, the sum of the discharge and po-
tential evaporation should be larger than the total amount of precipitation. The test that is used is
displayed in Equation 3.3. ∑

(P − (Q +EP )) < 0 (3.3)

If this condition does not hold, there is a problem with the data. This would mean that this
catchment is unsuited for the analysis. In this case all catchments meet the criteria and therefore
no catchments are excluded based on this condition.

The second test is based on the Budyko framework. The evaporative index of the catchment, given
in Equation 3.4, is required to be within the water and energy limit. As direct measurements for E A

are not available, the average actual evaporation for the timeseries is determined using precipitation
and discharge measurements, given in Equation 3.5. Furthermore, the evaporative index should be
larger or equal to 0. If this is not the case, the total runoff is higher than the total precipitation. These
conditions are given in Equation 3.6.

E A

P
= 1− Q

P
(3.4)

E A = P −Q (3.5)

0 ≤ E A

P
≤

{
EP
P i f EP

P ≤ 1

1 i f EP
P > 1

(3.6)

In Figure 3.2, the results of the Budyko test are displayed. All catchments are within the bound-
aries of Equation 3.6. Therefore, based on this test, all catchments are suited for the analysis.

Figure 3.2: All the HRS catchments displayed in the Budyko framework
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3.2.3. Land use and land cover data
Land use and land cover data consists of two datasets. These datasets are used to detect irrigation
areas and forested areas in catchments.

Land use data is from Australia Government Department of Agriculture (2016). The main use
of this dataset is detecting whether there is irrigation present in a catchment. This is important,
because it has a large influence on the validity of the water balance.

The data is delivered as gridded data and is aggregated over the catchment. The result of this is
a percentage of area of the catchment that is irrigated. As can be seen in Figure 3.3, there is not a lot
of irrigation in the used catchments. Based on this no catchments will be excluded.

Figure 3.3: Fraction of irrigated area for each catchment. Data: Australia Government Department of Agriculture (2016)

Land cover data is from Australian Government Department of the Environment and Energy (2018).
The data from this dataset is used in two ways. First of all it is used to identify the fraction of forested
cover in the catchments, displayed in Figure 3.4. Secondly, it is used for identifying eucalypt forests.

Australian forests exist for a large part out of eucalypt forests. This can have an influence on
the results, due to the large rooting depth of these types of trees. These can be so deep that the
groundwater is reached (Enku et al., 2020). Compared to other trees that do not tap the groundwa-
ter, eucalypt trees have a higher resilience to drought. Therefore, the response to drought can be
different for eucalypt forests. The distribution of the fraction of eucalypt cover for all catchments is
given in Figure 3.5.

3.2.4. Climatic zones
To compare the climates for the different catchments, the Köppen climatic zones have been used.
Köppen climatic zones are derived from a global dataset by Beck et al. (2018). The dataset from Beck
et al. (2018) contains 30 different classes, of which 12 are present in Australia. The 12 subclasses are
combined into 6 main classes, that are presented in Table 3.1.

The dataset by Beck et al. (2018) is a raster dataset, with each raster cell containing the climate
class. Some catchments have multiple climatic zones within its boundaries. In this case, the climate
class that is present in most cells is determined as the climate class for that catchment. Most of the
catchments present in the dataset have a temperate climate with no dry season. Other frequently
present climate zones are tropical climates and temperate climates with a dry summer.
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Figure 3.4: Fraction of forest covered area for each catchment. Data is from Australian Government Department of the
Environment and Energy (2018)

Figure 3.5: Fraction of eucalypt covered area for each catchment. Data is from Australian Government Department of the
Environment and Energy (2018)
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Table 3.1: Climatic zones present in Australia

Köppen classification Name Number of catchments
A Tropical 28
BW Desert 5
BS Steppe 16
Cs Temperate, dry summer 28
Cw Temperate, dry winter 10
Cf Temperate, no dry season 135

3.2.5. Additional spatial datasets
Additional spatial datasets that have been used in this research are NDVI (Didan, 2015) and Burned
Area (Giglio et al., 2015) datasets. Both of these datasets are created with data from MODIS satellites.
Because these datasets come from the same source, the scripts used for downloading and analyzing
the data can be reused for a large part. This reduces the potential for introducing errors and the
time needed for data processing.

NDVI
NDVI stands for Normalized Difference Vegetation Index and is an indicator for the presence of
vegetation. The NDVI is determined by the amount of near infrared light that is reflected relative
to the amount of red light (Didan, 2015). The value of NDVI is between -1 and 1, where a value of 1
indicates a large amount of dense vegetation and -1 indicates water.

The NDVI data is available in different spatial resolutions. For this analysis the coarsest resolu-
tion of 1km is chosen, to reduce the size of the data required. As the median area of the catchments
is 328 km2, a finer resolution is not deemed necessary. The temporal resolution of the data is 16
days.

NDVI data from MODIS is available from February 2000 onwards. This means that there is little
or no MODIS NDVI data available from before the Millennium drought in most cases.

Data is aggregated per catchment, comparable to the way this has been done with SILO data.
The mean value for each time step is used to determine the NDVI value in the catchment.

As NDVI works with reflected light, it is sensitive to cloud cover. This means that if during the
overpass of the satellite clouds are present, no value for the NDVI can be determined. Quality codes
are present in the data, indicating whether clouds are present in a cell. The pixels that are covered
by clouds are replaced by NaN values and are not taken into account when considering the mean
NDVI value. If a catchment is fully covered by clouds for a time step, this will result in a NaN value
for that time step.

Burned Area
As Australia frequently experiences forest fires and these fires have an influence on vegetation (An-
deregg et al., 2012), it is important to have information about forest fires in the research area. MODIS
Burned Area is a dataset containing monthly data indicating whether a fire has taken place and the
day on which the burning has started. The spatial resolution of this dataset is 500 meter.

The data for the burned area has been processed in a similar way to the NDVI. The difference in
this case is that the exact date of the burning is not of real concern. The interest is mainly whether a
fire has occurred in grid cell. Therefore, the percentage of burned area in a catchment is determined
for each month. This is done by determining the number of cells that are burned and dividing this
by the total number of cells in the catchment.
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Methodology

In this chapter the methodology is described that is used to answer the research questions. Firstly,
a short overview is given of how the analysis works as a whole. After this, the methods are explained
separately in more detail. The Python code used in this research can be found in Appendix E

4.1. Approach
The analysis of this research consists of three steps, which will be described here in short. In the
other sections, the methodology will be described in more detail. The steps that will be followed are
the following:

1. Identifying droughts
2. Detecting change in rainfall-runoff
3. Detecting change in root-zone storage capacity

In Section 4.2, the identification of droughts will be explained. Identification of droughts will be
done using drought indices. The results from the drought indices will be used to split the timeseries
into three groups, namely before, during and after drought. This splitted timeseries is used in the
next steps to detect changes in the situation after the drought relative to the situation before the
drought.

In the second step, the change in rainfall-runoff will be determined. The situation before the drought
is used as a baseline for the situation in the catchment. Subsequently, the situation after the drought
will be compared to the baseline situation that was present before the drought. In Section 4.3 this is
described in further detail.

The third step consists of detecting the changes in the root-zone storage capacity. In this section,
Section 4.4, the method derived by Nijzink et al. (2016) to determine the root-zone storage of recov-
ering systems will be used.

4.2. Drought
In the analysis it is important to have a clear definition of drought and a systematic way of deter-
mining what a drought is. In this section the used definition of droughts will be given and the way
in which droughts are calculated is explained.

4.2.1. Drought index
For drought determination the Standard Precipitation Evapotranspiration Index (SPEI) has been
used (Vicente-Serrano et al., 2009). The advantage of this index over the other frequently used

15
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drought index SPI is that it takes into account both precipitation and potential evaporation. As
in this case the precipitation and potential evaporation are available, the use of SPEI will give a
completer overview than using the SPI.

One thing to note about the usage of the SPEI is that most catchments in the research area are
water limited. An effect of this is that a change in EP will not always be reflected by an increase
in E A due to the limited availability of water. However, daily estimates of E A are not available and
therefore, using both the potential evaporation and precipitation is considered the best option.

The calculation of the SPEI works as follows:

1. The daily data is aggregated to monthly values. If the first or last month available in the time-
series is not a full month, this month will be excluded from the analysis.

2. Calculate the difference between P and EP .
3. Take the rolling sum of the newly created timeseries for a previously determined accumula-

tion period.
4. Group the summed values by month of the year. For each group the following steps will be

taken:
(a) Fit a general extreme value distribution through the data.
(b) Use the percent point function to determine the percentile of calculated P - EP values.
(c) Use the percentile in a normal distribution with mean 0 and standard deviation 1. This

will be the SPEI value for that month

The SPEI determines how dry a period is relative to the full dataset, in which positive values
are relatively wet periods and negative values are dry periods. This means that it is a definition of
relative dryness, but not yet of drought. A period is determined as a drought if the SPEI value is
lower than -0.5. The duration of the drought will then be decided by the amount of months that this
value is below -0.5.

As a first estimate an accumulation period of 36 months is used. This is comparable to the rolling
mean of 3 years used in Saft et al. (2015). A comparison between SPEI values for an accumulation
period of 12 and 36 months is displayed in Figure 4.1.

Figure 4.1: SPEI comparison for an accumulation period of 12 and 36 months for station 405209. The dashed black line is
the drought limit of -0.5.



4.3. Methods for change detection in rainfall-runoff 17

An advantage of the accumulation period of 36 months is that this method reacts less quickly
than the SPEI with an accumulation period of 12 months. For long-term droughts this prevents a
short, relatively wet period to end the drought. A disadvantage, that can be seen in Figure 4.1 is
that the drought can start before the 36 month SPEI has a value below -0.5 or that due to the long
accumulation period heavy rainfall after a dry period is detected late.

To prevent these disadvantages from having a large effect on the results, the 36 month SPEI is
used for a rough estimation of duration and timing of the drought. Subsequently, the 12 month SPEI
is used to determine the actual start and end of the drought. The beginning of the drought would
in that case be the beginning of the 12 month period when the SPEI is first below -0.5 and the end
would be when the SPEI returns back above -0.5.

4.2.2. Timeseries
To compare the different periods, before and after drought, the full timeseries are split into three
different shorter timeseries:

• Before drought
• During drought
• After drought

In this research, one drought period will be looked into per catchment. The drought period that will
be looked into is the period where the duration of the drought is the longest. If there are multiple
droughts in a catchment that are equally long, the first drought occurrence is analysed.

For the period before and during the drought all available data is used. For the period after
the drought, the data up to 10 years after the drought has ended is taken into account. For most
catchments that are affected by the Millennium drought this means that all available data is used,
but for catchments affected by earlier droughts, some data is not used.

Furthermore, to make it easier to compare different catchments, the drought period is clipped
to hydrological years. This is done by finding the closest start of a hydrological year for both the start
and end date of the drought. The start and end date will than be set to the start of the hydrological
years.

An important assumption that is made in this analysis is that the situation before the drought is
static, meaning there are no large changes in rainfall-runoff relationship during this period.

4.3. Methods for change detection in rainfall-runoff
In this section the methods that are used to detect a change in rainfall-runoff will be described. The
initial steps that are taken are done separately for each catchment.

4.3.1. Basic idea
Determining whether a change in rainfall-runoff has taken place in a catchment will be done using
the Equation of Fu (Equation 2.1). The situation before the drought will first be investigated. This
is done by using bootstrapping samples from the timeseries before the drought. The ω values for
these samples will be determined, which will give an idea about the situation before the drought.
The situation that is present after the drought will be compared to the samples that are taken before
the drought. This is done for differing sample lengths, from 1 year up until 7 years.

As described in Chapter 2, the Budyko relationship is non-linear. This also means that a certain
absolute difference in evaporative index at high aridity indices are more significant than the same
difference at an aridity index close to 0. To compare between different catchments, which do not all
have the same aridity, using absolute differences will result in larger differences in catchments with
an aridity index close to 0. This is the reason that absolute differences are not used, as is done in
the method by Jaramillo et al. (2018), but the equation of Fu is used and the ω values are compared
before and after the drought.
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4.3.2. Expectations
As stated in Chapter 1, the expected result will be that the runoff ratio in a catchment increases
due to a decrease in vegetation. This would mean that given a certain value of the aridity index, the
evaporative index would decrease. In the previous section the basic idea of the method is described.
In this method, the equation by Fu (Zhang et al., 2004) is used to determine the changes in the
rainfall-runoff relationship. This equation is comparable to the other frequently used equation of
Choudhury (Yang et al., 2008).

In Figure 4.2, a comparison is given for differentω values. As displayed in this Figure, the value of
the evaporative index increases with increasingω, if the aridity index remains constant. If the aridity
index in a catchment changes and the evaporative index changes along the same line of the Fu
equation, the change is assumed to be purely due to climatic changes. However, if the evaporative
index does not change along the same line, so the ω value becomes lower or higher, the catchment
characteristics are assumed to have changed.

Given the definition of the Fu equation and the hypothesis that the runoff ratio in catchment
increases, this would mean that after the drought the ω value would decrease if the hypothesis is
true. If the ω value does not decrease, the hypothesis can not be proven.

Figure 4.2: The Budyko framework for different values of ω

4.3.3. Sampling
Sampling is done based on the bootstrap methodology. What this means is that a random sam-
ple is taken of length N, in which N is the number of years after the drought that the sample will
be compared to. This sampling is done using replacement. The advantage of the bootstrapping
methodology is that few assumptions need to be made about the underlying data (Kundzewicz and
Robson, 2004).

Within years there is a significant influence of seasonality, meaning that there is autocorrelation
between data points. Autocorrelation means that there is a relation between points at different
timings (Kundzewicz and Robson, 2004). If there is for example a rainy season, the precipitation
values at time t are likely to be close to the values of the precipitation value at time t + 365. The
same is the case with potential evaporation. In the summer the potential evaporation is always
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higher than the potential evaporation in the winter, so if the value for EP is high at time t , it is likely
to be high at time t +1.

To reduce the effects of autocorrelation, yearly data is used instead of daily data. This means
that with sampling, full years are chosen instead of days. In this research the length of samples
varies from 1 up to 7 years. In case of a sample length of 5 years, 5 random years will be chosen from
the underlying dataset. This will be done for all 1000 samples.

The samples will in that case look as follows:

[[1964,1971,1963,1993,1992], . . . , [1983,1962,1951,1960,1996]]

For each sample length 1000 samples are taken. For each sample, the sum of precipitation,
potential evaporation and discharge is determined for all the years. Using this, the aridity index
and evaporative index of the sample can be determined. With these, the sample can be positioned
within the Budyko framework.

Another possibility which has not been used is to use samples of consecutive years, instead of
samples of random years. The advantage of this method is that there are consecutive years that
happened, opposed to the sum of random years that are used with the bootstrapping method. This
will probably lead to a lower total storage error.

However, there are some disadvantages to this method. First of all, the years at the beginning
and the end of the timeseries will be used a lot less. For example, the first year in the series will be
only taken into account 1 time, opposed to N times for the years in the middle of the timeseries.
Therefore, more weight is given to the middle of the timeseries for the consecutive years method.
Secondly, the number of datapoints in case of the consecutive years method is limited. The boot-
strapping method can be used to derive confidence intervals of the underlying target (Guo et al.,
2019), which can be used to determine whether the after drought situation is within these confi-
dence bounds.

4.3.4. Determination ofω
In the previous subsection, the determination of the aridity index and evaporative index for each
sample is explained. With these known, the equation of Fu (Zhang et al., 2004), given in Equation
4.1, can be used to determine the ω value. This will give an indication how much water will be used
for evaporation given a certain level of aridity.
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To find the ω value belonging to the evaporative index and aridity index, the function in 4.1 is mini-
mized. The full minimization equation is given in Equation 4.2. This function is squared so that the
minimum value will be found when the left and right side of Equation 4.1 are equal to each other.
In this case the value of Equation 4.2 will be equal to 0. If it is not squared, the minimum is found
when the value of the term withω is largest. Using a squared function ensures that the minimization
function returns the ω value where the left and right term of Equation 4.1 are equal to each other.(
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Besides the samples from before the drought, the ω value has also been determined for the time-
series after the drought. After the drought, one sample is used. This is the sample directly after the
drought period. The length of the sample is equal to the length of the samples that it is compared
with, so it differs from 1 to 7 years.
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In a small amount of cases a sample is not within the energy or water limit. For the complete
timeseries a test has been performed whether catchments are within the bounds of the Budyko
framework, as described in Section 3.2.2. However, with a shorter length of the dataset the data
is not always within these bounds anymore. For these samples, the Fu equation can not be fitted
to the data, as this equation is only valid within the Budyko limits. However, if this data point is
removed, the information regarding the high evaporative index from this sample will not be consid-
ered. Therefore, it has been decided to take these data points into account with an ω value of 20.
Thisω value is high and therefore it is unlikely that the sample after drought will be higher than this
value.

4.3.5. Empirical distribution ofω
Using the obtained ω values for all different samples, a distribution for these ω values can be gen-
erated. The distribution of the ω values give an idea of the range of the rainfall-runoff relationship
before the drought. Given that after drought there may be a different aridity index, it is hard to
compare actual evaporative index values. Using the equation of Fu makes sure that values can be
compared, even with differing aridity indices.

The distribution generated by all the values before the drought is an empirical distribution,
which is given in Figure 4.3. This distribution can be used to generate 5% and 95% confidence
curves for the Budyko framework. This gives an idea what the conditions in the catchment were
before the drought. A visual example of this is given in Figure 4.4.

Figure 4.3: The empirical cumulative distribution of ω values for catchment 405209. In this case the sample length is 5
years.

The distribution that is created by this method can be compared to theω value that is found after
the drought. This gives a position on the cumulative distribution function, which describes how the
rainfall-runoff relationship that is found after the long-term drought is related to the rainfall-runoff
relationship observed before the drought. The way in which this is calculated is by determining the
number of samples with an ω value smaller than the ω value after the drought. This value will be
divided by the total number of samples. The name for this value will be F (ωa f ter ). This is done for
each catchment and all the different sample lengths.
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Figure 4.4: The Budyko framework for catchment 405209. In this case, the Fu equation is displayed for the median value
of ω as well as for the 5 and 95 percentiles of ω

4.3.6. Factors relating to change in rainfall-runoff
To determine whether different responses in catchments can be explained, the values found for
F (ωa f ter ) will be compared to several different factors which could have a relation to the change.
Factors that will be looked into are:

• Drought severity
• SPEI after drought
• Aridity index before drought
• Climatic zone
• Seasonality
• NDVI
• Forested cover
• Eucalypt cover

Some factors that need additional explanation are discussed below.

Seasonality index
The seasonality index is calculated based on the method described by Gao et al. (2014). The season-
ality index that is used is the seasonality of the precipitation. For the calculation of the seasonality
index, two factors need to be determined, namely the mean annual precipitation and the mean pre-
cipitation for each month of the year. If these are known, the seasonality index can be determined
using Equation 4.3, in which t is the number of the month (January = 1, December = 12).

SI = 1

Pa

12∑
t=1

∣∣∣∣∣Pm(t )− Pa

12

∣∣∣∣∣ (4.3)

The seasonality index is 0 in case of no seasonality. In that case Pm = Pa
12 for each month. In the

case where all precipitation falls in one month, the seasonality index is 1 5
6 . This means that the

catchment is very seasonal. In most cases the value of the seasonality will be in between these two
values.
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The calculation of the seasonality index is done based on the complete dataset, meaning time-
series before, during and after drought are taken into account.

Seasonality timing index
The above mentioned seasonality index only takes into account the timing of the precipitation. To
combine both precipitation and potential evaporation, the dimensionless seasonality timing index
is used (Berghuijs et al., 2014; Berghuijs and Woods, 2016).

Compared to the seasonality index, the value of seasonality timing index can be both positive
and negative, in which the absolute value indicates the amount of seasonality and the sign indicates
the timing of the seasonality. A negative value indicates that the precipitation is mostly winter-
dominant, while a positive value indicates a summer-dominant precipitation regime.

NDVI
The difference in NDVI is calculated as the difference between the NDVI 3 years before the drought
and the NDVI 3 years after the drought. In this case the NDVI before the drought is taken as a
baseline, assuming that normal vegetative conditions are in place. Therefore, the difference in NDVI
is divided by the mean NDVI before the drought. This will be the relative difference in NDVI. If the
drought has an influence on the NDVI, it is expected to be lower, following the hypothesis of lower
vegetative cover.

The relative difference in NDVI is calculated as follows:

∆r N DV I = N DV Ia f ter −N DV Ibe f or e

N DV Ibe f or e
(4.4)

A problem with the MODIS NDVI data is that it is only available from 2000 onwards, meaning
that it is not possible to calculate the NDVI difference for the catchments which longest drought was
before the Millennium drought.

Drought intensity and drought severity
Two factors that are considered regarding the conditions during the drought are the drought in-
tensity and the drought severity. The drought intensity is defined as the minimum SPEI value that
is present during the drought. The drought severity combines the duration and intensity of the
drought. It is the summed value of the 12 month SPEI values during the drought (McKee et al., 1993).
A short, intense drought can in this case have a larger value than a longer, less intense drought.

Kolmogorov-Smirnov Test
To compare low and high values of F (ωa f ter ), the two sample Kolmogorov-Smirnov test is used. The
Kolmogorov-Smirnov test is used to determine whether two samples are from the same distribution.
This test uses no assumption on the distribution of the underlying data (Young, 1977). The null
hypothesis is that the two distributions are from the same distribution. The alternate hypothesis is
that the two samples come from a different distribution.

4.4. Methods for determining change in the root-zone storage capacity
In this section the methods that are used for detecting a change in root-zone storage capacity are
explained. The methods that are used in this section will be used to answer the second research
question. First, an introduction is given of the model that is used and its fluxes are described, af-
ter which a description is given of how the root-zone storage capacity is determined and finally a
method is introduced to compare root-zone storage capacities before and after a drought.
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4.4.1. Bucket model
The model that is used in the determination of root-zone storage capacities can be described as a
bucket model. In Figure 4.5, the basic model outline for the determination of the root-zone storage
capacity is displayed. The way in which the fluxes in the model are determined, is discussed in later
sections. The model consists of two reservoirs namely:

• Interception reservoir
• Root-zone storage reservoir
The interception reservoir has one incoming flux and two outgoing fluxes. The incoming flux is

the precipitation (P ) and the outgoing fluxes are the interception evaporation (Ei ) and the effective
precipitation (Pe ). The maximum volume of the interception reservoir is Imax

The effective precipitation is an influx into the root-zone storage reservoir, which has a maxi-
mum storage capacity SR . The outgoing fluxes are the evaporative flux (Et ) and the discharge (Q).
The discharge does not always turn into streamflow immediately, as it will first go to deeper ground-
water layers.

Initially, the value for SR is an unknown value and has to be determined. The way in which this
is done is by assuming that in the beginning the storage in the root-zone storage reservoir will be
equal to the value of SR . In that case, any amount of effective precipitation that will not evaporate,
will turn into runoff. If more water evaporates than the effective precipitation, the storage in the
reservoir will decrease.

As the value of SR is not yet known, it is initially set as being infinitely large. The decrease in
the reservoir relative to the initial storage will be called the deficit. This is the amount of water that
should be in the reservoir to accommodate the fluxes present in the catchment.

Figure 4.5: Basic display of the used model for the root-zone storage determination

The model presented is simplified, as it assumes all effective precipitation will infiltrate into the
soil and ignores processes like Hortonian overland flow.

4.4.2. Determination of fluxes
To determine the deficit, the fluxes present in the model have to be known. The fluxes that will be
determined are the interception evaporation, the effective precipitation and the transpiration.

By determining the transpiration, the value for the other two fluxes can also be determined. The
transpiration in a catchment is determined in three steps, namely:

1. Determine the daily potential evaporation
2. Determine the average daily transpiration
3. Determine the daily transpiration
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Daily potential evaporation

In Section 3.2, the used data sources are described. One of the datasets that is used is potential evap-
oration. However, this potential evaporation is available to both interception and transpiration. It is
assumed that transpiration only takes place when the interception bucket is completely empty. The
amount of water present in the interception bucket in the described bucket model is determined
with Equation 4.5. The amount of evaporation used for interception is determined with Equation
4.6. It is assumed that if there is capacity for interception evaporation, this will be evaporated. This
amount will be subtracted from the initial potential evaporation to determine the residual potential
evaporation available to transpiration, which is also given in Equation 4.8.

dSi

d t
= P −Ei −Pe (4.5)

Ei =
{

EP i f EP d t < Si
Si
d t i f EP d t ≤ Si

(4.6)

Pe =
{

0 i f Si ≤ Imax
Si−Imax

d t i f Si > Imax
(4.7)

EP,r es = EP −Ei (4.8)

Average daily transpiration

The average daily transpiration is determined using the water balance method, in which the storage
change is neglected. This assumes that the precipitation that is available is equal to the sum of
the discharge and evaporation. As the effective precipitation can be calculated, using the method
described in the above section, all necessary data is available. The mean daily evaporation can
therefore be determined with Equation 4.9.

Et =
∑T

t=0 Pe (t )−Q(t )

T
(4.9)

In this equation T is the total amount of time steps available, which is the complete timeseries before
the drought. The result of this will be the average daily transpiration in the catchment in mm/day.

Daily transpiration

The daily value for the transpiration is determined by scaling the mean transpiration to the potential
evaporation. For potential evaporation, daily values are available. The average daily value for po-
tential evaporation can be determined using Equation 4.10. The found value for the mean potential
evaporation is used in Equation 4.11 to determine a daily estimate for the transpiration. It should
be noted that this is an estimation of the value for Et and the actual value for Et can be different.

EP,r es =
∑T

t=0 EP,r es(t )

T
(4.10)

Et (t ) = EP,r es(t )
Et

EP,r es
(4.11)
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4.4.3. Interception capacity
An important parameter in determining the transpiration is the interception capacity in the catch-
ment. The water in the interception reservoir is evaporated before any other evaporation takes
place. Furthermore, the interception reservoir prevents part of the water from reaching the soil.

In general, a larger Imax gives a smaller deficit. The reason for this is that the total leftover
capacity for evaporation is smaller in case of a higher interception. Therefore Et is smaller. As this
is scaled with the value of potential evaporation, the value of Et will be smaller. Another effect of a
larger interception capacity is that the effective precipitation is smaller. However, in the dry months
this value will be relatively small anyway. Therefore the maximum value for deficit will be smaller in
case of a large interception capacity compared to a case with small interception capacity.

In this research, the interception capacity is 2 mm for each catchment. This value is based on the
research by Nijzink et al. (2016), in which the interception capacity that has been used is between 1
and 5 mm.

4.4.4. Yearly deficit
The precipitation deficit is determined using the method derived by Nijzink et al. (2016). A daily
precipitation deficit is determined by subtracting the effective precipitation from the determine
evaporation, calculated with Equation 4.12. The daily deficit is used in determining the total deficit,
calculated with Equation 4.13. The total deficit starts at 0 at t = 0. For each hydrological year, the
maximum deficit that is present in that year is determined. An example of the deficit is displayed in
Figure 4.6.

D(t ) = Et (t )−Pe (t ) (4.12)

D tot (t ) = max(D tot (t −1)+D(t ),0) (4.13)

Figure 4.6: The yearly deficit for a catchment

A problem that can occur with this method is that in dry years the cumulative deficit will not return
to zero in a hydrological year. When a Gumbel distribution is used, a yearly maximum deficit value
is required. If for the next year the maximum deficit is used as described above, this will not be in
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accordance with the physical world. The reason for this is that the deficit in the previous year is
also taken into account in the next year. To overcome this a method has been used to determine the
deficit of the hydrological year.

In this method the yearly maximum value is determined first. The day of occurrence of this
maximum value is used to clip the timeseries and determine the minimum value that occurred
before this. Consecutively, the storage deficit is determined by subtracting the minimum value from
the maximum value.

In summary, the process for determining the yearly storage deficit is as follows:

1. Determine the deficit for the whole timeseries
2. Split the timeseries in hydrological years. For each of these years:

(a) Determine the value and the date of occurrence of the maximum deficit
(b) Clip the hydrological year to the date of occurrence
(c) Determine the minimum value in the new timeseries
(d) Subtract the minimum value from the maximum value

A problem that was detected when using method is that the maximum yearly deficit sometimes
occurred around the same time as the start of the hydrological year. Due to this the maximum
value of the hydrological year was either very close to the start of the hydrological year, causing the
minimum to be high as well, or near the end of the hydrological year. This also has the effect that
dry years can be taken into account twice.

To overcome this, a root-zone year has been defined. This is done by determining the maximum
deficit for each month in the timeseries. Subsequently these values will be summed by month of the
year. The month where this total deficit over all years is minimal will be chosen as the start of the
root-zone year. This is done because the chance that the deficit is largest in this month is small.

4.4.5. Long-term root-zone storage capacity
The yearly deficits that have been found are used to determine the long-term root-zone storage
capacity SR using the timeseries before drought. In earlier studies it has been found that the root-
zone storage capacities are evolving to overcome deficits of 10 - 20 years (de Boer-Euser et al., 2016;
Gao et al., 2014). Therefore, the found yearly deficits were fitted to a Gumbel distribution. The value
of SR is the value of the fitted Gumbel distribution with a return period of 20 years.

4.4.6. Recovery of root-zone storage capacity
The hypothesis of this research is that during drought the root-zone storage capacity will decline.
After the end of the drought, this storage capacity should restore to pre-drought levels. This restora-
tion process is described in Nijzink et al. (2016).

The way in which recovery was determined in his research is by determining the water balance
for a 2-year period. It is assumed that for this period the change in storage is negligible. The amount
of precipitation that has evaporated can be calculated in the same way as is done in the determina-
tion of long-term SR .

The evaporation will be scaled to the potential evaporation in the two-year period. After this is
done, the second year will not be considered anymore.

For the first year, the deficit is calculated in the normal way. This will return a maximum deficit.
As the deficit in this year starts at zero, the minimum deficit will always be zero, so the maximum
deficit in a year is also the cumulative yearly deficit.

In this research the period that is used to determine the water balance is 3 years, compared to
the 2 years used by Nijzink et al. (2016). This decision is based on the difference that were found
in determined transpiration using different lengths for the water balance, the results of which can
be found in Figure 4.7. In this figure, the determined Et values are compared. Because the water
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balance is determined using multiple years of data, the evaporation for a year is also determined
multiple times with differing data.

In reality, the evaporation for the same year should be equal. As can be seen from Figure 4.7,
this is not the case, either due to an violation of the assumption of no storage change, measurement
errors or an imperfect assumption in converting the potential evaporation to transpiration. A water
balance of 2 years gives a large difference between the two different determined Et values. In the
case of a water balance of 3 years, these differences that are present are already a lot smaller. This is
the reason that a water balance of 3 years has been chosen in the determination of the SR,1yr values.

4.4.7. Identification of change in root-zone storage capacity
To identify if there is a change present in the root-zone storage capacity after a drought, the situation
before drought is compared to the situation after the drought.

Because the root-zone storage capacity after drought is assumed to be non stationary, SR,1yr has
to be used in this period. In order to prevent the introduction of methodological inconsistencies,
SR,1yr is also used for the situation before the drought. The way in which this is done is by deter-
mining the value for SR,1yr for all years as was described in Section 4.4.6, both before and after the
drought.

The usage of SR,1yr in catchments under changing conditions has been done before by Nijzink
et al. (2016). This study showed that after deforestation, a change in SR,1yr was present, with lower
values for SR,1yr in catchments with a shift in vegetation, compared to catchments that did not have
a change in vegetation. After recovery has taken place, a new equilibrium was found. Therefore, if
there is a die-off in vegetation, it is expected that values of SR,1yr after the drought decrease relative
to the situation before the drought.

The root-zone storage capacities before and after drought are compared in the following way:

∆SR,1yr = SR,1yr,a f ter −SR,1yr,be f or e (4.14)

In this equation, the values for SR,1yr,be f or e and SR,1yr,a f ter are the median values of the deter-
mined SR,1yr values for the different periods. The median value is used to get an idea about the
SR,1yr values. As there are sometimes outliers present in the distribution of SR,1yr , using the mean
could give a heavy weight to these outliers. Therefore, the median is used as the better option.

For the timeseries after the drought, the full timeseries after drought as described in Section 4.2
is used. This means that if 10 years are available this is used. However, as 3 years are needed for the
determination of the transpiration, only a maximum of 8 years are considered regarding the value
for SR,1yr .
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(a)

(b)

Figure 4.7: The monthly estimated transpiration after the drought for catchment 405209 using a water balance of (a) 2
years and (b) 3 years



5
Results

In this section the results are discussed. First, the drought identification is shown, after which the
results of the change in rainfall-runoff are given. This is followed by the results of the root-zone
storage capacity. In the last section, the results of the change in rainfall-runoff and change in root-
zone storage capacity are combined.

5.1. Drought identification
The drought is identified using the SPEI as described in Chapter 4. Catchments where the number
of days with available data after the drought is less than 1500 days are excluded from further anal-
ysis. This is the case for 24 of the 220 catchments. The number of catchments that are analysed is
therefore 196. The drought in a catchment is determined to be during the Millennium drought if the
start of the drought is later than 1995. In 150 of the 196 catchments the longest drought is during
the Millennium drought. In 46 catchments the drought starts earlier.

The median duration of the identified droughts is 1826 days. In Figure 5.1 the distribution of
the drought length is displayed. There are two peaks present in the drought duration, one is with a
duration of 4 to 5 years and one with a duration of 8 years.

Figure 5.1: The distribution of the longest determined drought durations for the 196 catchments used in the analysis.

29
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5.2. Results of detecting rainfall-runoff change
In this section the results regarding the rainfall-runoff relationship are discussed. First the shifts in
rainfall-runoff relation are shown, after which several factors that may have a link to the found shifts
are displayed.

5.2.1. Distribution of change rainfall-runoff relationship
The after drought rainfall-runoff relationship is investigated using the variable F (ωa f ter ), which is
explained in Section 4.3.5. This variable indicates how the runoff ratio after drought relates to the
runoff ratio before the drought.

In case of a decrease in runoff ratio after the drought compared to the period before drought,
a high value of F (ωa f ter ) is present. Likewise, an increase in the runoff ratio is indicated by a low
value of F (ωa f ter ). In the case that there is no change in the rainfall-runoff relationship, theω value
after drought relates well to the ω values before the drought. This means that F (ωa f ter ) will have a
value around 0.5.

In Figure 5.2, the distribution for the value of F (ωa f ter ) for all the different catchments is given. This
is done for different sample lengths, varying from 1 up until 7 years, as explained in Section 4.3.3. It
is noticeable that in case of a short sample length, 1 and 2 years, there are a lot of catchments with a
very high F (ωa f ter ) and few catchments with a low value of F (ωa f ter ).

When the length of the sample increases, the number of catchments with a value of F (ωa f ter )
larger than 0.9 decreases, from 72 catchments in the case of a sample length of 1 year to 57 catch-
ments in the case of a sample length of 7 years. On the other hand, the number of catchments with
a value of F (ωa f ter ) less than 0.1 increases, from 14 catchments in the case of one year samples to
28 catchments in case of seven year samples.

The distribution of F (ωa f ter ) shown in Figure 5.2 indicates that there are more catchments where af-
ter the drought a decrease in the runoff ratio can be observed than catchments where an increase in
the runoff ratio can be found. However, for all different sample lengths, the number of catchments
that are in between these high and low values of F (ωa f ter ) is higher than the number of catchments
with extreme values.

In the remainder of this study, the focus will be mainly on comparing catchments with extreme
values of F (ωa f ter ). This is done to determine whether a reason can be given for the large differences
that are found in the catchment response after a long-term drought.

The correlation matrix for comparing the correlation in F (ωa f ter ) for different sample lengths can
be found in Figure 5.3. The correlation matrix shows that catchments with a sample length larger
than 3 years generally show a good correlation. This means that the values found for F (ωa f ter )
show a good relation for differing sample lengths. Furthermore, the correlation coefficient increases
with decreasing difference in sample length. Catchment with a short sample length of 1 and two
years show a poorer correlation with other sample lengths. This is not surprising, as the number
of catchments with a high value of F (ωa f ter ) are a lot higher in the case of a shorter sample length
than for longer sample lengths.
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Figure 5.2: Distribution of F (ωa f ter ) for different sample years
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Figure 5.3: Correlation of F (ωa f ter ) for different sample lengths using the Pearson correlation coefficient.

5.2.2. Changes in rainfall-runoff in Budyko framework
In this section, the changes in the rainfall-runoff relationship that have been found with F (ωa f ter )
will be given with the changes that are found in the Budyko framework.

This investigation has only been performed for a sample length of 5 years. The decision to use a
sample length of 5 years has been made on the basis of a trade off between having enough random
samples and having a short time period after the drought. Furthermore, looking at the correlation
matrix in Figure 5.3, the results for this sample length have a good correlation with other sample
lengths.

To compare high and low values of F (ωa f ter ), the catchments are divided into three groups. The low
bound is set at a value for F (ωa f ter ) of 0.1 and the high bound is set at 0.9. More information about
the three groups that are formed can be found in Table 5.1.

Table 5.1: The three groups that are used in the analysis, with the number of catchments that are in each group. The
number of catchments is based on a sample length of 5 years.

Name Condition Number of catchments
Low F (ωa f ter ) < 0.1 27
Medium 0.1 ≤ F (ωa f ter ) ≤ 0.9 115
High F (ωa f ter ) > 0.9 54

The movement of catchments within the Budyko framework from the period before the drought
to the period after drought is displayed in Figures 5.4 and 5.5 for catchments with a low value for
F (ωa f ter ) and catchments with a high value of F (ωa f ter ). In both Figures, the full timeseries before
and after drought are used to determine the aridity index and the evaporative index.

Figure 5.4 shows the movement for catchments with a low value of F (ωa f ter ). This Figure shows
that catchments in this group have a lower evaporative index after the drought than before the
drought. Oftentimes the aridity index also decreases, but this is not always the case.
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Figure 5.4: Changes within the Budyko framework before and after the drought for catchments with a value of F (ωa f ter ) <
0.1. The arrow displays the change. The sample length is 5 years.

Figure 5.5: Changes within the Budyko framework before and after the drought for catchments with a value of F (ωa f ter ) >
0.9. The arrow displays the change. The sample length is 5 years.
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In Figure 5.5, the movement in the Budyko framework is displayed for catchments with a high
value of F (ωa f ter ). In this case the evaporative index increases over the drought period. The change
in aridity index differs from decreasing to increasing.

The above Figures show that the evaporative index does indeed decrease for catchments with
a low value of F (ωa f ter ) and increase for catchments with a high value of F (ωa f ter ). However, the
magnitude of the changes in evaporative index differ.

To get a better idea about the magnitude of the change, the change in evaporative index is compared
to the value of F (ωa f ter ) for each of the 196 catchments. The change in evaporative index is defined
as is stated in Equation 5.1, in which E I is the evaporative index.

∆E I = E Ia f ter −E Ibe f or e (5.1)

A negative value for ∆E I therefore indicates that the evaporative index has decreased over the
drought period.

In Figure 5.6 the change in evaporative index for different values of F (ωa f ter ) is presented. This
Figure shows that when the value of F (ωa f ter ) is low, the evaporative index does indeed decrease
in most cases, meaning that there is an increase in runoff ratio. Likewise, the value of the evapora-
tive index does increase when the value of F (ωa f ter ) is high. Furthermore, this Figure shows that
the most extreme negative and positive changes in evaporative index are found when the value of
F (ωa f ter ) is respectively close to 0 or close to 1.

Figure 5.6: F (ωa f ter ) versus the change in evaporative index in case of a sample length of 5 years. Each blue dot represents
a catchment. A negative change in evaporative index indicates a decrease in evaporative index over the drought period,
while a positive value indicates that the evaporative index has increased.



5.2. Results of detecting rainfall-runoff change 35

In Table 5.2 the number of catchments for different groups of change in evaporative index are dis-
played. This Table gives an insight into the magnitude of change in the catchments. The spread
in change in evaporative index is between -0.25 and 0.29. This indicates that in the most extreme
catchments there is an in- or decrease of runoff between 20 and 30% of the precipitation. In most
cases, this change is less than 10% of the total precipitation.

Table 5.2: Change in evaporative index over the drought period

Group Number of catchments
-0.3 < ∆E I ≤ -0.2 2
-0.2 < ∆E I ≤ -0.1 13
-0.1 < ∆E I ≤ 0.0 55
0.0 < ∆E I ≤ 0.1 113
0.1 < ∆E I ≤ 0.2 12
0.2 < ∆E I ≤ 0.3 1

5.2.3. Investigation of factors affecting a change in rainfall-runoff
To identify whether the differences of the rainfall-runoff response in relation to a drought can be ex-
plained, several different factors have been investigated. In this section these results are presented.

Like in the previous section, this analysis is performed for a sample length of 5 years. The groups
that are used can be found in Table 5.1.

The results are compared for different variables, which can be summarized as follows:
• Climatic conditions

– Drought severity
– SPEI after drought
– Aridity index before drought
– Climatic zone
– Seasonality

• Land Use / Land cover
– NDVI
– Forested cover

For each of these variables, the 2-sample Kolmogorov-Smirnov test has been performed. The 2 sam-
ples that are compared for the Kolmogorov-Smirnov test are the group with a low value of F (ωa f ter )
and the group with a high value of F (ωa f ter ).
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Climatic conditions
In this section the results related to climatic conditions before, during and after the drought are dis-
played. Besides the results presented in this section, additional plots related to climatic conditions
can be found in Appendix A.

Drought characteristics
In Figure 5.7, the distribution of the drought severity, described by the sum of the SPEI over the
drought duration, is shown for each group. In this Figure, it is noticeable that the higher values for
drought severity are in the group with a low value for F (ωa f ter ). This is also reflected in the p-value
for the Kolmogorov-Smirnov test, which is <0.001.

Figure 5.7: The drought severity for the different groups of F (ωa f ter )

When comparing only the intensity for the different groups, which is shown in Figure A.1 in Ap-
pendix A, there is no clear difference between different values of F (ωa f ter ). For all different groups
the maximum intensity has a median value of 2.5. The spread of the data is also very comparable,
with the 25 and 75 percentiles at similar levels. As a consequence, the p-value for the KS-test is very
high, 0.915.

Looking at only the drought length, displayed in Figure A.2 in Appendix A, it is noticeable that the
higher values for drought length are in the group with a low value for F (ωa f ter ). Where the drought
length for both the groups with a medium and a high value for F (ωa f ter ) is mostly concentrated
below 2000 days, the drought length in case of a low value for F (ωa f ter ) is mostly clustered between
2000 and 3000 days. There seems to be a second group in the case of a low value for F (ωa f ter ), which
is a group between 1000 and 2000 days.

Another thing worth to mention, is that the value for drought length is not a continuous variable,
like the other variables mentioned in this section. As the droughts start and end at the beginning of
a hydrological year, the number of possibilities is not very large, from a minimum of 3 years up to a
maximum drought length of 10 years.
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Mean SPEI after drought
The mean value of the SPEI after drought is the mean value of the 12 month SPEI for 3 years after the
drought. In Figure 5.8, the distribution for the mean SPEI is displayed for each of the three groups.

In most cases, the mean SPEI of the catchment is larger than 0, meaning that the period after
the drought is relatively wet. However, some catchments do have a mean SPEI value lower than 0,
meaning the period after drought is relatively dry. There is not one group for which this is the case
especially, but the spread seems to be present in all three groups. This also results in a high p-value
for the KS-test, indicating that there is no difference between the distribution of the mean SPEI of
the different groups.

Figure 5.8: Mean SPEI after the drought

Aridity before drought
In Figure 5.9 the aridity index before the drought is compared for the different groups. As can be
seen in the Figure, there are some outliers in the aridity index, with values over 10. Besides these
outliers, most of the data is concentrated between 0 and 3.

The values in the group with a low value for F (ωa f ter ) seem to be concentrated in two areas, with
aridity indices around 1 and a little over 2, while the data for the other two groups is concentrated
below an aridity index of 2. Furthermore, there are few catchments with a wet climate in the group
with a low F (ωa f ter ). The lowest aridity index before the drought for this group is 0.85, while for the
medium and high groups this is 0.36 and 0.37. Despite this, the p-value for the KS-test is not very
low, with a value of 0.079. This means that it is not very certain that the aridity between groups is
different.
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Figure 5.9: Aridity index before the drought

Climate zone

In Figure 5.10, the different climate zones are shown and the distributions of F (ωa f ter ) are shown.
As stated in Chapter 3, the number of catchments that have a desert or temperate climate with no
dry winter is limited. Noticeable in this Figure is that there are some distinctions between climate
zones when looking at the value for F (ωa f ter ). Especially the temperate climate zone with a dry
summer has high values for F (ωa f ter ), while temperate zones with a dry winter have, on average, a
low value for F (ωa f ter ).

In the case of catchments with a tropical or a temperate climate without dry season, the values
for F (ωa f ter ) are a lot more spread out. However, values for F (ωa f ter ) are on average lower in a
tropical climate than in a temperate climate without a dry season.

Figure 5.10: Boxplot climate zones



5.2. Results of detecting rainfall-runoff change 39

These results indicate that the seasonality and timing of the precipitation are important in the re-
sponse of the catchment to the drought. Therefore, the three groups are compared using the value
of the seasonality timing index, which is displayed in Figure 5.11.

These results are in line with what was found for the division in climate zones, as catchments
with a negative value for the seasonality timing index, in which the precipitation largely winter
based and the summer is a dry period, seem to more often have a higher value for F (ωa f ter ) than
catchments with a positive value for the seasonality timing index, which have a dry winter period.
In case of a low value for F (ωa f ter ) there is a large group of catchments with a high seasonality with
precipitation in the summer. There is also a small group of catchments that are less seasonal, with a
concentration of precipitation in the winter. The differences in the two groups are also reflected in
the p-value for the Kolmogorov-Smirnov test, which is low with 0.001.

Figure 5.11: Violinplot Seasonality Timing

When only looking at the seasonality, displayed in Figure A.3 in Appendix A, there is oftentimes
a higher seasonality in case of a low value of F (ωa f ter ). However, the p-value for the Kolmogorov-
Smirnov test is not as low as for the combined seasonality timing index, with a value of 0.013. This
indicates that both seasonality and timing play a role in the differences that are found.

Land use / land cover
As the expectation is that a change in vegetative cover has a large influence in the way a catchment
responds to drought, the land use and land cover are expected to play a role in the changes that are
found in catchments. In this section, several factors related to land use and land cover are presented.

Besides the results shown in this section, additional plots related to land use / land cover are
given in Appendix B.

Forest cover
In Figure 5.12, the distribution of the forest cover for the different catchments is displayed per group.
In both the high and low group, there are a large amount of catchments that have a high fraction of
forest cover, close to 1.0. The medians of the two groups are also similar. However, in catchments
that see a decrease in ω, there is also a group of catchments with low forest cover.
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In the case of a medium F (ωa f ter ), the forest cover is distributed more evenly, with more catch-
ments with a small amount of forest cover. The resulting median value is lower than the median of
the other two groups.

The division for Eucalypt cover, which can be found in Figure B.1, shows a very similar pattern.
In both cases the p-value for the KS-test is high, 0.237. One thing to note is that the median fraction
of eucalypt cover in case of a low value of F (ωa f ter ) is 0.42, while this is 0.59 for the fraction forest
cover. In case of a high value for F (ωa f ter ), medians are 0.68 and 0.65 for forest cover and eucalypt
cover.

This could indicate that the fraction of forest cover that is eucalypt forest plays a role. However,
when looking at the fraction of forest that is eucalypt trees, no clear differences are visible. A lot of
catchments have close to 100% eucalypt trees, resulting in a p-value of 0.43 for the KS-test.

Figure 5.12: Violinplot for forest cover

NDVI
In Figure 5.13, the relative difference in NDVI is compared for the different groups. As stated in
Chapter 4, NDVI data is only available from 2000 onwards. This means that it is possible to deter-
mine the NDVI difference for 143 of the 196 catchments. The number of catchments with a low
F (ωa f ter ) is 22 and the number of catchments with a high value of F (ωa f ter ) is 40.

As shown in Table 5.3, the median values for the three different groups are close to each other.
Furthermore, the value for the 25 and 75 percentile are similar. This results in a high KS-test p-value
of 0.812.

Table 5.3: Statistics for the value of ∆r N DV I for the different groups of F (ωa f ter )

Group Min Median Max
Low -0.105 0.050 0.259
Medium -0.192 0.029 0.225
High -0.047 0.026 0.149
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Figure 5.13: Difference in NDVI

5.3. Results of detecting root-zone storage capacity change
In this section the results regarding the root-zone storage capacity are discussed. First, the results
of the mass curve technique are displayed, after which the results regarding ∆SR,1yr are given.

5.3.1. Pre-drought root-zone storage capacity
In Figure 5.14, the distribution of the determined root-zone storage capacities are shown, deter-
mined with the mass curve technique. The root-zone storage capacities have been determined with
the timeseries before the drought, as the hypothesis is that the values of the root-zone storage ca-
pacity change during the drought.

The value of SR differs between catchments. Most of the catchments have a root-zone storage
capacity between 200 and 400 mm. There are, however, some extremes, with storage capacities over
1000 mm.

In Figure 5.15, the spatial distribution of SR is displayed. It can be seen that the value of SR is
higher in the northern areas of Australia, and oftentimes low in the center of Australia. The center
of Australia is more desert-like and has less vegetation. It is therefore logical that the values of SR

are lower in this area.

5.3.2. Change in root-zone storage capacity
The value of∆SR,1yr has been determined for every catchment using the method described in Chap-
ter 4. The results for all the catchments that are taken into account during the analysis are presented
in Figure 5.16.

Most of the values of ∆SR,1yr are close to 0, indicating that there is little change in the root-zone
storage capacity. However, the number of catchments where the value of ∆SR,1yr is larger than 0 is
comparable to the number of catchments with a ∆SR,1yr smaller than 0. In Table 5.4 statistics are
presented. The median value of ∆SR,1yr is close to 0.

In Figure 5.17 the value of ∆SR,1yr is displayed spatially. The largest declines in root-zone stor-
age capacities determined with this method are visible in the southeast and in the southwest of
Australia. In Tasmania and in northern areas, the value of ∆SR,1yr is positive more often.
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Figure 5.14: Histogram for the determined values of the pre-drought SR

Figure 5.15: The spatial distribution of SR
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Figure 5.16: Histogram for the determined values of ∆SR,1yr

Figure 5.17: The spatial distribution of ∆SR,1yr
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Table 5.4: Statistics for the value of ∆SR,1yr

Statistic Value
∆SR,1yr < 0 99
∆SR,1yr > 0 97
Min -103.29 mm
Median -0.17 mm
Max 100.59 mm

5.4. Combined results
In this section, the results for F (ωa f ter ) and ∆SR,1yr , which have been discussed in the previous
sections, will be brought together. The goal of this is to investigate whether the changes that are
found in Section 5.2 can be linked to a change in the root-zone storage capacity.

In Figure 5.18 the distribution of the determined value of SR is displayed for the three different
groups. In case of a low value of F (ωa f ter ), the values for SR are mostly concentrated a little above
200 mm. This is also the root-zone storage capacity that is most often present in all investigated
catchments. Furthermore, it is noticeable that there are no catchments with a small root-zone stor-
age capacity in this group.

When looking at the other two groups of F (ωa f ter ), the SR are more spread out, meaning that
there are more catchments with a high and a low value of SR . However, also in this case, most
catchments have a value of SR between 200 and 400 mm.

Figure 5.18: Violinplot linking the found value of SR with the changes found in the rainfall-runoff relationship

In Figure 5.19 the results for combining the change found in rainfall-runoff relationship and the
value found for ∆SR,1yr are displayed. The catchments that were used are the 196 catchments that
have been used in the previous sections.

The results from Figure 5.19 show that there is a difference between the values that are found
for ∆SR,1yr in case of low values for F (ωa f ter ) and high values of F (ωa f ter ). In general, the value of
∆SR,1yr is larger when the value of F (ωa f ter ) is high. This results in a median that is quite different
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Figure 5.19: Violinplot linking the changes found in the rainfall-runoff relationship to the change in root-zone storage
capacity.

for the three groups, as can be seen in Table 5.5. However, the spread is quite large in all three cases,
with all groups having a minimum value below 0 and a maximum value above 0. The resulting p-
value for the KS-test is low, with a value of 0.004. This indicates that there is a difference in ∆SR,1yr

between catchments with a high value of F (ωa f ter ) and catchments with a low F (ωa f ter ).

Table 5.5: Statistics for the value of ∆SR,1yr for the different groups of F (ωa f ter )

Group Min [mm] Median [mm] Max [mm]
Low -56.63 -8.39 82.11
Medium -103.29 -2.49 100.59
High -88.08 18.30 82.52
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Discussion

In this chapter, the results that have been found in the previous section will be discussed. Further-
more, a link will be made to the current literature.

6.1. Drought detection
In this research one drought period has been considered per catchment, which was defined as the
longest drought period in the timeseries for that catchment. The results showed that the SPEI after
the drought did not have an effect on the rainfall-runoff relationship after the drought. There could
however be some effects of shorter droughts during the period before the longest droughts. A way
that this can be tested is by using the variance of the SPEI before the drought. If dry periods occur
frequently, this variance will be higher.

Furthermore, in this research a value of -0.5 has been used as a boundary value for drought
detection. This value relates to approximately the driest 30% of the timeseries. Using a different
boundary value for the SPEI could result in differing drought durations. Especially for catchments
where the 36 month SPEI does shortly go over this boundary value before returning below -0.5, a
change in boundary value could have a large effect. A possible extension could therefore be to add
droughts together if there is a short time between two droughts determined with the method used
in this research.

6.2. Rainfall-runoff relationship
The results regarding the change in rainfall-runoff relationship showed a diverse image. In the ma-
jority of the analysed catchment no clear change has been found.

Interesting is that in most catchments where a change was found, the runoff ratio appears to
have decreased. This is opposed to the hypothesis that an increase in runoff ratio would be present.

To make sure that the differences found from the expectation are not due to inconsistencies in the
used method, the results using the method for detecting rainfall-runoff change described in this
research have been compared with the results using the method of Jaramillo et al. (2018). The only
adjustment that has been made in this method is that the equation of Fu is used instead of Choud-
houry. In case of the sampling method, a 5 year period is used, while for the method of Jaramillo
the full after-drought timeseries is used. In Figure C.1 in Appendix C the comparison can be found.
Overall results are comparable, with a clear relation (r 2 = 0.5) between the value of F (ωa f ter ) and
∆(E/P )r introduced by Jaramillo et al. (2018). Catchments where a low value of F (ωa f ter ) is found
also show a decrease in∆(E/P )r , which both indicate an increase in runoff ratio due to non-climatic
circumstances. Catchments where the value for F (ωa f ter ) is high have a positive value for ∆(E/P )r .
This seems to indicate that the method used in this research is valid and the results are logical.

47
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6.2.1. Difference in response between short and long sample lengths
In this research, differing time periods after a drought have been investigated. Results for different
time periods after the drought showed varying results.

In the results it was shown that for a short period after the drought, there are few catchments
that have a low value for F (ωa f ter ) and a high number of catchments with a high value for F (ωa f ter ).
This indicates that in the first year after a long-term drought the evaporative index increases, given a
similar aridity index. This is opposed to the hypothesis that the runoff in a catchment increases after
a long-term drought. In the longer term, the number of catchments with a low value of F (ωa f ter )
increases, indicating an increase in the runoff ratio. This starts to show at a sample length of two
years, but becomes clearer with sample lengths of 6 and 7 years.

In this analysis, the time period of the drought has been determined using the meteorological
drought. Yang et al. (2017) has shown that the hydrologic recovery after drought can significantly
lag behind the meteorological recovery. The mean time lag is 7 to 11 months. This lag in recovery
has the effect that the runoff ratio shortly after drought is smaller. This could explain the differences
found between the situation 1 and 2 years after the drought and the situation after 6 and 7 years.
The lag in hydrological drought restoration will have a larger effect in the first years after the drought
than it will have on a longer timescale.

6.2.2. Reasons for changing rainfall-runoff relationship
For all considered time periods, a high value of F (ωa f ter ) was more often found than a low value.
This indicates that a decrease in runoff ratio is present more frequently than expected. In this sec-
tion possible explanations will be discussed.

A reason that a decreased runoff ratio is more often observed in this research could be that a trend
in the runoff ratio has not been considered. The assumption of a static situation before the drought
implicitly assumes that a step change takes place. Declining trends in total annual runoff in Aus-
tralia have been found, using a Mann-Kendall trend test (Zhang et al., 2016). The trends that were
found regarding the runoff were consistent with changes found in annual total rainfall. The found
trend in runoff is largely attributed to this trend in rainfall. Ajami et al. (2017) investigated 166 HRS
catchments for trends in the period 1984 - 2005. A trend in runoff ratio was found for 20 catchments
using a Mann-Kendall test. In 19 out of 20 catchments, the trend in the runoff ratio was decreas-
ing. Change point detection was not investigated in this case. In 17 of the 20 catchments that were
found, an increase in fractional vegetative cover was present. This seems to indicate that a decreas-
ing trend regarding runoff ratio in Australia is more common than increasing trends regarding the
runoff ratio. This decreasing trend regarding runoff ratio present in catchments in Australia could
explain that most catchments that were found to have a change in this research showed a high value
for F (ωa f ter ).

Previous research has shown that a possible reason for a declining runoff ratio in catchments in
south-west Australia is a falling groundwater table (Chiew et al., 2014; Kinal and Stoneman, 2012;
Potter and Chiew, 2011). The effect of these falling groundwater tables is a disconnection between
the groundwater and the surface water. The consequence of this disconnection is a decrease in
groundwater flow, resulting in a decreased annual runoff. These effects were mostly present during
the Millennium drought and it was expected that the effect of groundwater disconnection would
reduce after one or more wet years (Petheram et al., 2011).

The effect of groundwater disconnection seems to be mostly present in catchments with mod-
erate rainfall and little height differences. Catchments where the height differences are larger and
where the amount of precipitation is smaller are less prone to changes due to disconnection of
groundwater and streamflow (Chiew et al., 2014). Incorporating topography was not within the lim-
its of this study. It is therefore not possible to determine whether the catchments that were found to
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have a decreased runoff ratio in this study have little height differences. However, in further studies
it may be interesting to take the topography of the catchments into account to investigate the effect
of slopes.

Other possible causes for a decrease in runoff ratio are linked to changed climatic conditions. In
a modelling experiment performed by Potter and Chiew (2011) for one catchment, a reduction in
runoff was partly attributed to decreased interannual variability and changed seasonality of precip-
itation. The changed seasonality is caused by a higher reduction in precipitation during the autumn
and winter months than in summer months (Chiew et al., 2014).

In this study it was found that a decrease in runoff ratio was mostly present in catchments in
which precipitation is out of phase with the potential evaporation, and therefore most precipita-
tion occurs during the autumn and winter months in these catchments. Even after the Millennium
drought has ended, the precipitation in the cool months has remained below average (Chiew et al.,
2014). This reduction in autumn and winter rainfall could be a cause for the observed reduction in
runoff ratio in catchments with a dominant cool month precipitation regime.

Climate models indicate that the reduction of rainfall in the cool season can progress into the fu-
ture (Post et al., 2014). The observed reductions in runoff ratio may therefore be long-term changes.

6.2.3. Rainfall-runoff change methodology
The bootstrapping method used in this research is essentially a data-driven method. A result of
using the bootstrapping samples is that the storage assumption in the water balance might be vio-
lated. Normally, using consecutive years, the storages at the start of the hydrological year is equal to
the storage at the end of the previous hydrological year. Using the bootstrapping samples, this will
most likely not be the case. Therefore, a storage error may be introduced here. The direction of this
storage error can either be positive or negative. However, these differences in storage can cancel
each other out. Having positive storage changes for each sample would result in an underestima-
tion of E A and therefore a lower evaporative index and lower ω. Similarly, negative storage changes
will result in a higher evaporative index and ω. Oftentimes, the annual storage change is however
assumed to be small. Therefore, the error that is introduced will probably be limited.

In case of using a sample length of 1 or 2 years, the number of unique samples is limited. In case of
1 year, the number of unique samples is equal to the number of years before the drought. The use
of bootstrapping may not be very useful in this case, as the same sample will be generated often. In
case of a limited number of unique samples, it may be better to use each unique sample once and
generate the distribution using these samples, instead of using the bootstrapping method. Further-
more, the spread inω seems to decrease with an increasing sample length. In Appendix D, the 5 and
95 percentile of ω and the difference between these two values have been displayed for a sample
length of 1 and 7 years. The difference between these two percentiles is smaller in the case of a 7
year sample than when a 1 year sample is used. This is similar to what has been found by Guo et al.
(2019), where the catchment with the smallest number of data points had the largest uncertainty.

If samples are not within the limits of the Budyko framework, noω value can be determined for this
sample using the equation of Fu. In this case, the value of ω is set to 20, which is a very high value.
The decision to do this does have an influence on the results, as the number of high values for ω
increases. This will result in an ECDF that is shifted to higher values. The effect on F (ωa f ter ) is that
this will be lower.

However, the number of times that a value is not within the bounds of the Budyko framework
is limited. Therefore, this will not have a very large influence on the final results. Furthermore, as
this will lead to a decrease in the value of F (ωa f ter ), the larger amount of high values can not be
explained by this.
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In this research, only one sample has been used after drought. This sample has been compared to
1000 samples before drought. An extension to this method could be to use more samples in the
after drought situation. In this case, two ECDF curves will be generated, one with ω values before
the drought and one with ω values after the drought. These curves can be compared against each
other, to identify whether they are from the same distribution. This could give more certainty to the
results.

6.2.4. Factors relating to change
In the comparison of different factors relating to a change in the rainfall-runoff relationship, a sam-
ple length of 5 years has been chosen. The choice for 5 years has been made on the basis of a trade
off between having enough random samples and having a short time period after the drought. Fur-
thermore, as discussed earlier, the uncertainty in ω increases with a shorter sample length.

Looking at the difference between catchments with an increase in runoff ratio and a decrease
in runoff ratio, it can be seen that there are 2 factors that seem to have an influence on the changes
that have been found. These are:

• Drought severity
• Seasonality and timing of precipitation

Catchments that show a reduction in the evaporative index have oftentimes gone through a more
severe drought than catchments where the evaporative index has increased. This is contrary to what
was found by Saft et al. (2015), who found that the drought climatic metrics had no influence on the
change in the rainfall-runoff relationship during a drought period.

The effect of a drought also seems stronger in catchments that are in a regime with wet sum-
mers and relatively dry winters. A possible explanation for this can be that the vegetation in the
catchments that normally have dry summers need to have a larger storage capacity compared to
catchments with dry winters, when the amount of water that is evaporated is smaller.

This seems to be in contrast to the finding that the pre-drought root-zone storage capacity does
not influence the response to drought. However, the root-zone storage capacities do not necessarily
have to be larger in catchments with a dry summer. The root-zone storage capacity is not only
linked to seasonality. It can be that a catchment is relatively wet and therefore the storage capacity
determined with the mass curve technique is not large even though there is a high seasonality.

Factors related to the land use and land cover in the catchment do not seem to play as large of a role
as factors related to climate. The land use and land cover factors that have been investigated are:

• Fraction of forest cover
• Fraction of eucalypt cover
• Change in NDVI
• Fraction of catchment burned during the drought

In all four cases, no significant relation has been found to changes in the rainfall-runoff relationship
that were observed. Noticeable is that the spread is large in all four factors. This is especially the case
for the forest cover and eucalypt cover. While most of the catchments where the relative evaporative
factor increased were found to have a relatively large fraction of eucalypt cover, the variations are
still large for all groups.

That the amount of forest cover does not have a large influence on the change that is presented
does not eliminate the hypothesis that the change in rainfall-runoff relation is related to a change
in the vegetative cover. This is because there is a value given for the amount of forest cover at a
specific time, which does not indicate anything about forest die-off during the drought. It could for
example be that there is a small part of the catchment that is forested. Tree die-off in this section
can still have an effect on the rainfall-runoff relationship. On the other hand, if a catchment has a
100% forest cover, this does not mean that tree die-off takes place during drought.
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Given this information, a better indicator could be the change in the NDVI that takes place during
the drought. The idea is that this gives an indication of the tree die-off that has taken place. Research
by Gazol et al. (2018) showed that in the year after an extreme drought the NDVI strongly reduced
in the forest with the largest tree mortality rates. Data availability was however a problem, so a
long-term difference in NDVI has not been investigated.

In this research, a pre- and post-drought NDVI mean of 3 years has been used, which is longer
than the one year that is used by Gazol et al. (2018). No significant relation was found between the
change in NDVI and the change in rainfall-runoff relationship. This could be an indication that the
tree die-off in a catchment during drought has little effect on the long-term response to rainfall-
runoff. Another explanation could be that during the three years, regrowth takes place. In boreal
forests it has been shown that with increasing forest cover, the NDVI does not change or decline
(Loranty et al., 2018), as the understory of the forest also plays a large role in the determination
of NDVI. Boreal forests are different from the forests present in Australia, but the same mechanics
could play a role.

Furthermore, the MODIS NDVI data that was used in this research was only available from 2000
onwards. This means that the data could not be used for all catchments. Another possibility could
be to make use of AVHRR data, which has data from 1989 to the present (USGS, nd). This would
make it possible to compare droughts for more catchment and look al longer term differences for
catchment that had the longest drought during the Millennium drought.

In this research, only one factor has been compared with the value of F (ωa f ter ) at a time. Hydro-
logical systems are complex and there is interaction between different variables. It may therefore
be of value to look into analysis of multiple variables to see whether catchments can be grouped
more systematically. This idea is strengthened by the large variation when looking at the relation
between F (ωa f ter ) and the different factors, suggesting that more is going on than just direct rela-
tionships. Multiple regression may help in identifying combinations of factors that have an effect
on the long-term response after drought.

6.3. Root-zone storage recovery
In this research, both pre-drought root-zone storage capacities and differences in root-zone storage
capacities due to a drought period have been looked into.

The found root-zone storage capacities differ quite a lot between different regions of Australia.
The highest values are found in Northern Australia, with root-zone storage capacities over 1000
mm. This division is similar to what is found in research by Wang-Erlandsson et al. (2016), where
the largest root-zone storage capacities are also found in Northern Australia, followed by southern
coastal areas. The method used is similar to the method used in this research. One difference is that
in case of Wang-Erlandsson et al. (2016), transpiration and interception are combined. Further-
more, evaporation in Wang-Erlandsson et al. (2016) uses satellite-derived estimates of evaporation,
compared to the estimation method based on precipitation and runoff used in this research.

Currently, a return period of 20 years has been used in the determination of SR . Wang-Erlandsson
et al. (2016) has shown that, based on model performance, the optimal value for the return period
differed by land cover. Return periods in forested areas were higher than in grasslands. An exten-
sion could therefore be to calculate the root-zone storage capacity for different return periods, one
return period for dense and high vegetation and one return period for grass- and shrubland. Subse-
quently, the found root-zone storage capacities can be multiplied by the fraction of cover of the land
use type. This can give an aggregated value which takes into account different land uses. The value
of SR,1yr is not influenced by the determined return period, as this always uses the yearly maximum
deficit.
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In this study the variable ∆SR,1yr has been introduced to compare root-zone storage capacities be-
fore and after a drought. In this method, the median value for both periods has been used. As the
root-zone storages have been found to form root systems capable of overcoming deficits with a re-
turn period of 10 to 20 years, this method may not be applicable to determine qualitative differences
in the root-zone storage capacity of the catchment before and after drought.

The values determined for ∆SR,1yr seem to be related to the value of F (ωa f ter ), based on the low
p-value for the KS-test. Low values for ∆SR,1yr are found in catchments that have a low value of
F (ωa f ter ). Both of these variables are calculated using the precipitation, potential evaporation and
discharge measurements. Given a similar precipitation, the catchments with an observed increase
in runoff ratio logically have less water available for transpiration. This will result in smaller deficits
and as a result a smaller value for ∆SR,1yr . However, this does not directly indicate that this change
is due to change in vegetation. In Figure 6.1, the found value for ∆SR,1yr is compared to the value
of ∆r N DV I . This shows that there does not necessarily seem to be a relation between the value
determined change in root-zone storage capacity and the vegetative cover.

Figure 6.1: ∆SR,1yr compared to a relative change of NDVI. A negative value of ∆SR,1yr indicates a decrease in the root-
zone storage capacity over the drought period, while a positive value indicates an increase.

In the determination of SR it is important to have a good estimate of the evaporation fluxes. As it is
hard to measure these fluxes directly, estimates have to be made based on assumptions.

The determination of the transpiration for SR,1yr has been performed using a water balance of
3 years. The first year of this 3 year water balance method has been used in the calculation of the
deficit. The other two years are used in the determination of Et . This is done based on the idea that
during recovery, the amount of vegetation is not constant and the evaporation increases over time.

Nijzink et al. (2016) used a water balance of 2 years instead of 3 years. In this research, 3 years
has been chosen after a limited test in which the evaporation has been compared between different
years. This test showed that with a water balance of 2 years, there were still significant differences
between the evaporation determined for the same year. With a water balance of 3 years, there were
still differences found between the transpiration that was determined for the same year. However,
these differences were smaller than with a 2-year water balance. Therefore, the determined value
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for Et is still uncertain. As the transpiration has a large impact on the eventually determined deficit,
it is important that more research is done to make a better assumption for the transpiration. One
possibility could be to do additional examinations regarding the optimal duration of the timeseries
for SR,1yr .

Furthermore, under the assumption that after drought Et values increase gradually, it might be
better to use the middle of the three years for determining the deficit. Currently, the evaporation in
the second and third year will be higher than in the first year. Therefore the determined Et is high
for the first year. If the second year is used, the lower evaporation during the first year counteracts
the higher evaporation in the third year.

In this research, the value for Imax has been assumed constant at 2 mm. The maximum intercep-
tion capacity has an influence on the amount of water that is available for interception evaporation.
The amount of interception evaporation is subtracted from available potential evaporation. Fur-
thermore, it is assumed that the effective precipitation is divided into runoff and transpiration. As
the runoff is known, the transpiration is assumed based on the effective precipitation and runoff.

In case of catchment 225020A, the values for SR,1yr were frequently equal to 0 mm. This means
that the effective precipitation is equal to or smaller than the generated runoff during the 3-year pe-
riod. As the water balance has been tested in Chapter 3, there is sufficient precipitation to account
for the runoff. That there is no water available for transpiration, must mean that the modeled inter-
ception evaporation was higher than it actually is. In Figure 6.2, the SR,1yr values after the drought
are displayed for differing values of Imax for catchment 225020A. This Figure shows that with a lower
value for Imax , the SR,1yr value indeed increases.

Figure 6.2: Comparison for SR,1yr for differing values of Imax

Given the information above, the assumption that Imax is constant in both space and time may
not be valid for all catchments. This is something that can be improved in the future. A possibility
could be to base the value of Imax based on land use classes and NDVI (Vegas Galdos et al., 2012).
This could be used to make Imax dependent on both space and time, which could potentially im-
prove the accuracy of the results.
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Conclusions

The goal of this research was to determine if there is a difference in catchment response to rainfall
after a drought, relative to the situation before drought. The main questions regarding this goal
were:

1. Is there a change in runoff ratio in catchments after a long-term drought relative to the situa-
tion before the drought?

2. Is there a change in the root-zone storage capacity determined with the mass curve technique
following a multiyear drought?

With regard to the question whether a change in the runoff ratio occurs, the hypothesis was that the
runoff ratio would increase after a long-term drought.

What was found does not show that long-term droughts cause an increase in runoff ratio after
a drought. Considering a 5-year period after the drought, a change was observed 71 of the 196
catchments. Out of these 71, only 27 catchments showed an increase in the runoff ratio. Shorter
and longer periods after the drought showed similar results. The in- or decrease in runoff that was
found was in most cases less than 10% of the total precipitation, with extreme cases of almost 30%.

Catchments that showed an increase in runoff ratio were found to have on average a higher
drought severity and a distribution of the precipitation that is more concentrated in the summer
months, compared to catchments with a decrease in runoff ratio that have more winter-based pre-
cipitation and had less severe droughts.

Besides climate factors, also land use and land cover factors were looked into. Land use factors
that were considered, like fraction of forest present and a change in the NDVI after the drought
relative to the situation before drought did not show a clear relationship with the differences found
in the change of runoff ratio.

The expectation for the question regarding a change in root-zone storage capacity was that the root-
zone storage capacity, determined using the mass curve technique, would decline following a mul-
tiyear drought.

What was found was that the changes determined in the root-zone storage capacity using the
mass curve technique were overall comparable to the changes found in the runoff ratio. The major-
ity of the catchments where the runoff ratio increased during drought did indeed show a decrease
in the root-zone storage capacity.

However, the found change in root-zone storage capacity did not agree well with found changes
in NDVI. This could also mean that other factors than vegetation change play a role in the found
differences in the root-zone storage capacities.
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A
Additional climatic condition plots

Figure A.1: Violinplot comparing the drought intensity for the three different groups
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64 A. Additional climatic condition plots

Figure A.2: Violinplot comparing the drought length for the three different groups

Figure A.3: Violinplot comparing the seasonality index for the three different groups



B
Additional Land Use / Land Cover plots

Figure B.1: Violinplot comparing the fraction of the catchment covered by Eucalypt trees for the three different groups
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66 B. Additional Land Use / Land Cover plots

Figure B.2: Violinplot comparing the max fraction of burned area in a month for the three different catchments



C
Comparison with Jaramillo

Figure C.1: Comparison between results of the method used in this research vs. method used by Jaramillo and Destouni
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D
Uncertainty of ω

Table D.1: The values for ω at the 5 and 95 percentile and the difference between these two for a sample length of 1 year
and 7 years.

1 year 7 years
Catchment 5% 95% Difference 5% 95% Difference

410730 1.81 3.61 1.81 2.19 2.92 0.73
410731 2.56 5.23 2.68 2.90 3.94 1.04
410734 2.17 5.11 2.93 2.37 3.42 1.05
410705 2.25 4.61 2.36 2.45 3.32 0.87
410761 2.61 7.62 5.01 2.88 3.77 0.89
204034 2.59 4.46 1.87 2.85 3.38 0.53
206014 2.27 4.42 2.14 2.32 3.15 0.82
206018 2.52 4.59 2.07 2.95 3.73 0.78
208007 1.67 2.89 1.22 1.93 2.42 0.49
208009 1.00 2.88 1.88 1.31 2.35 1.04
210006 2.20 4.31 2.11 2.70 3.64 0.94
210011 1.49 2.94 1.45 1.78 2.33 0.55
211008 1.27 3.55 2.28 1.80 2.59 0.79
212209 1.00 3.15 2.15 1.35 2.21 0.87
212260 1.69 3.42 1.74 1.99 2.62 0.63
215002 1.69 3.80 2.11 1.94 2.75 0.81
215004 1.11 2.25 1.14 1.34 1.70 0.36
215207 1.91 3.03 1.12 2.11 2.65 0.54
216002 1.00 2.69 1.69 1.06 1.64 0.58
216004 1.82 4.07 2.25 2.02 2.77 0.75
218001 1.47 3.65 2.18 1.63 2.20 0.57
219001 1.05 2.37 1.32 1.24 1.72 0.48
401009 2.56 4.31 1.75 2.80 3.62 0.82
401012 1.61 2.63 1.02 1.87 2.27 0.39
401015 2.09 6.63 4.53 2.40 3.13 0.73
410057 1.82 3.12 1.31 2.04 2.56 0.52
410061 1.93 4.58 2.65 2.24 2.96 0.72
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Table D.1: The values for ω at the 5 and 95 percentile and the difference between these two for a sample length of 1 year
and 7 years.

1 year 7 years
Catchment 5% 95% Difference 5% 95% Difference

412028 2.03 3.90 1.88 2.42 3.24 0.82
412050 1.75 3.69 1.93 2.18 2.97 0.79
412066 2.02 3.89 1.87 2.36 3.22 0.86
416003 2.41 4.24 1.83 2.72 3.36 0.64
416008 2.09 3.26 1.17 2.25 2.85 0.60
418005 2.45 3.75 1.31 2.60 3.19 0.60
418014 2.34 3.67 1.34 2.60 3.08 0.48
419005 2.26 3.41 1.15 2.34 2.77 0.43
424002 2.13 3.00 0.87 2.20 2.54 0.34
G0010005 1.57 2.98 1.40 1.71 2.37 0.66
G0050115 1.47 4.20 2.73 1.62 2.40 0.79
G8110004 1.67 2.87 1.20 1.38 2.32 0.93
G8110016 1.56 2.42 0.86 1.71 2.01 0.30
G8140001 1.82 2.54 0.73 1.88 2.21 0.33
G8140040 1.87 2.67 0.79 2.01 2.26 0.25
G8140161 2.06 3.36 1.30 2.39 2.82 0.44
G8150018 1.24 2.83 1.59 1.42 1.83 0.41
G8170002 1.47 3.31 1.84 1.86 2.37 0.50
G8190001 1.37 2.99 1.62 1.68 2.15 0.48
G8200045 1.53 2.48 0.95 1.67 2.01 0.35
G8210010 1.36 2.04 0.68 1.53 1.77 0.24
G9030124 2.35 4.07 1.72 2.39 2.69 0.31
G9030250 1.98 3.13 1.15 2.19 2.52 0.34
G9070142 1.70 2.94 1.24 1.92 2.38 0.46
102101A 1.24 3.35 2.11 1.39 1.94 0.55
104001A 1.49 2.44 0.96 1.63 1.84 0.21
105101A 2.00 3.62 1.62 2.20 2.73 0.53
105102A 1.49 3.13 1.64 1.58 2.21 0.62
105105A 1.92 3.75 1.83 2.22 2.94 0.72
107001B 2.02 3.18 1.16 2.04 2.40 0.36
108002A 1.47 2.95 1.48 1.70 2.31 0.61
108003A 1.01 1.40 0.40 1.15 1.32 0.18
112002A 1.02 5.58 4.56 1.16 1.98 0.82
112102A 1.31 20.00 18.69 1.70 2.84 1.14
113004A 1.00 1.59 0.59 1.11 1.35 0.23
116006B 1.53 2.50 0.96 1.72 2.11 0.39
116010A 1.43 2.76 1.32 1.54 2.00 0.47
116011A 1.53 2.91 1.39 1.79 2.22 0.43
116012A 1.02 2.91 1.89 1.30 2.09 0.79
116013A 1.47 2.52 1.05 1.73 2.11 0.37
116014A 1.56 3.33 1.77 1.88 2.42 0.54
116015A 1.54 2.66 1.12 1.67 2.11 0.45
121001A 2.02 3.75 1.73 1.96 2.74 0.78
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Table D.1: The values for ω at the 5 and 95 percentile and the difference between these two for a sample length of 1 year
and 7 years.

1 year 7 years
Catchment 5% 95% Difference 5% 95% Difference

122004A 1.26 2.83 1.57 1.37 2.03 0.66
126003A 1.35 3.98 2.63 1.58 2.19 0.61
136202D 2.38 4.80 2.42 2.62 3.52 0.90
136203A 2.31 5.31 2.99 2.70 3.54 0.84
136208A 2.39 4.35 1.96 2.59 3.48 0.88
137101A 1.92 4.29 2.37 2.10 3.22 1.12
137201A 1.90 4.33 2.43 2.08 2.95 0.87
138004B 1.91 3.90 1.99 2.20 3.10 0.90
138009A 2.14 4.92 2.78 2.25 3.09 0.84
138010A 2.41 5.66 3.25 2.68 3.84 1.15
138113A 1.68 5.02 3.34 2.03 3.04 1.02
143009A 2.17 4.18 2.02 2.51 3.29 0.78
143110A 1.84 4.00 2.16 2.08 2.66 0.58
143303A 1.39 2.91 1.52 1.62 2.20 0.57
145010A 1.94 3.24 1.30 2.09 2.54 0.45
145011A 1.82 4.50 2.68 2.31 3.15 0.84
145018A 1.74 3.98 2.24 2.15 2.91 0.76
145101D 1.71 2.97 1.26 1.90 2.48 0.58
145107A 1.91 2.98 1.07 2.09 2.60 0.51
146010A 1.95 3.09 1.13 2.03 2.67 0.64
146012A 1.55 3.28 1.73 1.76 2.17 0.41
146014A 1.11 2.95 1.84 1.35 1.92 0.57
146095A 1.67 3.79 2.12 1.94 2.67 0.74
422202B 2.31 4.58 2.27 2.50 3.45 0.94
422306A 2.27 4.89 2.63 2.43 3.45 1.02
422313B 2.39 5.02 2.63 2.67 3.74 1.07
422319B 2.31 5.71 3.40 2.54 3.43 0.88
422321B 1.73 3.31 1.58 1.99 2.52 0.53
422334A 2.61 4.33 1.72 2.72 3.38 0.66
422394A 2.37 3.95 1.58 2.48 3.11 0.63
424201A 1.83 2.74 0.92 1.90 2.20 0.30
912101A 1.81 2.39 0.58 1.80 2.02 0.22
912105A 1.60 2.34 0.74 1.69 1.92 0.23
915011A 1.89 3.57 1.68 2.13 2.66 0.53
917107A 1.95 3.38 1.43 2.00 2.58 0.59
919003A 1.47 2.41 0.94 1.61 1.97 0.36
919201A 1.48 3.07 1.59 1.71 2.38 0.66
919309A 1.60 2.56 0.95 1.76 2.11 0.35
922101B 1.15 2.05 0.89 1.34 1.61 0.27
925001A 1.78 3.43 1.65 1.96 2.36 0.41
926002A 1.42 2.62 1.20 1.61 1.97 0.37
A0020101 1.84 2.85 1.01 1.92 2.36 0.44
A0030501 2.21 3.49 1.28 2.32 3.13 0.81
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Table D.1: The values for ω at the 5 and 95 percentile and the difference between these two for a sample length of 1 year
and 7 years.

1 year 7 years
Catchment 5% 95% Difference 5% 95% Difference

A2390519 2.95 5.61 2.65 3.25 3.90 0.65
A2390523 4.83 9.88 5.06 5.45 6.46 1.01
A2390531 2.81 20.00 17.19 3.22 4.43 1.21
A5030502 2.32 3.46 1.14 2.47 2.82 0.35
A5040517 2.15 2.92 0.77 2.24 2.47 0.23
A5040523 2.05 2.94 0.89 2.23 2.61 0.38
A5050517 2.13 3.99 1.86 2.30 2.78 0.48
A5130501 2.58 4.20 1.62 2.84 3.41 0.57
302214 1.87 2.96 1.09 2.08 2.39 0.31
304497 1.25 2.75 1.50 1.44 1.84 0.40
304499 1.55 2.10 0.55 1.70 1.92 0.22
305202 2.15 3.21 1.07 2.39 2.83 0.44
307473 1.10 1.81 0.71 1.28 1.55 0.27
308145 1.26 2.25 0.99 1.40 1.67 0.27
308799 1.26 20.00 18.74 1.55 1.96 0.41
312061 1.43 2.27 0.84 1.55 1.83 0.28
314207 1.51 20.00 18.49 1.80 2.38 0.58
314213 1.79 3.39 1.60 2.13 2.64 0.51
315450 1.30 20.00 18.70 1.62 2.30 0.68
318076 2.35 20.00 17.65 2.61 3.46 0.86
221207 1.75 3.31 1.56 1.98 2.46 0.48
221210 2.21 5.45 3.24 2.45 3.40 0.95
222206 2.39 3.98 1.59 2.52 3.16 0.65
222213 2.30 3.72 1.42 2.55 3.21 0.65
223202 2.72 4.63 1.92 2.86 3.72 0.87
224206 1.94 4.14 2.20 1.86 3.13 1.27
224213A 2.48 20.00 17.52 2.89 4.39 1.50
225020A 1.00 1.45 0.45 1.02 1.21 0.20
225110A 2.66 20.00 17.34 3.17 5.20 2.03
225219 1.69 3.26 1.58 2.06 2.57 0.50
226220 3.14 20.00 16.86 4.14 20.00 15.86
226222 2.12 20.00 17.88 2.98 20.00 17.02
226407 1.28 11.49 10.20 1.79 3.10 1.31
227225A 1.67 4.35 2.68 1.94 2.70 0.76
227226 2.37 5.38 3.01 2.74 3.46 0.72
227227 1.79 3.33 1.55 2.08 2.66 0.58
229650A 2.17 4.34 2.18 2.41 3.42 1.01
229661A 2.42 20.00 17.58 2.71 4.14 1.43
230210 2.60 7.56 4.96 2.88 4.02 1.14
231213 2.41 6.78 4.37 2.77 3.75 0.98
235205 1.57 20.00 18.43 2.06 3.67 1.62
236213 2.66 5.87 3.20 3.01 3.86 0.84
238208 2.08 3.45 1.37 2.21 2.77 0.56
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Table D.1: The values for ω at the 5 and 95 percentile and the difference between these two for a sample length of 1 year
and 7 years.

1 year 7 years
Catchment 5% 95% Difference 5% 95% Difference

401203 2.25 4.68 2.43 2.60 3.60 1.01
401208 2.01 5.27 3.26 2.26 3.01 0.76
401210 1.60 3.04 1.44 1.89 2.39 0.50
401212 1.43 2.30 0.87 1.58 1.88 0.31
401216 1.59 2.86 1.27 1.88 2.36 0.48
401217 1.90 3.58 1.68 2.15 2.68 0.53
402204 2.18 4.38 2.20 2.39 3.00 0.61
402206 2.36 6.54 4.18 2.58 3.58 1.00
402213 2.27 4.58 2.31 2.47 3.18 0.72
402217 2.68 20.00 17.32 2.86 3.95 1.08
403213A 2.03 3.88 1.85 2.25 2.87 0.62
403214 2.73 13.05 10.31 2.93 4.02 1.09
403217 1.96 4.14 2.18 2.26 2.91 0.65
403221 1.80 2.92 1.12 2.10 2.54 0.45
403222 2.21 20.00 17.79 2.37 3.26 0.90
403226 1.87 3.28 1.41 2.13 2.62 0.49
403232 2.19 20.00 17.81 2.56 3.84 1.28
404207 2.07 3.89 1.82 2.31 3.02 0.70
405205 1.54 2.95 1.41 1.85 2.35 0.50
405209 1.62 4.04 2.41 1.99 2.53 0.53
405215 1.54 3.33 1.79 1.85 2.41 0.56
405217 1.83 3.59 1.76 2.20 2.82 0.63
405218 1.52 2.41 0.89 1.61 1.94 0.32
405219 1.99 3.35 1.37 2.15 2.59 0.43
405226 2.07 3.70 1.64 2.22 2.68 0.46
405227 2.04 4.32 2.28 2.29 2.96 0.66
405238 1.84 3.85 2.01 1.17 2.54 1.38
405245 2.33 4.55 2.23 2.65 3.30 0.65
405248 1.98 4.67 2.69 2.27 2.85 0.58
405251 2.39 4.07 1.69 2.60 3.26 0.65
405263 2.07 3.81 1.74 2.29 2.87 0.58
405264 1.90 4.82 2.92 2.27 3.15 0.88
405274 1.97 3.15 1.18 2.12 2.52 0.40
406208 2.09 6.50 4.41 2.61 3.53 0.92
406213 2.00 4.33 2.33 2.35 2.95 0.60
406214 2.11 4.61 2.50 2.25 2.76 0.51
406224 2.25 17.75 15.50 2.42 3.24 0.82
407214 2.26 4.29 2.03 2.55 3.23 0.68
407215 2.27 3.74 1.47 2.40 2.89 0.50
407220 2.01 3.59 1.58 2.30 2.90 0.61
407230 2.30 3.88 1.57 2.47 3.06 0.58
407253 1.98 2.91 0.92 2.15 2.54 0.40
408200 2.18 4.48 2.30 2.35 3.11 0.76
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Table D.1: The values for ω at the 5 and 95 percentile and the difference between these two for a sample length of 1 year
and 7 years.

1 year 7 years
Catchment 5% 95% Difference 5% 95% Difference

408202 2.13 4.21 2.08 2.47 3.10 0.63
415207 2.33 4.58 2.25 2.61 3.28 0.67
415226 1.87 20.00 18.13 2.22 2.87 0.66
415237 2.04 4.24 2.20 2.32 3.06 0.74
224214A 2.68 5.80 3.12 3.11 4.20 1.08
604053 2.77 3.84 1.07 2.94 3.35 0.41
606001 2.77 4.20 1.43 3.18 3.61 0.43
606002 4.76 9.98 5.22 5.37 6.69 1.33
606185 2.31 3.31 1.00 2.49 2.81 0.33
607155 2.13 2.87 0.75 2.27 2.56 0.30
608002 2.96 6.55 3.59 3.40 4.21 0.81
610008 2.33 3.60 1.27 2.51 2.96 0.45
613002 2.04 2.29 0.25 2.03 2.18 0.14
613146 1.86 2.83 0.98 2.03 2.33 0.29
614044 3.57 5.22 1.65 3.76 4.33 0.57
616002 3.73 7.03 3.29 3.76 4.65 0.89
616013 3.34 4.50 1.16 3.54 4.06 0.52
616065 3.28 5.12 1.84 3.29 4.03 0.74
803003 1.20 2.43 1.22 1.39 1.67 0.29
804001 1.51 3.11 1.60 1.72 2.01 0.30
809310 1.57 3.69 2.11 1.73 2.11 0.38



E
Python code

The code used in this research has been published in an online repository. It can be found by fol-
lowing the link https://gitlab.com/stijnvant/thesis_stijn_van_terwisga.
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