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Abstract

The recent accumulation of extreme rainfall and subsequent flash flood events in
Luxembourg in 2016 and 2018 has raised two major concerns:

1. How can the extreme rainfall and runoff events that recently occurred in Lux-
embourg and the Greater Region be conceptualized in an era of proven global
change?

2. Can we use large-scale data sets and machine learning algorithms to simulate
extreme and flash flood events?

To evaluate potential trends in the frequency and magnitude of extreme precipitation
and flash flood events, we identified and analysed thunderstorm relevant weather pat-
terns and atmospheric conditions. Therefore, we made use of the objective weather
pattern classification by Hess and Brezowsky (1977) and proxy parameters from
reanalysis data (ERA 5) representing abundant atmospheric moisture contents, suf-
ficient atmospheric instability, and low wind speed and shear winds. These three
categories typically characterize thunderstorm conditions with intensive and long-
lasting rainfall, that have the potential to trigger flash floods. The occurrence of
all other weather patterns fluctuated without clear trends between 1960 and 2018,
whereas the occurrence of trough weather patterns, which can be relevant for merid-
ional, thunderstorm causing conditions, has increased over time. However, between
1980 and 2020, we did find significant increases in the occurrence frequency and
amount of abundant absolute atmospheric moisture contents along with increases in
high atmospheric instability. These findings are the basis for potential increases in
the occurrence and intensity of extreme precipitation and flash flood events.
Moreover, regarding the damage potential of flash floods, it is crucial to further
develop the simulation of peak flows. As most hydrological models used in forecasting
are exceeding their design limits during extreme summer peak flow events, we explore
the potential added value of large hydrological data sets. Therefore, we physio-
graphically characterized the entire region of the Luxembourgish stream network
and collected hydro-meteorological data, which were compiled in the CAMELS-LUX
data set. With this data we trained and tested a neural network (Long Short-
Term Memory, LSTM). For the first time, we were simulating discharge in all 56
nested catchments achieving overall reasonable model results. However, also the
LSTM model had difficulties simulating the extreme peak flows mentioned above.
Attempts to improve the model performance during summer peak flows by adding the
identified thunderstorm relevant atmospheric parameters to the model and increasing
its temporal resolution, did not lead to significant improvements. Instead, we noticed
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the inability of the standard LSTM to extrapolate discharge simulations to values
outside the normalized range of the training data. This shows the design limits
of data-based models, that function very well only during conditions that are well
represented in the training data set.

Overall, my research has contributed to a better understanding of the develop-
ment of flash floods, that might not only be linked to atmospheric changes, but also
to other determining driving factors. With the extensive description of hydrological
data in and around Luxembourg, we pave the way for further exploitation of regional
hydrological data. Delivering the basic LSTM model as a tool opens a range of pos-
sibilities for further model development and analyses.

Keywords: Intensification of the hydrological cycle, extreme precipitation, ex-
treme precipitation favouring atmospheric conditions, atmospheric proxy parameters,
flash floods, non-stationary hydrological systems, machine learning, long short-term
memory (LSTM) model, central western Europe, Luxembourg.
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(General introduction

Hydrological extremes comprise both intense precipitation events causing flooding
and inundations on the one hand as well as extended periods of precipitation deficits
leading to prolonged dry spells and droughts on the other hand. Both extremes of
the hydrological spectrum range among the most destructive and costliest natural
catastrophes with losses due to flooding amounting up to 300 billion US$ between
2018 and 2022 (MunichRe, 2024). The by far costliest flood disaster in decades
occurred in July 2021 across parts of western Germany, eastern Belgium, the south
of the Netherlands and Luxembourg, with an overall loss of 46 billion € (54 billion
USS$) (MunichRe, 2024) and the tragic loss of more than 200 lives (BMI, 2022; Crisis
Centrum, 2021). Continuous rainfall over the entire region for several days ended
up saturating the soils. In the following days, extreme precipitation cells triggered
fast runoff reactions (Kreienkamp et al., 2021). Along similar lines, stagnating warm
and moist air masses sustained an episode of flash floods in the summers of 2016 and
2018 on a much more localized scale in Luxembourg and western Germany. While
on 22 July 2016 a flash flood affected the catchment of the White Ernz (Iffly et al.,
2018; Pfister et al., 2018; Mathias, 2021) it was the neighbouring catchment of the
Black Ernz that experienced a similar event two years later on 1 June 2018. Just
one week later on 7 June 2018, heavy precipitation again caused a flood event in
the Kaasselbach, located in the Black Ernz catchment (Pfister et al., 2020; Mathias,
2019). Successive catastrophic events like those above lead to critical concerns and
stimulated the scientific community to delve deeper into the underlying causes (Hao
et al., 2018; IPCC, 2022).

While hydrological extremes count already today among the most devastating
natural disasters (MunichRe, 2024), global climate change is projected to further
intensify hydrological extremes in frequency, magnitude and areal extent (e.g. Donat
et al., 2016; Wu et al., 2013; Yang et al., 2021). Moreover, the event-to-event variabil-
ity is expected to increase (Madakumbura et al., 2019; Ficklin et al., 2022). These
assumptions are based on the physical understanding of thermodynamic processes,




1. General Introduction

where warmer air masses intensify moisture fluxes between the ocean, the land sur-
face and the atmosphere and increase the atmospheric saturation vapour pressure
(Allan et al., 2020). According to the Clausius-Clapeyron relationship, an increase
of 6-7% of the global atmospheric water vapour is assumed per Kelvin degree air
temperature increase, when averaged at the global scale. Based on this assumption
the hydrological cycle is potentially influenced in two ways: increasing precipitation
intensities (Tandon et al., 2018; Pfahl et al., 2017; Trenberth et al., 2003; Giorgi
et al., 2019) as well as increasing atmospheric evaporation demand (Scheff and Frier-
son, 2014; Allan et al., 2020). The latter is however mitigated by dynamic vegetation
responses to elevated atmospheric vapour pressure and elevated CO,, which increase
the plant water use efficiency (Ficklin et al., 2022; Lemordant et al., 2018; Milly and
Dunne, 2016).

Changes in the global water cycle are very complex and are involving various
uncertainties in the responses of the hydrological systems at the regional and local
scale (Koutsoyiannis, 2020). Local changes in water availability are controlled by
global circulation patterns and altered by smaller scale physical processes, such as
topography, land use and human interactions, that affect local water and energy
fluxes (Thackeray et al., 2018; Giorgi et al., 2019; Daniels et al., 2016; Champion
et al., 2015). While local features of the water cycle are the result of an interplay be-
tween multiple drivers (Allan et al., 2020) our research focussed on the overarching
controlling mechanisms, namely the weather patterns and the atmospheric condi-
tions. They are determined by changing heating and cooling patterns throughout
the atmosphere and across the planet’s surface (Allan et al., 2020). We investigated
the weather patterns and atmospheric conditions during extreme precipitation and
subsequent flash flood events and their fluctuations over the past decades (Chapter
3, 4), to test the following hypotheses:

"The strong correlation between atmospheric circulation types and win-
ter discharge observed in the second half of the 20" century for central
western Europe still prevails today."

"The recent accumulation of extreme precipitation and flash flood occur-
rences in central western Europe is triggered by a change in atmospheric
circulation patterns."

“A change in atmospheric conditions has led to more frequent extreme
precipitation events that have subsequently triggered flash flood events
in central western Europe.”

The non-stationarity of hydrological systems is a considerable source of uncer-
tainty for the predictability of the reaction of catchments. A stationary hydrological
system would by definition keep a stable mean and variance of rainfall and discharge
behaviour along with a constant water storage over time (Koutsoyiannis, 2020; Slater
et al., 2021). Statistics based on the assumption of stationarity are used to date when
calculating return periods for flood protection measures and engineering construc-
tions (e.g. Slater et al., 2021). Yet, changing global circulation patterns as well as
local human interferences with the hydrological system through varying land or water
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use, proof this assumption wrong (Allan et al., 2020; Slater et al., 2021). Moreover,
the disruptive nature of extreme flood events has the potential to irreversibly alter
a catchment’s geomorphology and subsequent hydrological responses (e.g. Bronstert
et al., 2018).

As a catchment’s non-stationarity is extremely difficult to assess, the assump-
tion of stationary conditions still builds the basis of standard hydrological tools and
process-based models. Both, conceptional models as well as highly resolved physical
based models rely on storage-controlled modelling concepts calibrated on the status
quo of the past (Devi et al., 2015). This concept is suitable for operational purposes
simulating slowly developing river floods in mesoscale catchments. Yet, under the
increasing pressure to simulate faster runoff reactions in smaller catchments, these
models are being pushed beyond their design limits, which leads to high errors and
uncertainties in streamflow simulations. Achieving the simulation of these fast runoff
mechanisms would however be a conditio sine qua non when aiming for the projec-
tion of robust future streamflow conditions and especially unprecedented extreme
events.

A way to overcome the stationary constraints of conventional hydrological models
could be machine learning algorithms. Machine learning algorithms extract and re-
produce temporal and spatial patterns in the data sets they are trained on and rely on
past observed data just as conventional hydrological models (Shen et al., 2021). Yet,
using a regionalized modelling approach and mining the data of many catchments
largely increases the amount of input data and allows the model to learn universally
applicable physical laws through extensive training (Shen et al., 2021). Nearing et al.
(2021) even suggests that these large-scale data sets, on which the models are trained,
might contain more information than experts could extract and implement in the
design of conceptual models. The catchments’ heterogeneity is thereby represented
through standardized catchment characterizations. Climatic variations beyond the
observed extents within one catchment can be compensated through observations in
other catchments to certain extents. This increases the chance, that extraordinary
events in one catchment have already been observed in another allowing the model
to directly apply the behaviour in catchments experiencing certain conditions for the
first time (Nearing et al., 2019; Bertola et al., 2023). Yet, more testing is needed
to prove that machine learning algorithms are capable of making predictions out-
side the range of their respective training data set (Shen et al., 2018; Feng et al.,
2020). Based on our physiographic characterization of Luxembourg (CAMELS-LUX
data set, Chapter 2), we have set up a regionalized LSTM model (Long Short-Term
Memory). We used this model to test the following hypothesis in Chapter 2:

“LSTMs are capable of simulating discharge across catchments with con-
trasted physiographic settings in and around Luxembourg.”

With purely data-based modelling approaches being independent from our under-
standing of physical dependencies of parameters, we would like to leverage this model
design and add atmospheric input parameters relevant for the formation of extreme
precipitation. The relation between atmospheric parameters potentially triggering
extreme precipitation events and eventually streamflow behaviour is extremely inter-
woven and complex. Yet, knowing that they are related, we conjecture that adding
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this information provides a broader description of the hydrological conditions leading
to the summer peak discharge events. In Chapter 5, we therefore hypothesize:

“An hourly resolution improves the model performance during summer
peak flow events.”

“Including atmospheric variables relevant for extreme precipitation im-
proves the simulation of summer peak flow events.”

The research hypotheses and questions mentioned above are developed in the four
chapters of this thesis. Chapter 2 focusses on the hydro-climatological and physio-
graphic characterisation of the greater region of Luxembourg, presenting the resulting
CAMELS-LUX data set. Chapter 3 investigates the relation between atmospheric
circulation patterns and precipitation and streamflow as well as variations in their
occurrences. Chapter 4 builds on Chapter 3 identifying and analysing thunderstorm
relevant atmospheric proxy parameters. Chapter 5 combines all collected data and
findings in the LSTM model for Luxembourg. Note that all chapters rely on scientific
publications or conference contributions that have either been published, submitted
or are planned for submission to peer-reviewed scientific journals (see List of publi-
cations).



CAMELS-LUX: Highly Resolved
Hydro-Meteorological and Atmospheric

Data for Physiographically Characterized
Catchments around Luxembourg

This chapter sets the scene of the study area - the Greater Region of Luxembourg
- around which all of this thesis’ chapters are centred. The Greater Region is phys-
iographically characterized in terms of topography, geology and landuse, but also
described from a hydrological point of view. We include general hydrometeorological
parameters but also focus on a few local features. This data set includes thunder-
storm relevant atmospheric proxy parameters analysed in Chapter 4 and forms the
basis for simulations using the LSTM in Chapter 5.

This chapter is based on:

Nijzink, J., Loritz, R., Gourdol, L., Iffly, J. F., Zoccatelli, D. and Pfister, L.:
CAMELS-LUX: Highly resolved hydro-meteorological and atmospheric data for phys-
iographically characterized catchments around Luxembourg, Earth Syst. Sci. Data,
[in preparation].

Author contribution:

JN collected and processed the time series data and wrote the first draft. LG cal-
culated the topographic indices for the catchment characterization. RL provided
the model code for the benchmark model and the CARAVAN extension. All the
co-authors (JN, LG, JFI, RL and LP) contributed to and edited the manuscript.




2. CAMELS-LUX: Physiographical characterization of Luxembourg

2.1 Introduction - Meta data

Within recent years, data-driven processes gained increasing importance in hydrol-
ogy. Therefore, it is crucial to have comprehensive data sets of high quality. With
this Luxembourgish data set we contribute to international initiatives in large-sample
hydrology, such as the work done around differing CAMELS data sets (Catchment
Attributes and MEteorology for Large-sample Studies) that work towards the classi-
fication and regionalization of catchments trying to increase the robustness of mod-
els. So far, CAMELS data sets have been published for catchments in the USA
(CAMELS, Addor et al., 2017), Chile (CAMELS-CL, Alvarez-Garreton et al.,
2018), Brazil (CAMELS-BR, Chagas et al., 2020), Great-Britain (CAMELS-GB,
Coxon et al., 2020), Central Europe (LamaH-CE, Klingler et al., 2021), Australia
(CAMELS-AUS, Fowler et al., 2021), and Switzerland (CAMELS-CH, Hoge et al.,
2023) and are under construction for Germany (CAMELS-DE, Loritz et al., 2022),
and France (CAMELS-FR, Andréassian et al., 2021). In recent efforts the CAMELS
have been aligned for further consistency in the CARAVAN data set that can be
extended by the hydrologic community via a corresponding cloud-based platform
(Kratzert et al., 2023). As the forcing data of the CARAVAN data set is extracted
from the coarse ERAD reanalysis data, a few deficiencies in the data quality, and
especially the overestimated potential evaporation, need to be kept in mind, when
applying the data set (Clerc-Schwarzenbach et al., 2024).

CAMELS-LUX data is available for 56 catchments, that drain into the Luxem-
bourgish stream network at some point. The catchments in CAMELS-LUX are very
heterogeneous from a physiographic point of view and homogenous from a climatic
perspective. The density of stations is rather high and allows therefore a quite unique
view on physiographic controls on rainfall-runoff transformation processes (and how
they may be affected by changes in climate). The provided catchments are incor-
porated in a nested setup and include a few rather homogeneous, small headwater
catchments. The catchments are characterized physically including basic geographic
data such as the catchment area, the outlet location and major water courses, but
also data of geology and land-use classes within the catchments. These classes are
grouped based on their hydrologic properties. Additionally, topographic measures
are included, that can help to further classify the catchments.

Most of the catchment’s time series range from 01.11.2004-31.10.2021, with a
few catchments being limited by the availability of discharge data. The time se-
ries are available at three temporal resolutions: 15-minutes, hourly and daily. The
high temporal resolution of the CAMELS-LUX data set allows analyses with respect
to convective short-term extreme precipitation events and possible subsequent runoff
events in small catchments. The time series covered in the data set encompass stream
flow, aggregated radar precipitation (RadKlim, Winterrath et al., 2018), interpolated
station precipitation (from AGE, ASTA, DWD, LIST, MeteoLux) as well as atmo-
spheric and soil moisture reanalysis data (ERA 5, Hersbach et al., 2023a,b; Mufioz
Sabater, 2019). Rainfall is often determined by large scale atmospheric patterns and
therefore, the atmospheric parameters provide valuable additional information about
the meteorological conditions (Lengfeld et al., 2019). The atmospheric parameters
of this CAMELS-LUX data set were chosen due to their relevance during thunder-
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storms (Chapter 4). Consequently, they allow a better identification of extreme
precipitation and flash flood favouring atmospheric conditions.

The CAMELS-LUX data set was originally developed for setting up a regional
LSTM for the entire country of Luxembourg hypothesizing that LSTMs are capable
of simulating discharge across catchments with varying physiographic settings in and
around Luxembourg. The benchmark model is included in Sect. 2.6.2. As this data
set includes a sufficiently high temporal resolution and the thunderstorm relevant
atmospheric conditions, the research focus lies on the simulation of summer peak
flows (Chapter 5).

2.2 Hydro-meteorologic time series

2.2.1 Discharge

Discharge data for Luxembourg was collected from stations of the Luxembourgish
Water Agency (AGE) and the Luxembourg Institute of Science and Technology
(LIST). The discharge data for the German region was provided by the Rhineland-
Palatine State Office for Environment (LfU-RLP, 2022).

The discharge is measured at 56 stream gauges that contribute to the Luxem-
bourgish stream network. This stream network includes headwater catchments that
include areas on the Belgian and French side of Luxembourg, as well as areas and
streams on the German side. The Our and the Sure River in the FEast, mark a part
of the border between the two countries. The original temporal resolution of the dis-
charge measurements is 15 minutes. This time step dictates the minimum resolution
for this data set. Data was aggregated to hourly and daily time steps. For most
catchments, data is available for the entire time period of this data set. Ten catch-
ments (ID 12, 20, 31, 36, 37, 38, 46, 54, 55, 56) do not cover the entire time period
of this data set and typically start one or two years later. The significantly shorter
time series are the catchments, in which flash floods were observed (ID 55-56).

Discharge data was processed to fill all gaps in the time series. The data gaps were
examined individually and compared to neighbouring stream gauges. Decisions were
taken individually according to the following “rules” If the gaps only covered very
few time steps, in which no precipitation fell, data was interpolated linearly. If there
was rainfall and streamflow was not in the recession period, the specific discharge
was introduced from the surrounding stream gauge, that reacted the closest to the
stream gauge that needed to be filled within the days or weeks around the data
gap. In the data set, a flag column was included to indicate interpolated values.
“0” are original values, “1” stands for a linear interpolation. All further numbers are
surrounding stream gauges.

2.2.2 Precipitation
Radar data

The precipitation radar data is derived from the radar product RadKlim (“Radar-
based Precipitation Climatology” - YW) by the German Weather Service (DWD, ver-
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sion 2017.002 - Winterrath et al., 2018). RadKlim is a reprocessed and quasi gauge-
adjusted version of the DWD’s operational Radolan (“Radar-Online-Adjustment”)
product. The data quality is high, even though precipitation might be underesti-
mated during extreme rainfall events (Kreklow et al., 2020; Péschmann et al., 2021).

The radar data was spatially aggregated. The 1 km x 1 km sized grid cells
were considered for a catchment if their center point lies within the catchment area.
The area of Weierbach catchment (ID 50) is the by far the smallest within the data
set (0.4575 km?)) and does not contain any radar grid cell center. In this case, we
averaged the 4 grid cells, that partly overlay the catchment.

The original data has a temporal resolution of 5 minutes and was accumulated
to this data set’s 15 minute, hourly and daily time step. Apart from the aggregated
rain rate, we extracted the maximum and the minimum rain rate within one grid cell
and one timestep (in the original 5-minute resolution). The 5-minute maximum rain
rate can be used as an indicator for the precipitation intensity during an extreme
event. The 15-minute, hourly and daily resolution of the data still contain the
minimum and maximum rain rate per 5 minutes within the respective time steps. In
case missing values persisted in the final time series per catchment, these gaps were
eventually filled with an interpolated data product described in the next paragraph.
The 5-minute minimum and maximum rain rates in the data set are taken from the
min and max of the station data and calculated from a further disaggregation. They
clearly do not represent the maximum 5-minute rain rate and are therefore not really
comparable to the radar data but are closest to what we could extract from the data.
All values that are replaced within the radar precipitation time series are marked
with a flag, that is set to 1.

Interpolated station data

To complement the radar data, we added the spatially interpolated station data
as an extra time series. We used 66 stations that are spread over Luxembourg
and Germany, maintained by the Luxembourgish Water Agency (AGE), the Luxem-
bourgish Ministry of Agriculture (ASTA), the Luxembourg Institute of Science and
Technology (LIST), the Luxembourgish Weather Service (MeteoLux) or the German
Weather Service (DWD). This data is available at an hourly resolution for Luxem-
bourg and 10-minute resolution for Germany. We disaggregated or aggregated data
respectively to reach the 15-minute, hourly and daily temporal resolutions. The dis-
aggregation for the 15-minute values needs to be kept in mind in case of deciding
to use the station data at high resolution. The gaps of each station itself were filled
with data from the nearest neighbour. We then calculated Voronoi polygons (Fig.
2.2.1) and determined the surrounding stations that represent each catchment by
different percentages.
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Figure 2.2.1: Precipitation stations and Thiessen polygons for the interpolation to
the catchments.

2.2.3 Atmospheric data

The ERAS reanalysis data was downloaded from the Copernicus Climate Data Store
(CDS). We extracted parameters of atmospheric data at single levels (Hersbach et al.,
2023b) as well as at different pressure levels (Hersbach et al., 2023a) and some land
data (Munoz Sabater, 2019). The specific parameters are listed in Table 2.2.1 and
represent different aspects of thunderstorm formation, such as high atmospheric in-
stability and a high moisture content. In addition, wind speeds and shear winds
should be low, to allow a slow storm motion and good organisation so that a large
amount of rainfall accumulate over a specific area. These atmospheric conditions are
considered extreme precipitation and potentially flash flood favouring (Meyer et al.,
2022).

The spatial resolution of the atmospheric ERAS grid cells is 0.25° x 0.25°, and
of the ERA land data 0.1° x 0.1°. To translate the data to one time series per
catchment, the catchment shapes were cut out from the grid cells and the values
of the grid cells within the catchments were averaged respecting the percentage of
the area of each grid cell within the catchment. A few small catchments are located
within one ERA5 grid cell only (catchments: 10, 12, 13, 16, 17, 23, 36, 53, 54, 56).
The original temporal resolution of the ERA5 data is at hourly rate. To disaggregate
the data to the 15-minute interval of the observed discharge data of our data set, we
used linear interpolation for most parameters. The values at the full hour are the
original values. As the total precipitation is an accumulated value, we equally divided
the hourly values for this parameter. From the original parameters, we calculated the
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mean wind speed (WSiom agl—500npPa , €4. 2.1) between 10 m a.g.l. and the pressure
level of 500 hPa from the squared northward direction wind vector u (m s™!) and
the squared eastward direction wind vector v (m s™1).

Table 2.2.1: Selected proxy parameters for the assessment of convection-relevant
atmospheric conditions and soil moisture data from the ERA5 data set (adapted

from Meyer et al., 2022).

Proxy for Parameter Abbr. Unit Level Source
Instability Convective CAPE Jkg=! Single Hersbach

available et al. (2018a)

potential

energy

Convective CIN Jkeg=!  Single Hersbach

inhibition et al. (2018a)

K index K index °C Single Hersbach

et al. (2018a)

Moisture Total column TCWV kgm=2 Single Hersbach

water vapour et al. (2018a)

Specific q kgkg=! 700hPa Hersbach

humidity et al. (2018b)

Relative hu- RH % 700 hPa Hersbach

midity et al. (2018b)
Storm u component ms? 10 m, Hersbach
motion and  of wind 500hPa and et al. (2018b)
organization ¢ component U ms~! 700 hPa Hersbach

of wind et al. (2018b)

Volumetric Swvll m*m™3 0-7cm Munoz
Catchment .

soil water Sabater
wetness state layer 1 (2019)

Volumetric Swvl2  mP*m™3 7-28cm Mufioz

soil water Sabater

layer 2 (2019)

Volumetric Swvl3 m*m™3 28-100cm Munoz

soil water Sabater

layer 3 (2019)

Volumetric Swvl4  m*m™3 100-289cm Mufioz

soil water Sabater

layer 4 (2019)

(U%Om agl T Viom a.g.l.) + (U300 npa + VZo0npa)

WSlOm a.g.l.—500 hPa — \/ 2

Low-level wind shear (LLS, m s™!) and deep-layer wind shear (DLS, m s™!) were
computed likewise to the wind speed. Yet, for the LLS (eq. 2.2), the difference

(2.1)
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2.3. Catchment characteristics of Luxembourg and surroundings

of the vectors u and v was calculated between the near ground level and 850 hPa
height (approximately 1.5 km) and for the DLS (eq. 2.3) respectively, the difference
between near ground level and 500 hPa height (approximately 6 km).

LLS = v/(410000pa — Ussonpa)? + (V1000nPa — Uss0npa)? (2.2)

DLS = v/(u1000hpa — Usoonpa)? + (V1000kPa — Vs00nPa )2 (2.3)

Potential evapotranspiration (eq. 2.4) was computed based on the air tempera-
ture (T) within the ERA5 data set following a method by Oudin et al. (2005). R,
(MJ m~2 d7') is the extraterrestrial radiation, that is derived from the Julian day,
the latitude and the solar constant of approximately 0.082 MJ m™'. It is divided
by the latent heat flux A (MJ kg™'), that was approximated to 2.45 MJ kg™, and
the density of water p (kg m™*). The constants were set to K1=75 and K2=5. The
resulting potential evapotranspiration values seem a bit low when checking the basic
water balance.

(2.4)

RE (T+K ) 1
BT — YIRS K12 if T+ Ky >0
P otherwise

2.3 Catchment characteristics of Luxembourg and
surroundings

2.3.1 Regional context

Luxembourg lies in central western Europe, bordering France, Belgium and Germany
(Fig. 2.3.3). The country is characterized by two geographic regions with largely
differing characteristics: The Oesling region in the North and the Gutland region in
the South of the country. The Oesling forms a part of the Ardennes massif, with
a schistose and steep bedrock geology. The area hosts only few settlements and a
substantial forested part. The Gutland, in contrast, is characterized by soft valleys
in sandstone and marl that form the basis for extensive agriculture and urban areas.
The 60-80 m thick sandstone formation marks the Eastern limit of the Paris basin
and holds an extensive aquifer (Bintz and Muller, 1965; Lucius, 1948). In the East of
Luxembourg, the Moselle valley marks the border with Germany. The valley offers
milder climatic conditions perfectly suited for viticulture.

2.3.2 Climate

The relatively homogeneous climate of Luxembourg is characterized by westerly at-
mospheric circulation coming from the Atlantic (Pfister et al., 2000) and classified
as a temperate oceanic climate (Kottek et al., 2006). The mean annual rainfall
is 700-900 mm (this data set (2003-2020), Pfister et al., 2005, (1971-2000)) and
spreads almost equally throughout the course of a year (Fig. 2.3.1), with around
100 mm/month during the winter and 70 mm/month in the late summer (Wrede
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Figure 2.3.1: Water balance related catchment variables per major river basins.
Subplot (a) indicates the range of the catchments sizes, (b) and (c) show the annual
rainfall based on the radar product and respectively the station interpolation, (d)
shows the annual potential evapotranspiration calculated according to Oudin et al.
(2005), (e) shows the annual runoff ratio (Q/P) and the specific discharge (Qspec)
is shown in subfigure (f).

et al., 2015). The mean monthly temperature (1971-2000) varies seasonally from
about 0°C in January to 18°C in July (Pfister et al., 2005). The potential evapo-
transpiration (ET,,) was calculated according to the air temperature based method
by Oudin et al. (2005) and ranges around 800-900 mm per year (Fig. 2.3.1). These
values appear a bit low, which especially shows when calculating the aridity indices
(ETpot/P). A cause might be slightly underestimated midday air temperature data
in the ERA5 data set. The Mosel valley area is prone to heavy thunderstorms be-
tween May and August, with relatively regular daily precipitation values above 100

m (Schmithiisen, 1940). Within the last 20 years (2001-2020), a slight increase
in thunderstorm favouring conditions was observed throughout the entire country
(Meyer et al., 2022).
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2.3. Catchment characteristics of Luxembourg and surroundings

2.3.3 Hydrology

The hydrological regime within Luxembourg is pluvial oceanic (Pardé, 1947). Typi-
cally, streamflow regimes are characterized by high water levels and flooding during
the winter and low flow situations during the summer (Wrede et al., 2015). While
during the period of 1980-2000 large winter floods were observed on multiple occa-
sions (Pfister et al., 2000), they have been observed less frequently within the last
20 years. Instead, floods caused by thunderstorms in the beginning of the summer
have been observed to an increasing extent between 2016-2021 (Bingenheimer, 2018;
Pfister et al., 2018).

ERAS5 Grid
I:l Catchments A
I:l Flash flood catchments

—— Streams

V¥ Stream gauges 32
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Figure 2.3.2: 56 nested catchments of CAMELS-LUX grouped in a few basins of
higher order.

Luxembourg contains a nested catchment set-up of many headwater catchments,
that contribute to a few rivers of a higher order (Fig. 2.3.2). These are the Attert
and Wark in the West, the Alzette in the South and the Wiltz, Clerve, and Our
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2. CAMELS-LUX: Physiographical characterization of Luxembourg

in the North of the country. East of the latter three on the German side are the
Pruem and Nims catchments. All of these contribute to the Sure River, that feeds
the Mosel at Trier, East of Luxembourg. The Syre and Aalbach river in the East
of Luxembourg directly feed the Moselle. Two particular flash flood series occurred
around 22 July 2016 (Pfister et al., 2018) and 01 June 2018 (Pfister et al., 2020), that
especially hit the catchments of the White Ernz and Aalbach. The thunderstorms
in the country, however, caused abruptly rising water levels within many others of
the listed catchments as well. Another severe flooding event directly following heavy
rainfall hit Luxembourg and surrounding regions in Belgium and Germany in mid-
July 2021. While the rainfall triggered flash floods in Germany, the Luxembourgish
streams had slower rising water levels (e.g. Kreienkamp et al., 2021). Large-scale
floods during the winter occurred - among others - in the first week of January in
2010 and in January 2020.

2.3.4 Geology

Luxembourg is divided in two major natural regions, consisting of distinct geological
and geomorphological features (Fig. 2.3.3 b). The northern region (called 'Oesling’)
covers nearly one third of the country and is a part of the Ardennes-Rhenish shield.
In the southern region (called 'Gutland’) Mesozoic sediments prevail and form the
northeastern limit of the Paris Basin.

In the Oesling, the limited permeability of the schistous bedrock causes surface
and lateral subsurface flows to dominate streamflow generation. The Gutland region
is characterized by alternating layers of permeable (e.g., sandstone) and less per-
meable (e.g., marls) bedrock layers. The former allow a deep percolation of water
towards large aquifers that eventually feed a constant baseflow component in the
river network (Gourdol et al., 2023; Wrede et al., 2015). In catchments dominated
by substrates with limited permeability, fast hydrological processes - such as satu-
ration excess overland flow - dominate streamflow generation (Wrede et al., 2015).
Based on geological data from Luxembourg (APC, 2022), Belgium (Hellebrand et al.,
2007), France (BRGM, 2020) and Germany (BGR, 2019), five geology classes were
determined, based on their hydrological behaviour and featured permeability (Pfister
et al., 2017): (1) marl and claystone, (2) schists & quartzites, (3) surface deposits, (4)
Limestone & dolomites, (5) sandstone & conglomerates (classes listed with increasing
permeability).

2.3.5 Land use

The North of the country is widely covered by forests and cultivated land. The South
has some forested area as well, but is dominated by vast areas of cultivated land and
urbanised areas. The hillsides towards the Mosel valley in the East of the country are
traditionally used as vineyards. Based on data from Luxembourg (MECB and MEA,
2018; EEA, 2018) land use was grouped into five classes: water bodies & wetlands,
forests & natural areas, grassland, agricultural land & urban areas (Fig. 2.3.3 ¢).
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Figure 2.3.3: Physiographic settings of the catchments. (a) illustrates the topogra-
phy, (b) the geology and (c¢) the land use of Luxembourg and its surroundings.

15




2. CAMELS-LUX: Physiographical characterization of Luxembourg

2.4 Topography and derived morphometric param-
eters

The topography of Luxembourg is shown in Fig. 2.3.3 (a). The North of Luxem-
bourg, the Oesling region, is a mountainous region, that is a part of the Ardennes
massif that extends from France to Germany. In Belgium, the Ardennes massif
reaches elevations of up to 600-700 m a.s.l. (Pfister, 2012). In Luxembourg, the
highest peak is reached in Wilwerdange with an elevation of 560 m a.s.l. Valleys are
cut in deep V-shapes. The South of the country, the Gutland area, lies at the eastern
limit of the Paris basin (Wrede et al., 2015) and ranges from approximately 100-400
m a.s.l.. Hills are softer and the landscape and U-shaped valleys are wider. The
South-Eastern border of Luxembourg is defined by the Mosel valley, that is cut in
deeply into the surrounding hills. An area in the central East of Luxembourg is some-
times also referred to as the “little Switzerland of Luxembourg” and is characterized
by some very steep and rocky slopes.

An according 5 x 5 m digital elevation model (DEM) was constructed for the en-
tire study area based on data from Luxembourg (ACT, 2019), Belgium (SPW, 2014),
France (RGE ALTI, 2020), North Rhine-Westphalia (IT-NRW, 2021), Rhineland-
Palatinate (LGV, 2021) and (Hengl et al., 2022). The catchments of the 56 stream
gauges have been extracted from this DEM, using the hydrological network to en-
sure consistency. In addition to basic catchment characteristics (elevation, area,
perimeter and slope), a few morphometric indices considered relevant are described
in subsections hereafter.

2.4.1 Gravelius compactness coefficient (K.)

As the basin shape influences the accumulation of runoff, and therefore the hydro-
graphs of flood peaks, the Gravelius compactness coefficient (K.) was included in the
hydrologic catchment properties. Its calculation is based on the ratio of the basin’s
perimeter and the perimeter of a circle of the catchment’s area (eq. 2.5). K, values
close to 1 indicate a circular catchment shape. The roundest catchment of this data
set is the Weierbach (ID 50) with K, = 1.133. The larger K. values are, the more
elongated a catchment is (Gravelius, 1914). In this data set the highest K. = 2.202
is calculated in the Sure catchment at Bollendorf (ID 44).

Perimeter

K= —rn———
2/ X Area

(2.5)

2.4.2 Index of Development and Persistence of the river net-
works (IDPR)

The Index of Network Development and Persistence of the river network (IDPR) was
incorporated in the data set as an assessment tool for infiltration capacities of the
soil or ground. It can moreover be considered a proxy for the catchment’s drainage
density making it an indicator for both topographic and hydrological catchment

16



2.4. Topography and derived morphometric parameters

properties (Mardhel et al., 2021; Uhan et al., 2004). The IDPR quantifies the dis-
crepancy between the observed natural river system and a theoretical hydrographic
network calculated only from a DEM for a given accumulation threshold (set to 62.5
hectares in this study). The IDPR is therefore the ratio of the shortest distance
following the steepest slope of a point considered to (a) the theoretical river system
and (b) the actual river system. Originally this ratio was arbitrarily multiplied by
1000 and limited to a maximum value of 2000 (Mardhel et al., 2021). A transfor-
mation of this ratio into a logarithmic value (base 10) was preferred in this study
(eq. 2.6). Negative values indicate areas prone to infiltration, while positive values
indicate areas that favour surface runoff. The index indicates that the closer the
value is to 1, the less infiltration occurs within a catchment. The IDPR is often in
agreement with the fraction of a priori impermeable geologic formations in the basin.
The range of the catchments” mean IDPR in this data set reach from -0.501 (Kayl-
bach, ID 19, mainly limestone and dolomites) to 0.615 (Weierbach, ID 50, schist).
The latter value hints to an important weakness of the index: Other than indicated
by the IDPR, the Weierbach is characterized by one of the highest infiltration rates
of all considered catchments. This is linked to a high permeability of the soil, that is
not represented in the slopes of the DEM and therefore not considered by the IDPR.

IDPR = 10% (2.6)

The Topographic wetness index (TWI) was developed by Beven and Kirkby
(1979) and is an index for the spatial variation of soil moisture within a catchment.
Its calculation (eq. 2.7) is based on the upstream contributory area (topographic
area drained at the point considered) («) and the local surface slope in radian (5).
TWI values provide information about the ability of a point to accumulate water as
a function of the amount of water flowing in and escaping from it. An area with
high TWI values is characterized by an increased potential for accumulated runoff
and therefore a higher probability of getting saturated. On the other hand, sectors
with steep slopes and close to ridgelines will have a TWI close to zero. In this data
set, TWI catchment means range from 5.846 (Huewelerbach, ID 17) to 7.146 (Eisch,
ID 14).

(8%
TWL=In (mﬁ) (2.7)

2.4.3 Vector Ruggedness Measure (VRM)

Terrain roughness is characterized in this data set by the Vector Ruggedness Measure
(VRM) index. It measures the dispersion in three dimensions of orthogonal vectors
on the terrain surface (x, y, z) and thus incorporates variability in both the aspect
(8) and the slope («). Proposed by Hobson (1972) and adapted by Sappington et al.
(2007), the VRM index is dimensionless and ranges from 0 to 1. Typical values
for natural soils vary between 0 and 0.5. Rugged landscapes are defined by values
greater than 0.01-0.02. Here, mean VRM values at the catchment scale range from
0.001 (Wollefsbach, ID 53) to 0.011 (Enz, ID 16).
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vRM —1- "l (2.8)

with

| = \/(Zx>2+ () +(X2) 2.9)

2 =1 x cos(a) (2.10)
zy = 1 x sin(a) (2.11)
z = zy X sin(f) (2.12)
y = xy x cos(B) (2.13)

2.5 Catchment behaviour

Luxembourg’s nested catchment set-up is prone for studying the influence of the un-
derlying bedrock. While the climate is relatively constant throughout the country,
the geology varies to a high extent. Bedrock geology controls both, the streamflow
regime and the catchment storage. This was shown in detail in a study with a subset
of 16 Luxembourgish catchments (Pfister et al., 2017; Wrede et al., 2015). The dom-
inant geology classes in Luxembourg are represented in small and relatively homoge-
neous headwater catchments, such as the Wollefsbach (ID 53), that purely consists
of marls, the schistose Weierbach (ID 50), and the sandstone based Huewelerbach
(ID 17) (Wrede et al., 2015). The marl catchments react fast and highly seasonal.
As marl is impermeable, lateral subsurface flow dominates the runoff reaction, that
often follows preferential pathways to be even faster. Depending on the current soil
moisture conditions, saturation excess overland flow adds to the runoff. The catch-
ments in schist are also characterized by a strong seasonality and subsurface lateral
flow. Uneven bedrock surfaces lead to a ‘fill and spill’ mechanism, that is activated
during higher soil saturation. The fast runoff reaction if likely caused by overland
flow in saturated riverine areas. These two processes sum up to the Weierbach’s
typical double peak pattern (Hissler et al., 2021). The highly permeable sandstone
formations allow deep percolation and form an immense storage reservoir, that feeds
the streams with a nearly constant baseflow throughout the year (Wrede et al., 2015).

In Fig. 2.5.1, we provide an impression of the meaning of the morphologic param-
eters in comparison to the geology classes, in which the catchments were grouped.
Regarding the topographic wetness index (Fig. 2.5.1 a), we can see that catchments
with a high percentage of marl and claystone have a higher TWI than catchments
that are mainly situated in schist and quarzite or sandstone and conglomerate. The
IDPR shows higher values, when the impermeability is higher and lower values for a
higher permeability (Fig. 2.5.1 d). As the index is a tool for infiltration capacities.
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Figure 2.5.1: Morphologic parameters in comparison to the percentage of geology
within a catchment.

Regarding the slope (Fig. 2.5.1 e), we can see that the softer geology structures have
the flatter (U-shaped) slopes, compared to the steep (V-shaped) slopes in the schist
geology. This is coherent with the surface roughness that is lower in the marl areas
compared to the schist areas (Fig. 2.5.1 g). Also land use is practised according to
the topography and geology. In the schistose areas, forests cover the often steep hills
and agriculture is practised on the plateaus. Contrarily, in the South of the country,
agriculture is performed in the valleys on marly ground, where the sandstone opened
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2. CAMELS-LUX: Physiographical characterization of Luxembourg

wide U-shaped valleys. Forests remain on the sandstone plateaus.

We would moreover like to briefly emphasize on a few catchments that exhibit
peculiar hydrological behaviour. Due to its very permeable sandstone bedrock, the
Huewelerbach (ID 17) has an exceptionally high storage capacity, leading to sub-
stantial volumes of water percolating to deep groundwater bodies. At the interface
between permeable sandstone and less permeable marls, springs provide a continued
and very stable baseflow contribution to the Huewelerbach. The Kaylbach (ID 19)
and the Dudelingerbach (ID 13) are catchments, that have been strongly influenced
by mining activities in the past. Baseflow continues to be sustained by pumping of
water infiltrated into flooded mining galleries. The catchment reacts to strong sum-
mer rainfall events, essentially generated by rapid surface and subsurface flows. The
Pétrusse (ID 31) catchment is a telling example of rainfall-runoff responses proper
to urbanized catchments. The City of Luxembourg covers approximately one third
of the catchment, contributing to a flashy response to intense rainfall events (leading
occasionally to so-called first-flush pollution events).

2.6 Data set application

2.6.1 Atmospheric parameters characterizing thunderstorms

This data has been collected to allow a comprehensive overview over Luxembourg s
Hydrometeorology in the past decades. The driving motivation lies in the analysis
of flash flood occurrences, that have accumulated in 2016 and 2018 and we are keen
to figure out any relations to a changing climate. The atmospheric parameters in
this data set have been chosen as proxies for atmospheric conditions that have the
potential for the development of rain-intense thunderstorms. The parameters can be
classified in three groups that are considered the ingredients for thunderstorm de-
velopment: high atmospheric moisture, sufficient atmospheric instability, and slow
wind speeds to keep the system motion low and allow the system to dump all its
rain over one area. This combination can potentially trigger flash floods. The long-
term trends (1981-2020) of these parameters were studied in Chapter 4. Significantly
increasing trends were found in the proxies for an abundant atmospheric moisture
content (specific humidity, g, and total column water vapour, TCVW). Yet, relative
humidity decreased slightly. These results follow the Clausius-Clapeyron relation and
are related to higher air temperatures, that allow a higher absolute amount of water
content in the air, yet, in relative measures, this increase is levelled out. Moreover,
the proxy parameters representing instability (convective available potential energy
(CAPE) and the K index) have increased between 1981-2020. Yet, also convective
inhibition (CIN) has increased, which controls the gains in CAPE (Taszarek et al.,
2021a). Parameters referring to the system motion and organization have remained
unchanged. Trends were especially strong within the second half of the time period,
from 2001-2020. This corresponds approximately to the time span of this data set
(2004-2021). This data set is moreover used for the set-up of a databased regional
model for Luxembourg. The inclusion of atmospheric data in the modelling process
will allow the identification of thunderstorm favouring atmospheric conditions. This
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2.6. Data set application

indication can give additional hints to the origin of possible high flows, even, if they
somehow fall through the raster of precipitation measurements. The regional char-
acterization of catchments also opens opportunities for the simulation of catchments,
that only contain a few years of data. This is the case in the catchments in which
flash floods have occurred in 2016 and 2018. These are therefore of special interest
to us.

2.6.2 Benchmark model LSTM
Model setup and training

To provide a reference for model intercomparison studies, a benchmark Long-Short-
Term-Memory (LSTM) model for Luxembourg was added to this data set. This
benchmark model utilizes all dynamic time series and a selection of physiographic
catchment characteristics as input features (Appendix 2.7.1).The LSTM hyperpa-
rameters were selected based on literature references (Espinoza et al., 2023). For the
daily data, a sequence length of 365 days was chosen to reflect the annual hydrolog-
ical cycle. The model includes one LSTM layer that is coupled with a linear head
layer, both with a hidden size of 64. It was trained to optimize the area-averaged
Nash-Sutcliffe efficiency over 30 epochs with a batch size of 256, with a dropout rate
of 40% and an initial learning rate of 0.0001. The learning rate was adjusted by a
gamma rate of 0.8 every five epochs. The forget gate was initially set to a value of 3.
More details about the LSTM are described in Chapter 5 and Espinoza et al. (2023).
For an overview of how LSTMs function in hydrology, please refer to Kratzert et al.
(2019b).
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Figure 2.6.1: NSE distribution of the 56 catchments during 3 different model runs
with varying testing and training periods. Subplot (a) was trained on data from 2004-
2013 and tested on data from 2014-2021. Subplot (b), respectively on the inverted
periods. Subplot (c) was trained on data from 2009-2016 and tested on the time
periods before and after that. This period from 2009-2016 was chosen to include a
series of flash floods that is present only in the second half of the data.
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2. CAMELS-LUX: Physiographical characterization of Luxembourg

General evaluation of the LSTM performance

With these hyperparameter settings, the model achieved efficiencies in the test peri-
ods with a Nash-Sutcliffe Efficiency (NSE) ranging from 0.4 to 0.9, varying based on
the choice of testing and training periods as well as different training runs (see Fig.
2.6.1). Fig. 2.6.2 shows the spatial distribution of the NSE values. One catchment
that is particularly challenging to simulate with this LSTM, as well as other hydro-
logical models (Wrede et al., 2015), is the Huewelerbach (ID 17), which is presumed
to lose groundwater to deep percolation in a sandstone aquifer. Similarly, the Kayl-
bach (ID 19) is difficult to simulate due to the groundwater ‘s infiltration into mining
galleries. The weak performance being related to a non-closing water balance has
also been found in highly conductive chalk or karstic aquifers in Great-Britain and
Southern Texas and might - among others - also be related to insufficiently charac-
terizing catchment attributes (Lees et al., 2021; Feng et al., 2020). The White Ernz
(ID 55) and Hallerbach (ID 56) have significantly shorter periods of available data
and are not always well-represented in model training, which also explains their low
performance scores.
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Figure 2.6.2: NSE distribution of the catchments, calculated from the mean of the

three model runs.
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Evaluation in dependence of the static catchment characteristics

Larger catchments reach NSE values at the upper end of the range, while there is a
wide spread of NSE values in smaller catchments (0-100 km?) (Fig. 2.6.3 a, b). The
NSE is moreover higher in catchments, with a higher elevation range and a higher
mean slope (Fig. 2.6.3 d, e). The second row of Fig. 2.6.3 (f-j) shows the model
performances depending on the five different geology classes and the third row (k-o)
the ones depending on the five different land use classes. Regarding the wide spread
of NSE values, we draw the conclusion at this point, that the performance of the
LSTMs is not dependant on the either of them.
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Figure 2.6.3: Links between the general model performance as evaluated by the Nash-
Sutcliffe Efficiency (NSE) and differing static catchment characteristics. Note the
logarithmic horizontal axis in subplot (a). The subplots (a)-(c) include catchment
meta data, such as area, perimeter and shape, (d) and (e) address topographic
properties. The second row (f)-(j) displays the effect of a catchment s differing
percentage of the five geology classes, while the third row (k)-(o) refers to the five
land use classes.

However, the model evaluation depending on catchment characteristics is likely
overlain by correlations between geology, elevation, and land use. The catchments
in the North of Luxembourg lie in the schistose Ardennes mountain range, where
steep valleys have formed and forests dominate vast parts of the plateau. The South
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of Luxembourg is characterized by alternating sandstone and marl, which form soft
valleys at a generally lower elevation. The major land use type is related to agricul-
ture and urban areas. As storage-controlled floods during winter are simulated more
precisely than summer peak flows, we had anticipated, that catchments with large
storage capacities (i.e. sandstone) would be easier to simulate for the LSTM model
than catchments with higher surface runoff components and flashier character. This
is however not the case.

Conclusion

We have succeeded in setting up and training a regional model for Luxembourg
and can clearly validate our hypothesis “LSTMs are capable of simulating discharge
across catchments with varying physiographic settings in and around Luxembourg”.
It is the first time that simulations have been made in many of the small catchments
achieving reasonable results (NSE ranging between 0.4 and 0.9). For standard fore-
casting applications this model could surely be beneficial leaving room for further
optimization.
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2.7. Appendix

2.7 Appendix

2.7.1 Benchmark model settings - LSTM-LUX

Table 2.7.1: LSTM model settings: Time series, static catchments attributes and

hyperparameters.

Abbr.

Dynamic time series

Qflag, RR_rad, RR_min_ rad, RR_max_rad,
RR_flag rad, RR_stn, tp, t2m, etpot, cape, cin, kx,
q, th, tewv, ws10500, llIs, dls, swvll, swvl2, swvl3,
swvl4

Static catchment attributes

Area _km2, Kc_ Gravelius, limestone dolomites,
surface deposits, sandstone conglomerates,

marl claystone, schists quarzites,

watercourses waterbodies wetlands,

forests naturalareas grassland agricultural land,
urban, Z RANGE, IDPR_MEAN, SLOPE_MAX,
TWI_MEAN, VRM MEAN

Hyperparameters

Time step daily
No. of layers 1
Sequence length 365
Hidden size 64
Batch size 265
No. of epochs 30
Drop out rate 0.4
Learning rate 0.001
Adapt learning rate epoch 5
Gamma adapt learning rate 0.8
Forget gate 3
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The Fluctuations of Atmospheric
Mesoscale Circulation Patterns Sustaining
Major Precipitation

To get a first, general understanding of the atmospheric factors driving major pre-
cipitation and flooding events, we zoomed out of the Greater Region of Luxembourg
and analysed mesoscale circulation patterns. This allowed us to place events in the
atmospheric context and distinguish between the differing characteristics of summer
and winter events. The predictability of large-scale storage-controlled winter floods is
opposed by the high dynamic and local occurrence of thunderstorm-triggered summer
floods. Correlating these events with the prevailing zonal and meridional circulation
patterns adds understanding to the origin of the atmospheric moisture sustaining
extreme precipitation and the energy needed for the development of thunderstorms.
This, in turn, builds the basis for drawing conclusions about changing climate con-
ditions triggering extreme hydrological events.

Parts of this chapter were presented at:

Meyer, J., Douinot, A., Zehe, E., Tamez-Meléndez, C., Francis, O., and Pfister, L.:
Impact of Atmospheric Circulation on Flooding Occurrence and Type in Luxembourg
(Central Western Europe), EGU General Assembly 2020, Online, 4-8 May 2020,
EGU2020-13953, doi: 10.5194 /egusphere-egu2020-13953, 2020.

Author contribution:

JN and LP designed the study. JN wrote the first draft. LP contributed to and
edited the chapter.
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3. Fluctuations of Atmospheric Mesoscale Circulation Patterns

3.1 Introduction

During the late 1980s until the late 1990s, westerly atmospheric circulation patterns
dominated the hydrological systems in central Western Europe, triggering several
consecutive large-scale storage-controlled winter floods (Pfister et al., 2000; Bouwer
et al., 2008; Mansell, 1997). However, within recent years, especially in 2016 and
2018, rain-intense thunderstorms have triggered flash floods peaking within only a
few hours in Luxembourg and neighbouring regions (Pfister et al., 2018, 2020; Johst
et al., 2018). As opposed to typical winter floods, flash floods are not associated
with predictable zonal circulation patterns. However, floods of either characteristic
can be considered an integration of atmospheric mesoscale circulation patterns.

Atmospheric circulation patterns at a regional or continental scale have been
classified in weather patterns — typically based on geopotential heights or sea level
pressure. Classifications like these are applied to translate atmospheric flow patterns
into the actual weather conditions that usually last a few days before transitioning
to the next (Fleig et al., 2011; James, 2007). While synoptic flow patterns can
be determined on a continent-wide scale, the ground weather conditions can vary
substantially in different regions (James, 2007). Numerous weather classification
systems have been developed and can be categorized in two groups: subjective and
objective weather classifications. Subjective weather classifications, such as the Hess
and Brezowski weather type classification for central Europe (Hess and Brezowsky,
1977) or the Lamb Weather Type classifications for the British Isles (Lamb, 1972),
are determined by a specialist analyzing the steering synoptic situation (Huth et al.,
2008). Contrarily, objective weather classifications such as the objective weather
type classification (OWTS) by the German Weather Service (Bissolli and Dittmann,
2001) make use of numeric algorithms and are always reproducible.

One of the most extensively used conceptual weather type classification systems
for central Europe is the subjective weather type classification by Hess and Brezowsky
(Hess and Brezowsky, 1977; James, 2007). This weather type classification concept
has originally been elaborated by Baur et al. (1944). Later, the concept was further
developed by Hess and Brezowsky (1952, 1969, 1977), before it was brought to its
current definition by Gerstengarbe et al. (1999), that is being perpetuated by the
German Weather Service (DWD, 2024b). The Hess and Brezowsky weather patterns
are classified in 29 intuitively named categories that represent experienced weather
spells (James, 2007). The circulation form is based on the location of high and low
pressure, ridges and troughs at the 500 hPa level as well as the stretch of the frontal
zones (Gerstengarbe et al., 1999; Bouwer et al., 2008). To account for the early years
1881-1938, where only ground level pressure data was available, the pressure patterns
at sea level were equally taken into account (Gerstengarbe et al., 1999; James, 2007).

Different weather patterns naturally imply differing hydrological consequences.
Zonal circulation types, that bring humid air masses from the Atlantic to the Eu-
ropean mainland often involve large-scale steady rain (Gerstengarbe et al., 1999).
These weather types are therefore highly correlated with high winter river discharge
in receiving basins in Europe (Pfister et al., 2000; Bouwer et al., 2008; Mansell,
1997). Localized heavy precipitation storms in summer often occur during merid-
ional flows with incoming atmospheric flows from the South. These warm air masses
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from the Mediterranean have the potential to destabilize the atmosphere and trigger
convective precipitation events (Van Delden, 2001). Droughts, on the other hand,
are observed during weather patterns related to high pressure systems above the
affected region or connected to flow directions coming from land areas (Fleig et al.,
2011).

Pfister et al. (2000, 2004) had investigated the effects of rainfall structure and
atmospheric circulation variability on streamflow in the Alzette River basin (Lux-
embourg). They identified a local-scale sensitivity of river discharge to large-scale
changes in atmospheric circulation, with a marked increase in precipitation related
to westerly atmospheric circulation types. The latter were significantly correlated to
an increase in rainfall intensity and duration that had induced an increase in win-
ter maximum daily discharge in the Alzette River basin since the 1970s. Here, we
leverage the two decades of additional precipitation and streamflow data that have
been recorded since 2000 and test the hypothesis that the strong correlation between
atmospheric circulation types and winter discharge observed in the second half of
the 20" century for central Western Europe still prevails today.

Regarding the accumulation of flash flood events in the period between 2016 and
2021, we further hypothesize that the recent accumulation of extreme precipitation
and flash flood occurrences in central Western Europe is triggered by a change in
atmospheric circulation patterns. We thereby aim to improve the understanding of
hydro-climatological processes implying mesoscale atmospheric situations and hy-
drological processes generating flooding events in central Western Europe.

3.2 Study area and data

Our study area is the Moselle river basin in central Western Europe covering parts
of Germany, France and Luxembourg (Fig. 3.2.1). Spanning a reasonably long
period of data from 1954 to 2018, we had to rely on station data at a daily temporal
resolution. For seasonal analyses, the data has been split in two groups: Summer
(May-September) and winter (October to April). The range of the summer months
was chosen based on the potential occurrence time of flash floods in the study area
(Marchi et al., 2010).

Daily precipitation data was collected for 98 stations located in Germany (DWD),
France (MétéoFrance) and Luxembourg (AGE, ASTA, LIST, MétéoLux) (Fig. 3.2.1).
Based on the warning levels of the German Weather Service for heavy storms that lie
within the range of precipitation amounts exceeding 40 1/m? in 1 hour or exceeding
60 1/m? in 6 hours (DWD, 2024a), we chose a threshold value of 50 mm/d to define
an extreme precipitation event. Here, precipitation events are defined per station,
that exceeded the daily precipitation amount of 50 mm/d. A large-scale precipitation
event that exceeds the threshold at several stations is therefore counted as often as the
number of stations exceeding 50 mm/d. While this adds a bias in favour of large-
scale precipitation events, this weighting of larger events accounts for potentially
more severe overall hydrologic situations.

We analysed streamflow data from three stations located in Luxembourg: Win-
seler (Wiltz), Ettelbriick (Alzette) and Gemiind (Our) (Fig. 3.2.1) from 1955-2021.
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Figure 3.2.1: Study area with climate stations (black dots) and stream gauges (blue
dots).

While the data is available only at a daily resolution from 1955 to 1996, streamflow
is recorded at a 15-minute resolution since 1996. As flash floods often occur in small
streams, or even outside streams at temporal scales of less than a day, we relied on
a compiled inventory of flash floods described in Subsection 4.2.2 and Table S3.1.

To reflect upon the atmospheric circulation patterns that trigger extreme precip-
itation events as well as flash floods and stream flow peaks, we rely on the weather
pattern classification by Hess and Brezowsky (1977). The 29 weather patterns and
the one transitional class are listed in Table 3.2.1 and described in detail in Gersten-
garbe et al. (1999). The weather patterns are further grouped into three overarching
circulation categories (Table 3.2.1): (1) The zonal circulation, that includes atmo-
spheric flows from West to East along which low pressure systems and frontal zones
move, from the Eastern North-Atlantic to the European mainland; (2) Mixed cir-
culation, where zonal and meridional flow components offset one another notably
during a North-South air mass exchange that is strongly deviated by zonal compo-
nents; (3) Meridional circulation, that often proceed from stationary and blocking
high pressure systems between 50 and 65° latitude or North-South aligned trough
constellations. For the analyses in this study, the weather patterns are grouped into
five circulation types: Zonal West, High/Low central Europe, North and Northwest,
High Scandinavia and Meridional South.

30



3.2. Study area and data

Table 3.2.1: Translated definitions of the circulation patterns by Hess and Bre-
zowsky (1977). Translations adapted from James (2007). The circulation patterns
are grouped in five circulation types (GWT): (1) Zonal West, (2) High/Low Central
Europe, (3) North & Northwest, (4) High Scandinavia, (5) Meridional South.

GWL Translated Definition GWT
Zonal circulation form
1 WA Anticyclonic Westerly 1
2 W% Cyclonic Westerly 1
3 WS South-Shifted Westerly 1
4 WW  Maritime Westerly (Block E. Europe) 1
Meridional circulation form
5 SWA  Anticyclonic South-Westerly 5
6 SWZ  Cyclonic South-Westerly 5
7 NWA  Anticyclonic North-Westerly 3
8 NWZ Cyclonic North-Westerly 3
9 HM High over Central Europe 2
10 BM Zonal Ridge across Central Europe 2
11 T™™ Low (Cut-Off) over Central Europe 2
Meridional circulation form
12 NA Anticyclonic Northerly 3
13 NZ Cyclonic Northerly 3
14 HNA  Icelandic High, Ridge C. Europe 3
15 HNZ  Icelandic High, Trough C. Europe 3
16 HB High over the British Isles 3
17 TRM  Trough over Central Europe 3
18 NEA  Anticyclonic North-Easterly 4
19 NEZ Cyclonic North-Easterly 4
20 HFA  Scandinavian High, Ridge C. Europe 4
21 HF7Z Scandinavian High, Trough C. Europe 4
22 HNFA High Scandinavia-Iceland, Ridge C. Europe 4
23 HNFZ High Scandinavia-Iceland, Trough C. Europe 4
24 SEA Anticyclonic South-Easterly 5
25 SEZ Cyclonic South-Easterly 5
26 SA Anticyclonic Southerly 5
27 SZ Cyclonic Southerly D
28 TB Low over the British Isles 5t
29 TRW  Trough over Western Europe 5t
30 U Transition 6

31



3. Fluctuations of Atmospheric Mesoscale Circulation Patterns

3.3 Methods

To assess the long-term variability of summer and winter extreme precipitation
events, the time series of the annual precipitation events were evaluated using 11-year
moving averages. The precipitation occurrences and amounts were then correlated
with the underlying circulation patterns to identify the ones relevant for summer and
winter precipitation respectively. This correlation was then analysed over time.

To evaluate the correlation of winter peak flow and zonal circulation patterns
found by Pfister et al. (2000, 2004), we followed the same protocol. At first, the
maximum annual streamflow was identified. About 90% of the annual maxima oc-
curred during winters. In the years, in which the highest event occurred during
the summer, the highest winter peak flow was selected. These maximum winter
daily peak flows were correlated with the annual precipitation sum during the zonal
circulation patterns WZ (Cyclonic Westerly), WS (South-Shifted Westerly), SWZ
(Cyclonic South-Westerly), TRM (Trough over Central Europe), and TRW (Trough
over Western Europe). To identify the underlying circulation patterns during sum-
mer flash floods, we relied on the flash flood data base.

Finally, we investigated the long-term fluctuation of the circulation patterns by
Hess and Brezowsky (1977) themselves to help explaining some of the accumulation
of large-scale floods or summer peak flow. Focussing on the decadal variation, we
used the 11-year moving average. This trend analysis was done separately for summer
and winter.

3.4 Results

3.4.1 Variation of precipitation events

We analysed the number of precipitation events from 1954-2018 (Fig. 3.4.1). As the
interannual variation of the number of annual precipitation events is rather high,
ranging from 0 (2014) to 90 (1994), we focused on the 11-year moving average for
the trend analyses. During the 1980s and 1990s, more than 40 precipitation events
occurred per year, while in the evaluated decades before and after, less than 40 pre-
cipitation events occurred. The extra occurrences in the 1980s and 1990s are related
to more precipitation events during the winter, while the number of precipitation
event occurrences during the summers stayed rather constant.

The number of precipitation events is weighted based on the character of the
precipitation event. During intensive large-scale precipitation, that typically occurs
during the winter months, more stations are likely to cross the 50 mm/d threshold
than during localized thunderstorm events, that occur especially in summer. This
effect is shown in Table 3.4.1, where the number of stations for which the daily
precipitation classified as precipitation event is compared to the number of days on
which one or more stations exceeded the 50 mm/d threshold. While the number
of days with precipitation events is still higher during the winter compared to the
summer, the number of stations that exceed the threshold during these days is a
multiple of the ones in the summer. On average, 2.3 stations surpass the threshold on
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Figure 3.4.1: Annual number of precipitation events, including the 11-year moving

average, split in summer and winter, to even out the interannual variations.

a high precipitation day in the summer, while it is 3.6 stations on a high precipitation
day in the winter, indicating a larger scale of the events.

Table 3.4.1: Comparison of days with precipitation events and the number of pre-
cipitation events at all stations.

All Summer Winter
year
Sum of precipitation events > 50 mm/d at stations 2505 800 1705
Days with precipitation > 50 mm/d at any station 823 343 480

3.4.2 Circulation patterns during precipitation events

As indicated by the number of stations that exceed the threshold of 50 mm /d during
a high precipitation day in winter (Table 3.4.1), the zonal circulation types WZ
(Cyclonic Westerly), followed by WS (South-Shifted Westerly) and WW (Maritime
Westerly) make up for more than 70% of the occurrence of precipitation events in
winter (Fig. 3.4.2 ¢). The predominance of these zonal patterns in winter also affects
the annual evaluation of precipitation events (Fig. 3.4.2 a). Two other circulation
patterns relevant for precipitation events in winter are the Meridional circulation
type SWZ (Cyclonic South-Westerly) and its Northern counterpart NWZ (Cyclonic
North-Westerly), that are closely related to the Cyclonic Westerly pattern (WZ),
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that causes most of the precipitation. All other circulation patterns are irrelevant
regarding extreme precipitation events during the winters.

In summer (Fig. 3.4.2 b), precipitation events occur during almost all circulation
patterns. With 81 occurrences throughout the entire study period, is the circulation
pattern TM (Low over Central Europe), followed by WZ (Cyclonic Westerly), TRW
(Trough over Western Europe) and SEZ (Cyclonic South-Easterly).

1000

K=}
IS (@) All seasons (1954-2018) Circulation type
§ B Zonal West
Iy} B High/Low Central Europe
2 B North & Northwest
5 O High Scandinavia
= O Meridional South
8
[S
2 PR e | s | s [ [ |—|,_|
1T 1 1 1T T 1 11T 1 11
<NU’)§<N<N§§§<N<Nm§<N<N<N<N<Nm;3
z 4 W WL Wwwwao o k-
=23z 3z3z:zTokF= %IIEZZII%%U)(/) i
T 1000
€ (b) Summer (1954-2018)
E 800
o
[T2)
A 600
o
%5 400 —
@
2 .
E200
=]
z 0 -
<NU’)§<N<N§§§<N<Nm§<N<N<N<N<Nm§D
z 4 WWwhWwLWwwwao o k-
=33zz3zzTaF= %IIEZZII%%U)U) i
T 1000 -
€ (c) Winter (1954-2018)
E 800
o
[T?)
A 600
o
5 400 —
ézoo—
5 [ — —
z 0- |||-||||||T|||||||||||||'T'|
<Nw§<N<N§§§<N<Nm§<N<N<N<N<Nm;3
z 4 W W w LW wWwoonk+F
=== %%%%IMI—Z %IIEZZII%%U)U) &

Circulation pattern

Figure 3.4.2: Circulation patterns sustaining the precipitation events throughout the
year (a), in the summers (b) and during the winters (c). Note, that one precipitation
event can be counted several times, if several stations were affected.

To add information to the seasonal distribution of the underlying circulation
patterns causing the precipitation events, the precipitation amounts and stations
affected during a precipitation event are shown in Fig. 3.4.3. This further underpins
the finding, that the zonal circulation type brings the most widespread and highest
precipitation events in winter. During summer, the five circulation types are almost
equally distributed and all of them have the potential to generate high precipitation
amounts. The highest absolute precipitation amounts are generally reached during
the zonal circulation types.
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Figure 3.4.3: Interannual distribution of precipitation events between 1954-2018
coloured depending on the underlying circulation type.

3.4.3 Variation of precipitation events and related circulation
types

In Fig. 3.4.4, precipitation events and their underlying circulation patterns are shown
over time. While the annual maximum precipitation event totals have slightly, but
non-significantly increased during the summer precipitation events (subplots a), no
such trends could be identified during the winter months (Fig. 3.4.4 ¢). In winter
(Fig. 3.4.4 ¢, d), the predominance of the Zonal West circulation types prevails
across the entire period, with regular occurrences of the Meridional South circulation
type. During summer (Fig. 3.4.4 a, b), the underlying circulation types are much
more diverse. While there are no long-term trends visible, there is an accumulation
of precipitation events triggered during configurations characterized by a high over
Scandinavia in the 1970s. Besides this fact, we noted an accumulation of precipitation
events occurring during Meridional South circulation types in the early 2000s.
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Figure 3.4.4: Distribution of the precipitation events and the underlying circulation
types over time (1954-2018) during the summers (a-b) and winters (c-d).
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3.4.4 Correlation of streamflow and atmospheric circulation
patterns

Our analysis shows that winter maximum daily discharge levels remain strongly
linked to westerly atmospheric circulation types (including WZ (Cyclonic Westerly),
WS (South-Shifted Westerly), SWZ (Cyclonic South-Westerly), TRM (Trough over
Central Europe), and TRW (Trough over Western Europe)), with correlation coeffi-
cients (R?) comprised between 0.45 and 0.51 for the Wiltz, Alzette, and Our rivers
(Fig. 3.4.5, Fig. 3.4.6, Fig. 3.4.7). These correlation coefficients are much higher
than those found between winter maximum daily discharge and annual precipitation
(R? between 0.13 and 0.31).

The circulation patterns during flash floods vary widely across all circulation
forms (Table 3.4.3). The most important flash flood series in 2016 and 2018 oc-
curred under SEZ (Cyclonic South-Easterly) and HFZ (Scandinavian High, Trough
C. Europe), as well as HNFZ (High Scandinavia-Icelandic, Trough C. Europe). While
for HNZ and HNFZ precipitation amounts are higher than average during summer,
SEZ has unstructured precipitation patterns (Gerstengarbe et al., 1999). What the
diverse selection of patterns have in common are meridional flow components from
the Mediterranean or North-South ridges along which the events form. A few of
the flash flood events can also be allocated to zonal circulation patterns as during
the winters. Noteworthy is the atmospheric river, that caused the flash flood in the
Hupselse beek, just north of out study area (Brauer et al., 2011).
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3.4. Results

Table 3.4.3: Circulation patterns during central European flash flood events (Flash
floods listed in Table S3.1).

GWL Circulation pattern Occ. Days Events

25 SEZ  Cyclonic South-Easterly 9 2 2018 (8), 2008 (1)
21 HFZ  Scandinavian High, Ridge 7 2 2019 (1), 2016 (6)

C. Europe
23 HNFZ High Scandinavia-Iceland, 5 3 2018 (3),2016 (1), 2008 (1
Trough C. Europe - Starzel, Ruiz-Villanueva
et al., 2012)
29 TRW  Trough over W. Europe 3 3 2015 (1), 2014 (1), 2010
(1)
6 SWA  Anticyclonic South- 2 2 2019 (1), 2015 (1)
Westerly
10 BM Zonal Ridge across C. Eu- 2 2 2008 (1), 2006 (1)
rope
14 HFA  Scandinavian High, Ridge 2 1 2019 (2)
C. Europe
11 T™M Low (Cut-Off) over C. 2 1 2016 (2 - Braunsbach,
Europe Bronstert et al., 2018)
1 WA Anticyclonic Westerly 2 2 2016 (2)
2 WZ Cyclonic Westerly 2 2 2015 (1); 2010 (1 -
Hupselse beek, Brauer
et al., 2011)
15 HNZ  Icelandic High, Trough C. 1 1 2009 (1)
Europe
6 SWZ  Cyclonic South-Westerly 1 1 2010 (1)
17 TRM  Trough over C. Europe 1 1 2013 (1 - Weileritz,

Tarolli et al., 2013)

3.4.5 Fluctuation of circulation patterns

We have analysed the annual fraction of circulation patterns with an 11-year moving
average and identified a few variations over the study period (Fig. 3.4.8). Through-
out the year, the Zonal West circulation types are present around 20% of the time.
Yet, in the 1980s and 1990s, winter Zonal West circulation types cover a fraction
of 30%. Other circulation patterns that have had a significant variability through-
out the time period from 1954 to 2018 are: (1) BM “Zonal Ridge across Central
Europe”, where high pressure zones South-West and East of central Europe grow
together to form a band of high pressure across central Europe, that is generally not
associated with large precipitation amounts, yet with hail; (2) SWZ “Cyclonic South-
Westerly”, where a South-West frontal zone lies over Central Europe that tends to
bring especially high precipitation amounts and hail; (3) TRM “Trough over Central
Europe” and (4) TRW “Trough over Western Europe”, are both slightly differently
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located trough weather patterns, that are both associated with high rainfall amounts
(Gerstengarbe et al., 1999; Kunz et al., 2009).

3.5 Discussion

To test the first part of our hypothesis, stating that there is a recent accumulation of
extreme precipitation events, we analysed daily precipitation station data above 50
mm,/d from 1954 to 2018. However, it is difficult to isolate fluctuations and trends
regarding both, the events’ precipitation amounts and their occurrence frequency.
Apart from the higher frequency of precipitation events during the winters in the
1990s, we were not able to identify trends. While Koutsoyiannis (2020) confirmed
the absence of trends in precipitation station data across Europe, other studies were
able to extract trends from measured data. Rauthe et al. (2020) analysed precipita-
tion events above 20 mm/d in Germany during the last 70 years and found a slight
increase in the intensity and frequency of precipitation. However, these findings only
apply to winter months, while there are no clear signals in summer months. The au-
thors suggest that this might be due to counteractive effects of a decreasing number
of days with precipitation and an increasing intensity of the fewer events. An expla-
nation for the lack of trends in our study could be the coarse station network that
misses potentially increasing local thunderstorm events in summer. To improve this
shortcoming, we have analysed highly resolved radar precipitation data in Chapter
4.

To root for the cause of extreme precipitation, we have identified and analysed
the atmospheric circulation patterns present during the events. During the winters,
the main precipitation causing circulation types are zonal circulation types, arriving
from the West or North-West /South-West variations. This precipitation distribution
is well known and recognized in Gerstengarbe et al. (1999). The situation during the
summers is more complex. While the same patterns can be observed as in the winters,
localised thunderstorm events add to the precipitation. Thunderstorm events do
not only have a different precipitation characteristic, but also differing underlying
circulation patterns. Generally, meridional south circulation patterns, that bring
warm and moist air from the Mediterranean, are associated with intense summer
precipitation events (Van Delden, 2001). Yet, for extreme precipitation events we
were not able to identify specific underlying circulation patterns as the variety is
high. Kunz et al. (2009) isolated three hail relevant circulation patterns: SWA,
SWZ and BM. While hail is connected to thunderstorms, these circulation patterns
only partly overlap with the circulation patterns during extreme precipitation. A
very general explanation for the wide variation of weather patterns that sustain
precipitation events during the summers could be that warmer air masses can hold
more absolute moisture, following the Clausius-Clapeyron relationship, potentially
leading to higher rainfall totals.

The correlation of high streamflow and atmospheric circulation patterns is closely
related to the circulation patterns related to extreme precipitation events. Winter
floods were and are highly correlated with the occurrence of zonal circulation patterns
(Pfister et al., 2000, 2004). The large winter floods in the region affecting Moselle
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and Rhine in the 1990s were all associated with large-scale, long-lasting precipitation,
saturated soils and eventually flooding in receiving rivers that was triggered by zonal
circulation (Pfister et al., 2000, 2004; Mansell, 1997). The following decline in the
zonal circulation type’s occurrence implied a reduction of flood events in the following
years.

The observation of accretive flood events during the summer, is less easily at-
tributed to specific atmospheric circulation types. The synoptic constellations duing
the flash flood event series in 2016 and 2018 are described in detail in Mathias (2019,
2021); Piper et al. (2016); Mohr et al. (2020). According to Hess and Brezowsky
(1977) HFZ and SEZ were the underlying circulation patterns during the relevant
days and they have remained stable over time. While the flash flood events of our
database occur widespread through differing circulation patterns, it can also be ob-
served that the events occur in consecutive days during differing circulation patterns.
This hints towards the importance of the composition of the air masses rather than
the circulation pattern. Following this path, we have analysed the atmospheric con-
ditions during extreme events in Chapter 4. We further conjecture that an increase
in generally precipitation bringing circulation patterns might increase soil moisture
conditions, that set the scene for a quick soil saturation favouring fast runoff pro-
cesses following precipitation events, that are in themselves not more extreme than
others. Also a different sequence of weather patterns or blocking situations, that
might elevate pre-event soil moisture conditions could be a cause for the recent flash
flood event series.

Regarding the overall fluctuation of atmospheric mesoscale circulation patterns,
the phase with increased zonal circulation during the decade spanning from the late
1980s and early 1990s has already been evaluated to a large extent (e.g. Pfister
et al., 2000, 2004; Mansell, 1997). The circulation patterns that occurred more
frequently in the following decade are the two trough constellations TRM and TRW.
The frontal zone, a U-shape over Europe, guides air masses to the South, where
they are warmed and enriched with moisture over the Mediterranean before being
transported northward. Both bring more than average precipitation on the Eastern
flank of the trough. Especially the Vb-situation, that occurs during TRM, is known
for abundant rainfall and summer floods, such as the Elbe-Flood in August 2002
(Fritzschner and Lux, 2002), the July 2021 flood in Western Europe (Mohr et al.,
2023) or the flood in the beginning of June 2024 in Southern Germany and Austria
(Bauer, 2024).

3.6 Conclusions

In this chapter we have related strong precipitation and flood events to atmospheric
circulation patterns as per the Hess and Brezowsky (1977) classification. Our first
hypothesis is based on findings by Pfister et al. (2000, 2004) and states that the strong
correlation between atmospheric circulation types and winter discharge observed in
the second half of the 20" century for central Western Europe still prevails today.
After having leveraged 25 years of additional data (1996-2021), we can clearly confirm
this hypothesis. The winter flood series that had affected the Rhine and Moselle
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valley in the 1990s was linked to an increased occurrence of zonal weather patterns.

In addition to winter events, we were also interested in the relation between at-
mospheric circulation patterns in summer related to extreme precipitation and flood
events. Here, we hypothesized that the recent accumulation of extreme precipitation
and flash flood events in central Western Europe was also triggered by a change in
atmospheric circulation patterns.

Our analysis of daily precipitation data covering 64 years (1954-2018), did not
confirm the conjectured accumulation of (recent) summer precipitation occurrences
towards the end of this time period. The interannual variation is high, both for the
annual number of precipitation events and the maximum daily precipitation levels.
However, due to the often local nature of thunderstorm cells, event peaks may not
be well accounted for in the coarse station network. Note, that an accumulation of
winter precipitation events was however confirmed for the late 1980s and early 1990s.
The conjectured accumulation of flash flood events is developed further in Chapter
4.

While the correlation of winter precipitation and zonal circulation patterns is
predominant, the origin of summer extreme precipitation events or flash flood events
is very diverse. A few summer events can be attributed to zonal circulation like most
winter events. Meteorological conditions favouring thunderstorms are in many cases
related to air masses originating in the Mediterranean area. However, they do not
systematically relate to meridional circulation patterns on the event day itself.

Through the analysis of fluctuations in circulation patterns, we found a few cat-
egories with substantial increases in occurrences in recent years: BM (Zonal Ridge
across Central Europe), SWZ (Cyclonic South-Westerly), TRM (Trough over Central
Europe) and TRW (Trough over Western Europe). The two trough circulations form
a U-shaped pattern over the European continent. On the back side of the trough,
warm and moist air from the Mediterranean is guided northward. The closely related
SWZ acts comparably by channelling Mediterranean air masses northward. This con-
stellation clearly has the potential to contribute to precipitation events in summer.
Note that the flash floods observed in 2016 and 2018 were however not observed
during these circulation patterns. Changes in atmospheric circulation patterns can
therefore not be directly linked to changes in extreme precipitation events.

As a consequence, we conjecture that other factors also come into play, such as
increased pre-event soil moisture due to altered sequences in circulation patterns, or
longer-lasting, e.g. blocked atmospheric situations. In order to test this conjecture,
we have worked with highly resolved precipitation data and parameters representing
atmospheric conditions in Chapter 4.
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Atmospheric Conditions Favouring
Extreme Precipitation and Flash Floods in
Temperate Regions of Europe

To get a better grasp of the common atmospheric conditions present during extreme
precipitation and flash flood events, we moved from the circulation patterns analysed
in Chapter 3 to a more detailed analysis of atmospheric parameters. We identified
and analysed atmospheric proxy parameters representing high atmospheric moisture,
sufficient latent instability, and weak thunderstorm cell motion. These three com-
ponents are considered the main ingredients for rain-intense thunderstorms that can
eventually trigger flash floods. Similar to the circulation patterns analysed in Chap-
ter 3, the analysis of the atmospheric proxy parameters allows drawing conclusions
on changing climate conditions with respect to the probability of supporting strong,
rain-intense thunderstorms.

This chapter is based on:

Meyer, J., Neuper, M., Mathias, L., Zehe, E., and Pfister, L.: Atmospheric condi-
tions favouring extreme precipitation and flash floods in temperate regions of Europe,
Hydrol. Earth Syst. Sci., 26, 6163-6183, doi: 10.5194 /hess-26-6163-2022, 2022.

Author contribution:

JM, MN, LP, and LM conceptualized the study. JM collected the flash flood and
ERAS5 data, carried out the analysis, and wrote the first draft of the paper. MN
provided the processed precipitation radar data. All the co-authors (JM, MN, LP,
LM, and EZ) contributed to and edited the manuscript.
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4. Atm. conditions favouring extreme precipitation and flash floods

4.1 Introduction

Flash floods mostly originate from deep moist convection and rank among the most
destructive hazards, leading to economic losses, damage to infrastructure, and high
mortality rates (Gaume et al. (2009); Hall (1981); Llasat et al. (2014), WMO, 2017).
They are often accompanied by massive erosion and other geomorphologic processes,
such as landslides (Bucata-Hrabia et al., 2020; Vogel et al., 2017). While flash floods
remain rather exceptional, their occurrence has more than doubled in Europe since
the beginning of the 21 century in comparison to the late 1980s (Marchi et al.,
2010; Owen et al., 2018). Flash floods in central western Europe typically affect
relatively small areas (a few kilometres to 100 km?) and generally last less than 7h
(Marchi et al., 2010). Caused by conditionally unstable atmospheric conditions,
mainly between May and July, they do not substantially affect the annual water
balance. High pre-event soil moisture — caused by rainy weather in the preceding days
— may lead to the rapid saturation of soils and the swift onset of an extreme runoff
response (Marchi et al., 2010). Examples of flash floods in recent years occurred in
Luxembourg in June 2018 (Pfister et al., 2020) and July 2016 (Pfister et al., 2018), in
Braunsbach (Germany) in May 2016 (Bronstert et al., 2017, 2018), and in the Starzel
River, which flooded in June 2008 (Ruiz-Villanueva et al., 2012). While large-scale
winter inundations were the most common flood type in western Europe until the
1990s (Pfister et al., 2004), flash flood events have increasingly occurred over the
last 15 years (Goppert, 2018; Marchi et al., 2010). This raises questions about the
origin of this change in flood type (Bertola et al., 2020, 2021). In this study, we
conjecture that changes in the average atmospheric conditions may more often lead
to flash-flood-prone meteorological conditions.

The definitions of flash floods are manifold and sometimes even equivocal in the
literature. In this study, we focus on pluvial floods triggered by intense (convective)
rainfall during summer — typically lasting for a few hours. The response times to
peak discharge lie within a similar range. The flood characteristics refer to a com-
prehensive set of extreme and small-scale floods with rapidly rising and falling limbs
of the hydrograph and a high impact in terms of damage to infrastructure and/or
casualties in the worst case. The largest floods in our database involved catchments
(of the White Ernz and Starzel rivers) with a size of just over 100km?, and the
smallest events had affected hillslopes of a few hundred metres, where major surface
runoff had been reported. We prefer to keep the definition simple and not precisely
quantify or limit it to specific processes, as little is understood about the underlying
processes. The US National Weather Service defines a flash flood in a similarly broad
fashion: “a rapid and extreme flow of high water into a normally dry area, or rapid
rise in a stream or creek above a predetermined flood level, beginning within six
hours of the causative event” (NWS, 2021).

Precipitation events potentially causing flash floods are characterized by high
rainfall amounts over a sufficient period. This condition is met by high rainfall in-
tensities that typically last between 30 min and a few hours (Doswell et al., 1996;
Markowski and Richardson, 2010). This is mostly the case during rainfall events of
convective origin. In particular, slow-moving or quasi-stationary multicellular storms
can combine both high rainfall intensities and a sufficiently long duration. Combined
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effects of several physical processes can cause the most severe rainfall, eventually ini-
tiating flash floods. One of these effects consists of storm training, where the storm
cells move consecutively in a line-parallel direction over the same area, which may
then cause high precipitation totals. Another comparable effect leading to abundant
precipitation or a prolonged event duration is the so-called “back-building” effect,
where the forward movement is cancelled out by the continuous backward develop-
ment of new cells, thereby leading to a slow ground-relative movement of the whole
precipitation area. During the flash flood events in Luxembourg in 2016 and 2018,
upscale growth also had a distinctive impact on the precipitation processes (Mathias,
2019, 2021). As a result of this merging of two or more individual convective cells
to form a multicell storm, the initial raindrop sizes and dynamics of merging cells
are often varied, which can, in turn, cause downdraughts, producing extremely high
precipitation intensities (Doswell et al., 1996; Markowski and Richardson, 2010).
Atmospheric conditions associated with excessive convective rainfall have three
major characteristics: (1) sufficient latent instability, (2) high moisture content, and
(3) a slow storm motion and organization (Van Delden, 2001; Doswell et al., 1996;
Markowski and Richardson, 2010; Taszarek et al., 2021a). First, for deep moist con-
vection to occur, the tropospheric lapse rates need to be sufficiently steep, and a
lifting mechanism is required (Van Delden, 2001). Second, the moisture content in
the boundary layer needs to be abundant in order to supply water vapour for con-
densation during the lifting process. High to moderate values of relative humidity
in the lower to middle troposphere can further nurture convective cells by limiting
water vapour losses due to evaporation and entraining dry air around convective
cell boundaries (Doswell et al., 1996; Markowski and Richardson, 2010; Puéik et al.,
2015). The same effect — limiting the diminishment of specific humidity by entrain-
ment — is realized by a wide updraught. Additionally, high freezing levels and low
cloud-base heights enhance the warm-cloud depth and, thus, allow the warm-rain
process of collision and coalescence to be more dominant. This leads to a higher pre-
cipitation efficiency and is associated with higher rainfall rates (Doswell et al., 1996;
Markowski and Richardson, 2010; Schroeder et al., 2016). In continental Europe,
high values of total column water vapour are often related to the advection of warm
Mediterranean air masses (Van Delden, 2001) or air masses from the subtropical re-
gion of the northern Atlantic (Mathias, 2021; Mohr et al., 2020). Lastly, to ensure a
sufficient duration of the rainfall event, a large rainfall system or slow storm motion
is needed (Van Delden, 2001). This generally occurs in the case of very weak pressure
or geopotential gradients when the mean wind speed and the bulk shear between the
surface and the lower to middle troposphere are weak. This process is often enhanced
by orography, which influences the near-surface wind field channelling convergence
zones (Whiteman, 2000). Moreover, a decoupled flow (a rapid vertical shift in the
prevailing wind directions by at least 90°) between the lower and middle troposphere
can significantly reduce storm motion in some cases, as analysed by Mathias (2019).
Proxy parameters from climate reanalysis data are regularly used to identify
the atmospheric conditions described above during convective events (Brooks, 2009;
Groenemeijer and van Delden, 2007; Pacik et al., 2015; Taszarek et al., 2017; West-
ermayer et al., 2017). The main parameters used in these studies are the bulk wind
shear, to estimate the thunderstorm cell organization and precipitation efficiency,
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and convective available potential energy (CAPE), to identify atmospheric instabil-
ity. Pucik et al. (2015) and Westermayer et al. (2017) found that heavy precipitation
occurred across a wide range of deep-layer wind shear (DLS; bulk shear between the
surface and 6km height). CAPE, as a proxy for latent instability, needs to be rea-
sonably high for thunderstorms to develop (Pucik et al., 2015; Westermayer et al.,
2017). When focussing on heavy-precipitation events within the range of thunder-
storms, high specific or relative humidity are parameters to identify moisture content
at different atmospheric levels (Pucik et al., 2015; Westermayer et al., 2017). To date,
studies have only included the wind speed in the form of wind shear as a proxy pa-
rameter for the potential organization of convective systems, which is important for
hail, severe gusts, and tornadoes. However, the development of flash floods relies
on longer-lasting, extreme precipitation. Therefore, the storm motion must be slow,
which is dependent on a weak flow in the lower to middle troposphere. Hence, we
consider the wind speed as a relevant parameter when assessing the flash flood hazard
via a slow storm motion.

The identified atmospheric parameters can be analysed over a longer period for
trends or oscillations. Therein, especially trends in atmospheric instability are de-
bated. While several studies have found increasing CAPE in reanalysis data, re-
cent studies by Rasmussen et al. (2017), Chen et al. (2020), and Taszarek et al.
(2021a) have pointed out that CAPE is opposed by increasing convective inhibition
(CIN). However, higher CIN levels may lead to higher CAPE values because CIN
prevents the premature initiation of convection potentially inhibiting the develop-
ment of stronger CAPE and, thus, possibly increasing the potential of more intense
storms. In contrast, decreasing relative humidity levels at low levels of the atmo-
sphere, connected to rising temperatures, could potentially reduce the number of
thunderstorms (Taszarek et al., 2021a). Absolute humidity is, however, expected to
increase under warmer conditions and can potentially release higher precipitation
totals (Lenderink and Van Meijgaard, 2008; Martinkova and Kysely, 2020; Mishra
et al., 2012). Changes in wind shear were found to be minor (Rédler et al., 2018).
Rédler et al. (2018) concluded, that the frequency of thunderstorms had not in-
creased significantly over the past 40 years in central western Europe but that they
are more likely to produce severe weather.

To date, most studies have focussed on thunderstorm conditions in general or
on convective hazards related to lightning, hail, tornadoes, or wind gusts. Here,
we focus on thunderstorm events that cause extreme precipitation and, especially,
flash flood events. Forecasting potential heavy precipitation based on atmospheric
conditions remains a major challenge, as different atmospheric constellations (e.g.
back-building multicells, chaotic cell clustering, and atmospheric rivers) can cause
heavy-precipitation events, while large hail, for example, is mostly associated with
supercells and is, therefore, less challenging to identify (Pucik et al., 2015).

In view of these recent findings, we hypothesize that a change in atmospheric con-
ditions has led to more frequent extreme precipitation events that have subsequently
triggered flash flood events in central western Europe. Prior to hypothesis testing,
we first compiled a comprehensive set of 20 to 40 years worth of hydro-climatological
observation series — including extreme precipitation events, related atmospheric con-
ditions, and documented flash flood occurrences. We then leveraged this data set
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to investigate a potential increase in extreme precipitation events in central western
Europe. Second, we relied on proxy parameters, such as CAPE, specific humidity,
and wind speed, to identify the atmospheric conditions that had prevailed during
extreme precipitation and related flash flood events. Third, we applied a trend anal-
ysis to the identified set of atmospheric parameters using the ERA5 reanalysis data
(Hersbach et al., 2020) for the past (1981-2020). The overarching goal of our study
is to contribute to a better understanding of climate change effects, as expressed
through modifications in the frequency and severity of extreme precipitation events
in a temperate climate — more specifically in an area where flash floods used to be
an extremely rare phenomenon until recently.

4.2 Data and methods

4.2.1 Study area and period

Our study area comprises central western Europe (50.5° N-47.5° S and 10° E-5° W) in-
cluding Luxembourg, south-western Germany, and north-eastern France (Fig. 4.2.1
a, b, ¢, d). The study period spans the summer months from May to August, which
exhibit the most favourable conditions for thunderstorms and the onset of flash floods
(Van Delden, 2001; Rauber et al., 2008), between 1981 and 2020.

4.2.2 Database

We downloaded the ERA5 atmospheric reanalysis data from the Copernicus Climate
Data Store (CDS) at single levels (Hersbach et al., 2018a) and at different pressure
levels (Hersbach et al., 2018b). In addition, we downloaded land data from ERA5
(Munoz Sabater, 2019) to analyse the pre-event wetness state of soils in catchments.
Within the summer months from May to August for the period from 1981 to 2020,
selected parameters (see Sect. 4.2.3) were retrieved at a 1 h time step. The horizontal
grid spacing of the atmospheric data is 0.25 x 0.25, whereas the horizontal grid
spacing of the land data is 0.1 x 0.1.

The extreme precipitation event database was created based on the "Radar-based
Precipitation Climatology" (RADKLIM) data set from the German Weather Service
(DWD, version 2017.002 — Winterrath et al., 2018). This is a processed version
of the operational RADOLAN "Radar-Online-Adjustment" radar data set from the
DWD (Weigl et al., 2004; Weigl and Winterrath, 2009; Winterrath et al., 2017).
Data are available from 2001 to 2020 and were considered from May to August. The
data set has a 1km x 1km grid size and a temporal resolution of 5min. Unfortu-
nately, the south-western part of the study area is not covered by the RADOLAN
data (Fig. 4.2.1 b). Although the original RADOLAN product has already been
quality checked and corrected and is, consequently, of high quality, we applied some
additional quality control and correction when needed; this included — next to a thor-
ough visual check of the data — the detection and correction of possible anomalous
propagation (anaprop) echoes, further ground clutter detection and removal, and
an extended rain gauge adjustment with supplementary local rain gauges. The last
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Figure 4.2.1: (a) Location of the study area (dark-grey square) within Europe.
(b) Map of the study area including data points of flash floods that have occurred
and the range of the German Weather Service (DWD) RADOLAN precipitation
radar data in dark grey. The white grids show the grid width of the ERA5 reanalysis
data set. Panel (c¢) shows a digital elevation model of the area at a 1km x 1km
resolution, and panel (d) presents the model topography within the study area based
on the ERAS5 surface geopotential.

operation was done to achieve a further densification of the measuring network (in
comparison to the original product), which is especially important when dealing with
flash floods that often exhibit large spatial precipitation sum gradients. To ensure
a comparable standard, we used the same methodology for the rain gauge adjust-
ment as used for the generation of the original RADOLAN/RADKLIM data set: the
best combination of the multiplicative and the additive adjustments (Weigl et al.,
2004; Wilson and Brandes, 1979; Wood et al., 2000). The adjustment interval was
1h. In Luxembourg, the extra stations used were mainly the stations of the ASTA
(Administration des Services Techniques de 1’Agriculture) network (ranging from 7
to 40 extra stations); in Germany, the stations of the agricultural-meteorological
network of the state of Rhineland-Palatinate (ranging from 10 to 50 extra stations)
were used. The additional rain gauge data were quality controlled based on Sevruk
(1986) and Michaelides (2008). We extracted the precipitation events (P events)
for the database from the radar database by identifying 1 km x 1km grid cells with
precipitation amounts > 40mmh~!. Connected grid cells with a maximum of one
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cell (1km distance) in between two or more cells exceeding the threshold and a maxi-
mum of a 30 min time gap were clustered to account for one P event (Fig. 4.2.2). The
threshold of 40 mm h~! was used according to the definition of extreme precipitation
events by the DWD, 2021. This approach led to a total of 3835 P events between
2001 and 2020 (Table 4.2.1). For every P event, we extracted the maximum hourly
precipitation intensity as well as the maximum 5 min precipitation intensity at one
location within the P event. Moreover, the temporal (time of the first threshold
exceedance in one of the grid cells of the P event to the time of the last exceedance)
and spatial (area of the number of grid cells that are part of a P event) distribution
of the events were identified. Atmospheric conditions during P events were identified
at the beginning of an event, as atmospheric conditions should be the most charac-
teristic at the onset the event. To receive a spatially representative value, the mean
of each atmospheric ERAS grid cell of the P event itself was calculated as well as a
buffer zone around the event, according to the schematic representation in Fig. 4.2.2.
For a small standard P event that lies within one ERA5 grid cell, atmospheric data
were averaged over that particular ERAS grid cell and the eight surrounding cells.
Precipitation events at the boundary of the study area do not include the full buffer
zone, and larger P events covering multiple grid cells include a buffer zone around the
ERAS5 grid cells of the actual P event. A more detailed description of this procedure
and its special cases are documented in the Supplement S5.

(a) k3 ERAIS grid dells | (b) B ERA § grid cdlls | (c) + 9 ERA 5 grid kells

it ERAS grid cells Radar grid cells B P event [0 Atm. grid cells extracted

Figure 4.2.2: Schematic representation of the ERA5 grid cells (0.25 x 0.25, ~
25km x 25km) that were averaged to calculate representative atmospheric condi-
tions during P events (grid width 1km x 1km). The grid of the ERA5 cells (black)
and the radar cells (grey) is marked with dashed lines. The radar grid cells marked
in blue are those exceeding the precipitation threshold during a P event. The sur-
rounding ERA5 grid cells marked in light blue are those that were used to average
the atmospheric conditions. Panel (b) shows the standard case of a buffer zone
of a one-ERA5-grid-cell P event, panel (a) shows some possible exceptions at the
boundary of the study area, and panel (c) shows the procedure for larger P events
covering multiple ERAS grid cells.

The flash flood database was compiled via a search through case studies in the
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4. Atm. conditions favouring extreme precipitation and flash floods

scientific literature (Brauer et al., 2011; Bronstert et al., 2018; Van Campenhout
et al., 2015; Eden et al., 2018; Goppert, 2018; Ruiz-Villanueva et al., 2012), water
agency reports (Johst et al., 2018; Pfister et al., 2018, 2020), reinsurance data (CCR -
Caisse Centrale de Réassurance, 2021), personal communication (engineering consul-
tants WALD + CORBE — Catharin Schéfer and Hans Goppert), and news archives
(Franceinfo, 2021; Luxemburger Wort, 2021). We included floods in streams, fields,
or on streets that are spatially (maximum of 30 km) and temporally (same day) linked
to an extreme P event exceeding the threshold of 40 mmh~!. If a flood was triggered
by a rainfall event not identified as extreme in the radar data, the flood was not
considered. Despite a careful and comprehensive query, the database is likely non-
exhaustive. Nevertheless, we think that this approach of site inspections is the most
inclusive. Sufficient discharge time series are mainly available for larger rivers and
bigger stream gauges than those in which flash floods occur. Moreover, data avail-
ability in the past has often been limited to a daily resolution, which can easily miss
capturing peak flows during flash floods. Relying on high-flow water levels in the past
also makes it difficult to distinguish flash floods from slowly developing floods, which
have occurred regularly in the past, especially in the mountainous parts of the study
area. A particular example of the limits of a discharge time-series-based approach are
the flash floods in Luxembourg (Pfister et al., 2018, 2020), which were detected by
stream gauges only to a limited extent within an overall time series that is too short
for any long-term analyses. A list of the 40 events that were eventually included in
this study spanning the period from 2002 to 2020 can be found in the Supplement
S3. To extract atmospheric parameters during flash flood events, we identified the
triggering P event within a 30 km range and proceeded according to the approach
for P events (as shown in Fig. 4.2.2). By using this approach, we found 37 of the
total of 3835 P events to be associated with flash floods (Table 4.2.1). This is less
than the number of flash floods themselves, as two flash floods were triggered by the
same P event in 2008 (Rangendingen and Jungingen, Ruiz-Villanueva et al., 2012),
and three floods were triggered by the same P event in 2018 (Rhineland-Palatine,
Johst et al., 2018).

Table 4.2.1: The total number of P events and the number of P events that were
associated with flash floods (FFs).

P events P events associated with FF  FF events

No. of events 3835 37 40

4.2.3 Identification of atmospheric parameters favouring ex-
treme precipitation and flash floods

Referring to work done by Van Delden (2001), Westermayer et al. (2017), Taszarek
et al. (2017), and Pucik et al. (2015), we selected relevant atmospheric parameters
to represent (1) instability, (2) the moisture content, and (3) storm motion and
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organization; additionally, we extracted (4) soil moisture content from the ERA5
data set to get an indication of the wetness state of the catchment before the onset
of an extreme precipitation event (Table 2.2.1).

As proxy parameters for atmospheric instability, we used the convective available
potential energy (CAPE, in Jkg™!), which is provided within the ERAS5 single-level
data sets. In addition, we also considered convective inhibition (CIN, in Jkg™!).
Given its recognized potential as a flash flood proxy, we used the K index (in °C)
that is provided within the ERA5 data set. The K index (George, 1960) is defined
as follows:

K index = (Tss0npa — Ts00npa) + Tassonpa — (1700 hpa (4.1)

—Taz00npa),
where T is the air temperature at differing pressure levels, and T the dew point
temperature (in °C).

The K index is a stability index that is based on the vertical extent of low-level
moisture and the vertical temperature lapse rate of the lower and middle troposphere.
While the operational use of stability indices alone is limited (Doswell and Schultz,
2006), indices can provide additional value when assessing severe-weather potential.
The K index was originally developed to assess potential air mass thunderstorms,
or thunderstorms without a dynamic triggering mechanism (George, 1960). Most
importantly, it shows some special skill in forecasting the potential of thunderstorms
related to heavy precipitation (Funk, 1991; Junker et al., 1999). Regarding the
potential for heavy precipitation, it can be generally stated that the higher the K-
index value, the greater the potential for heavy rain. Generally, K-index values above
20°C indicate thunderstorms, while there is no thunderstorm potential for values
below 20 °C. K-index values are further subcategorized into isolated thunderstorms
(20-25 °C), widely scattered thunderstorms (25-30 °C), scattered thunderstorms (31—
35°C), and numerous thunderstorms (> 35°C). Note that the highest category with
K-index values above 35°C is, however, extremely rare in central western Europe
(< 0.5% within the study area and period, as calculated based on the ERA5 data
used).

To reach a sufficiently high rainfall rate causing heavy precipitation and conse-
quent flash floods, the atmosphere’s moisture content is pivotal. We opted for the
total column water vapour (TCWV, in kgm™2) as well as specific humidity (g, in
kgkg™!) and relative humidity (RH, in %) at the pressure level of 700 hPa as atmo-
spheric moisture content proxies. The pressure level of 700 hPa was chosen because
it is approximately the middle of the lower, weather-relevant part of the atmosphere
between the surface and 500 hPa.

To assess the storm motion, we computed the wind speed (WS) from the square
root of the squared northward direction wind vector @ (in ms™') and the squared
eastward direction wind vector ¢ (in ms™!) at the pressure level of 700hPa. In
addition, the mean of the wind speed between 10ma.g.l. and the pressure level of
500 hPa was calculated. Low-level wind shear (LLS, in ms™!) was likewise computed
based on the square root of the differences in the vectors « and v near the ground
and at about 1.5km height (850hPa). Accordingly, we calculated the deep-layer
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wind shear (DLS, in ms™) as the difference in the wind vectors near the ground
and at about 6km height (500hPa). The wind shear allows an assessment of the
organizational mode of deep moist convection.

We considered soil moisture parameters for assessing the pre-event wetness state
of a catchment. Therefore, we extracted soil moisture (Swvl, in m® m~3) at depths
of 0-7, 7-28, and 28-100 cm from ERAS a total of 24 h before the onset of identified
P events and the onset of flash-flood-triggering P events respectively.

To identify extreme precipitation and flash-flood-relevant proxy parameters, we
extracted their respective values from the ERA5 atmospheric data set at the time step
and grid cell of initially identified events. Next, we created thresholds for every proxy
parameter that makes the occurrence of precipitation events possible. Therefore, we
chose the 75" or 25" percentile as the respective upper or the lower boundaries,
including either the lower or the upper three quartiles of all values of extreme events
respectively. These percentiles were chosen as the statistical standard, as also used
in Schroeder et al. (2016). This analysis leads to the determination of the thresholds
(in Table 4.3.1) used to classify atmospheric conditions as extreme precipitation and
potentially "flash flood favouring". We used these thresholds as well as the three
parameters identified as the most suitable from the groups of moisture, instability,
and storm motion and organization to eventually conduct trend analyses.

4.2.4 Trend analyses

We carried out linear trend analyses to test the different parts of our working hy-
pothesis — linking a potential increase in atmospheric conditions triggering extreme
precipitation events to a rise in the occurrence of extreme precipitation events in
central western Europe. We applied the linear models to our precipitation event
database as well as to the occurrence frequency, precipitation amount, and inten-
sity of identified extreme precipitation events. Likewise, we applied linear models to
the flash-flood-relevant parameter ranges of the identified set of ERA5 atmospheric
parameters as well as to the simultaneous occurrences of the three most relevant
parameters.

4.3 Results

4.3.1 Flash flood occurrences

Fig. 4.3.1 shows flash flood occurrences in central western Europe. While barely
any events were reported before 2006, two remarkable summers are 2016 and 2018,
when flash floods occurred particularly often in the study area (8 and 11 occurrences
respectively). As the temporal inconsistencies in the data set do not allow one to
draw conclusions on any robust trends, this flash flood data compilation cannot
support the conjectured increase in frequency of flash floods. Note that several
events often occurred within a few days (Fig. 4.3.1 b) under the same mesoscale
atmospheric constellation, in the same area, or even in neighbouring catchments,
and are, therefore, not completely independent of one another. For example, two
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flash floods in 2008 (Rangendingen and Jungingen, Ruiz-Villanueva et al., 2012)
and three floods in 2018 (Rhineland-Palatine, Johst et al., 2018) occurred during
the same large-scale P event.
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Figure 4.3.1: Occurrence of flash flood events within central western Europe between
2001 and 2020. Panel (a) shows the number of flash flood occurrences per summer,
and panel (b) maintains the exact occurrence date of the flash flood event.

4.3.2 Extreme precipitation event characteristics

Within our study area, we extracted extreme P events with precipitation intensities
> 40mmh~! from the DWD radar data set. Between 2001 and 2020, we observed
a slight but insignificant increase in the number of events per summer (Fig. 4.3.2
a). Note that the interannual variance is very high and that this increase includes
two extreme years, 2006 and 2018, when precipitation events > 40 mmh~! occurred
particularly often. Similar to the flash flood occurrences, many of the extreme pre-
cipitation events happened on the same days over a wider region. This is particularly
the case for 2008 and 2018: the multiple rainfall events from 2018 overlap with a
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Figure 4.3.2: Occurrence of extreme precipitation events (> 40 mmh~!) within cen-
tral western Europe. The panels in the left column (a, b, d, f, h) show the precip-
itation event characteristics per summer between 2001 and 2020. The blue crosses
and the right column (c, e, g, i) show the precipitation characteristics of the events
that are associated with a flash flood. Panel (a) shows the number of precipitation
events per summer. Panels (b) and (c¢) show the P events’ maximum precipitation
intensity per 5 min, and panels (d) and (e) show the P events’ maximum precipita-
tion intensity per hour. Panels (f) and (g) show the temporal extent of the identified
events, whereas panels (h) and (i) show the spatial extent of the identified events.

high number of flash floods. For the precipitation amounts, we could not identify
significant trends in the maximum 5min precipitation intensities (Fig. 4.3.2 b) nor
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in the maximum hourly intensities per event (Fig. 4.3.2 d) for the 2001-2020 period.
P events that eventually led to flash floods (Fig. 4.3.2 ¢, e) did not differ in the range
of precipitation intensities from P events that did not cause flash floods, but their
median was around 3mmh~! higher. The event duration of P events that caused
flash floods was, however, slightly longer compared with the other extreme P events
(Fig. 4.3.2 f, g). The largest difference between P events causing flash floods and
other P events was, however, the temporal and spatial extent: P events that caused
flash floods were often longer-lasting and larger in comparison with extreme P events
that did not lead to flooding (Fig. 4.3.2 h, i). Neither the temporal nor the spatial
extent of the P events shows trends over the study period of 20 years (Fig. 4.3.2 f, h).

4.3.3 Identification of atmospheric parameters favouring ex-
treme precipitation and flash flood events

To identify parameter ranges that favour flash floods, we considered all hourly values
of the parameters between May and August irrespective of any identified events, as
events could only be identified within the last 20 years of the study period. Moreover,
we extracted the parameters present during the time of extreme P events and the
selection of P events that led to flash flood occurrences (Fig. 4.3.3). The data em-
phasize the occurrence of extreme events under conditionally unstable atmospheric
conditions. Most extreme precipitation and flash flood events occurred within the
upper quartile of CAPE values (Fig. 4.3.3 a). Sufficient values of CAPE are often
accompanied by moderate values of CIN. Both extreme precipitation and flash flood
events occurred over a wide range of CIN, with a slightly higher median value at the
onset of an event compared with the general values (Fig. 4.3.3 b). However, both
CAPE and CIN appear to be widely scattered within the spectrum of their possible
ranges. The K index, in contrast, proves to be a reliable index, and more than 80 %
of all extreme precipitation and flash flood events occur within the thunderstorm-
relevant categories of the index above 28 °C (Fig. 4.3.3 ¢). Moisture conditions during
extreme precipitation and flash flood events were found to be mostly within the up-
per percentiles of the overall simulated values. Especially the specific humidity (q)
and total column water vapour (TCWV) range clearly within the upper quartile
of all values during events (Fig. 4.3.3 d, e). Relative humidity (RH) also proves
to always be high during extreme events (Fig. 4.3.3 f). All moisture parameters,
especially RH, tend to be even higher during flash flood events compared with gen-
eral extreme precipitation events (Fig. 4.3.3 d, e, f). The wind-related parameters
considered to analyse storm motion and organization are generally low during ex-
treme precipitation and flash flood events; specifically, the WS1om_s00npa (Fig. 4.3.3
h) stands out, with most of the values observed during extreme events being in the
lower quartile of the full range of occurrences. Tendencies regarding WS-gonpa, DLS,
and LLS (Fig. 4.3.3 g, i, j) are less clear but show the same pattern. In addition to at-
mospheric parameters, soil moisture conditions were evaluated 24 h before identified
events. Often, soil moisture within the upper and lower soil layer (Swvllg_7c, and
Swv137_100cm respectively) is higher during flash flood events compared with general
extreme P events (Fig. 4.3.3 k, m). Especially the higher top-level soil moisture
might hint to preceding rainfall events that could help explaining some of the quick
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runoff formation present during flash floods. The mid-level soil layer (SwvI27_ogcm)
shows lower soil moisture before flash flood events (Fig. 4.3.3 1).
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Figure 4.3.3: All hourly values of the proxy parameters (a—j) during the entire period
(all), before extreme precipitation events (P), and before flash flood events (FF). Soil
moisture (k—m) was extracted 24 h before the onset of identified P events or 24 h
before the onset of FF-triggering P events.

This analysis leads to the determination of the thresholds in Table 4.3.1 to classify
atmospheric conditions as extreme precipitation and potentially flash flood favouring.
Sufficient CAPE, high ¢, and weak WS1g,_500npa Were identified as the most clearly
distinguishing parameters per category to characterize extreme precipitation events,
including 75 % of all extreme precipitation events and excluding around 75 % of all
generally occurring parameters’ values.
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4.3.4 Changes in atmospheric parameters between 1981 and
2020

Instability, as shown representatively by CAPE above 326.9 Jkg™!, has increased be-
tween 1981 and 2020. The number of hours with high enough instabilities to support
the occurrence of thunderstorms increased by up to 5h per summer (Fig. 4.3.4 a).
These findings were particularly significant in the northern part of the study area
(Fig. 4.3.4 b). Moreover, there are significant increasing trends regarding the actual
values of CAPE above 326.9 Jkg~! in the north-western and mid-southern part of
the study area (Fig. 4.3.4 ¢, d). Another measure of the atmosphere’s instability and
capability to produce rain-intense thunderstorms is the K index, shown in Fig. Al.
The occurrence of the K-index values above 27.8°C is strongly increasing between
1981 and 2020 throughout the study area and is significant in the northern part of
the study region. Furthermore, the values of the K index above the threshold have
increased, which indicates an increased intensity of rain-intense thunderstorm events.
This trend is significant over the Belgian part of the study area.

The observed increase in high atmospheric moisture content, represented by ¢
above 0.004kgkg™! (Fig. 4.3.4 e, g), is highly significant over the entire study area
(Fig. 4.3.4 1, h). High-moisture-content conditions became up to 8 h per summer more
frequent, especially over south-western Germany; however, the absolute increase in
conditions with a very high moisture content is small (Fig. 4.3.4 g).

The storm motion potentially decreases with weak WS1g.,_500npa that tends to
occur more often in the study area (Fig. 4.3.4 i). The values below the threshold of
6.2ms~! appear to become higher in the western part of the study area and lower
within the eastern part. However, these trends are insignificant over the entire study
area (Fig. 4.3.4 j, 1), and WSigm_s500npa 1S considered to remain largely unchanged.

Table 4.3.1: Threshold values determined as extreme precipitation and flash flood
favouring based on the lower/upper quartile of their range of occurrence during
extreme precipitation events, including all P events, whether they are associated
with a flood or not.

Proxy for Parameter Threshold Unit
Instability CAPE > 326.9 Jkg™!
CIN <1835  Jkg!
K Index > 27.8 °C
Moisture TCWV > 26.5 kg m 2
q > 0.004 kgkg™!
RH > 59.4 %
Storm motion  WS7o1pa <71 ms—!
and WS10m—s00npa < 6.2 ms™!
organization  LLS < 3.8 ms~!
DLS <104 ms!
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The complete set of analysed atmospheric parameters is shown in Appendix 4.6.1.
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Figure 4.3.4: Trend analysis of the most suitable variables for instability (convective
available potential energy, CAPE), moisture (specific humidity, ¢), and storm motion
and organization (wind speed, WSygm_s00npa). The first column (a, e, i) shows the
trends in the numbers of hourly occurrences of values above or below their respective
threshold, and their significance levels are given in the second column (b, f, j). The
third column (c, g, k) shows the trends in the mean values of all hourly occurrences
above or below the threshold, and the last column (d, h, 1) displays their respective
significance levels. White areas denote insignificance.

4.3.5 Spatial distribution of atmospheric conditions favouring
extreme precipitation and flash flood events

The simultaneous occurrence of the three most characteristic identified atmospheric
parameters from each component (CAPE, ¢, and WSigm_500npa) Within extreme-
event-favouring parameter ranges is correlated with topography (Fig. 4.2.1 ¢). Favour-
able atmospheric conditions occur most frequently over the Vosges Mountains in
France and in south-western Germany, compared with the rest of the study area.
Over eastern Belgium, favourable atmospheric conditions have occurred less than
half as often between 1981 and 2020 (Fig. 4.3.5 a). Within this period, the occur-
rence of favourable atmospheric conditions changed very little. Over south-western
Germany, the simultaneous occurrence of these three parameters occurred only 1—
2h per summer more often, while over north-eastern France these conditions occur
slightly less often (Fig. 4.3.5 b). There is, however, no significance in trends with
respect to these combinations (Fig. 4.3.5 ¢). Splitting the 40-year period in two,
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1981-2000 (Fig. 4.3.5 d, e, f) and 2001-2020 (Fig. 4.3.5 g, h, i), shows a decreasing
trend within the first 20 years and a positive trend within the last 20 years. As these
seem to be clear tendencies, they more or less level out over the entire time period. In
line with the large variation in the number of occurrences of favourable atmospheric
conditions per summer, none of the calculated trends are significant (Fig. 4.3.5 f, 1).
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Figure 4.3.5: Panel (a) shows the overall number of hourly occurrences of atmo-
spheric conditions favouring extreme precipitation and flash flood events during the
summer months between 1981 and 2020, panel (b) illustrates the positive trends in
atmospheric conditions favouring extreme precipitation and flash flood events per
year, and panel (c) presents the significance of the linear model. White areas denote
insignificance. Panels (d) to (f) show the same as panels (a) to (¢) respectively, al-
though for the time period from 1981 and 2000; panels (g) to (i) present the same
information for the period from 2001 to 2020.

4.4 Discussion

We numbered P events as one event when the temporal distance between two events
exceeded 30 min and the spatial distance exceeded 2km. This method does not al-
ways account for connected events, such as the back-building effects of thunderstorm
cells, and may lead to an artefact of counting too many P events. In the case of sev-
eral P events per day on which a flash flood was identified, only the spatially closest
or first P event was determined as flash flood triggering, which may sometimes un-
derestimate the P characteristics leading to a flash flood. However, these phenomena
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are considered neglectable in central western Europe, where slow-moving single-cell
thunderstorms are the main cause of flash floods, as indicated by the low DLS values
identified. This characteristic is in contrast with larger events in the Mediterranean
(Gaume et al., 2009) or the US (Gochis et al., 2015).

In the Mediterranean area (Llasat et al., 2016) and lowland catchments of Alpine
regions, increases in flash floods have been observed (Sikorska-Senoner and Seibert,
2020). In central western Europe, there is also an increase in the number of reports
and scientific publications on flash floods (e.g. Bronstert et al., 2018; Van Campen-
hout et al., 2015; Marchi et al., 2010; Ruiz-Villanueva et al., 2012). However, as per
their nature, flash floods are rare phenomena. Therefore, we are not able to detect
any trends based on the data that we have collected. The method of data collec-
tion is influenced by the progress of digitalization, which might make recent years
appear more often in search engines. Additionally, we browsed through historical
archives but did not find further entries. Moreover, any identified trend would be
strongly influenced by 2 years in which especially many events occurred: 2016 and
2018 (and possibly the July 2021 floods, which were not considered in this paper but
may further strengthen a possible increasing trend). During these event series, atmo-
spheric conditions were characterized by exceptionally long-lasting weather patterns
associated with very moist and unstable air masses. These conditions led to the
extraordinarily high number and severity of thunderstorms with substantial flooding
in central western Europe (Mohr et al., 2020; Piper et al., 2016).

Based on the DWD’s RADOLAN data set, we were not able to detect any linear
trends in the number of precipitation events per year nor their maximum hourly
or 5min intensities between 2002 and 2020. These findings are in line with similar
analyses done by the DWD and GDV (2019). As the detection of extreme precipita-
tion events remained challenging due to their localized occurrence, large-scale data
were only available through the deployment of a dense radar station network as of
2002. Note that this observation period remains rather short and does not allow
one to infer solid conclusions on potential trends. Also, while weather radars pro-
vide precipitation data of high spatial resolution, various sources of uncertainty may
prevail, such as those related to precipitation type and intensity, topography, and
distance to the radar source (Meischner, 2014; Strangeways, 2007; Winterrath et al.,
2017). We accounted for some of these potential effects (e.g. rain gauge adjustments,
detection, and correction of possible anomalous propagation echoes). However, per-
haps trends in extreme precipitation events could also be detected when considering
preceding decades. Miiller and Pfister (2011) analysed longer time series starting in
1980 and indeed found an increase in intense rainstorms during the summer months
in western Germany (Emscher—Lippe catchment). However, precipitation generally
varies considerably on an interannual basis and makes trend analyses challenging. In
previous work (Meyer et al., 2020), we analysed 98 daily precipitation station data
in the Moselle catchment, which is situated in the west of the study area, over a
65-year period and could not find trends in the daily precipitation maxima nor the
number of days with precipitation amounts above 50mmd~—!. While the daily pre-
cipitation sum should be a reliable indicator of extreme precipitation amounts, the
coarse station network probably missed high rainfall amounts that fell in between
stations. As both the long-term coarsely resolved data set and the highly resolved
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short-term data set did not show clear trends, we could not confirm the hypothesis
of an increase in extreme precipitation events within the study area.

We found that atmospheric conditions favouring extreme precipitation and sub-
sequent flash flood events became slightly more frequent, and the intensities of rel-
evant atmospheric parameters increased. The most significant increases were found
for the moisture parameters, in line with the assumption of the Clausius—Clapeyron
relationships (Lenderink and Van Meijgaard, 2008; Martinkova and Kysely, 2020;
Mishra et al., 2012). Both TCWYV and ¢ increased significantly over central west-
ern Europe, indicating potentially higher precipitation amounts. However, rising air
temperatures inhibit an increase in higher RH (Rédler et al., 2018). The increase in
q also causes instability parameters, such as CAPE and the K index, to increase at
a significant level in some areas. This matches well with the findings of (Taszarek
et al., 2021b), who documented an increase in CAPE over central Europe. Trends in
CIN are, however, ambiguous within the same period. While favourable conditions
do occur more often in some areas, there are indications that CIN increases as well.
This increase in CIN might offset some of the instability increases due to CAPE
(Taszarek et al., 2021a). In this study, we did not analyse the simultaneous occur-
rences of CAPE and CIN in detail, but Chen et al. (2020) found highly complex
interactions, suggesting that future moist convection and rainstorms may become
less frequent but more intense. Regarding low wind speeds and weak DLS, we found
sightly increasing but barely significant trends. Increasing trends in weak LLS are
significant in the south-eastern part of the study area. Overall, the proxy parame-
ters used for the assessment of organization and motion of storm systems remained
largely unchanged, with tendencies favouring the occurrence of extreme precipita-
tion. Studies looking at substantial DLS for other convective hazards, such as hail
or tornadoes, also did not identify significant trends in the past over Europe (Pucik
et al., 2017; Radler et al., 2018). Studies investigating future conditions across the
US, however, even suggest decreases in DLS (Brooks, 2013; Diffenbaugh et al., 2013).
Wind speed and shear are not directly relevant for triggering precipitation, but they
can slightly increase the duration of an event; thus, they can potentially contribute to
the development of flash floods. The coarse resolution of the ERA5 atmospheric data
might miss smaller-scale wind features related to orography. Even though extreme
precipitation and flash floods tend to occur locally, they happen during conditions
favouring mesoscale to large-scale circulation, which should be well captured by the
reanalysis data.

The values of the considered atmospheric parameters cover the expected ranges
of occurrence. However, to include 75 % of all precipitation and flash flood events,
we had to include an even wider parameter range. This holds especially true for
the respective lower and upper thresholds of CAPE and CIN, which appear low
and high compared with common values present during thunderstorms respectively
(Pucik et al., 2015; Taszarek et al., 2017). In the ERA5 data, both parameters showed
an extremely high variability in space and time. This variability in CAPE also leads
to a relatively low number of hours with all parameters within their ranges, as shown
in Sect. 4.3.5 (Fig. 4.3.5). However, the consistently low values of DLS are striking.
While we stated in the beginning, that DLS can be either low or high, this does
not seem the case in this region. Extreme rainfall and flash flood events seem to be
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consistently caused by slow-moving single-cell thunderstorms. In the US, in contrast,
many flood-producing storms are larger and more organized mesoscale convective
systems (Ashley and Ashley, 2008; Dougherty and Rasmussen, 2019; Schumacher
and Johnson, 2006). The floods considered in US studies are, however, related to
rather large and deadly flash floods, whereas flash floods in central Europe generally
do not reach comparable dimensions.

The focus of our work was the attempt to link atmospheric conditions, extreme
precipitation, and flash floods: we hypothesized that the conjectured increase in
flash floods is a consequence of more intense or more frequent precipitation events
that are initiated by thunderstorm-favouring atmospheric conditions. However, the
reality seems to be a lot more complex. While atmospheric conditions tend to become
more unstable and overall warmer air masses potentially possess a higher amount
of water vapour, the expected increase in (convective) precipitation events was not
obvious from the 20 years of analysed data.

Factors other than those that we have considered in this study may influence the
development of flash floods. One such factor could be the duration of thunderstorm-
favouring atmospheric conditions. Both remarkable flash flood series from 2016 and
2018 occurred during atmospheric blocking situations (Mohr et al., 2020; Piper et al.,
2016) that stymied the movement of the atmosphere, ultimately causing weather
constellations to last longer and, thus, creating extreme situations. In recent years,
such situations have been increasingly observed, especially in summer (Detring et al.,
2021; Kreienkamp et al., 2021; Lupo, 2020). This could hint at a change in the intra-
annual distribution of precipitation, while the number of precipitation events as
well as their maximum 5min and hourly intensity stayed — apart from their large
intra-annual variations — at a similar level between 2001 and 2020. Sequences with
abundant rainfall may eventually cause a catchment’s soil moisture to rise and may
accelerate the development of a flood event. While low top-level soil moisture before
the precipitation events might show the typical pattern of central Europe, where
thunderstorms mostly occur after a few warm and dry days, this does not seem to
not be the case when flash flooding is caused. The soil moisture is then already
elevated at the top layers of the soil to the “average” level by previous rainfall and
causes a faster runoff response, including infiltration excess overland flow. Flash
floods in continental regions mostly occur when soil moisture is high at the onset
of an event (Marchi et al., 2010; Pfister et al., 2020). Moreover, catchment-specific
parameters such as topography, land use, soil properties, geology, or other factors
may equally impact the development of flash floods (Marchi et al., 2010).

4.5 Conclusions

The goal of our study was to identify and analyse the atmospheric conditions pre-
vailing during extreme precipitation and flash flood events in temperate regions of
central western Europe. For this purpose, we compiled a flash flood database based
on scientific literature, water agency data, and information from local consultants,
and we analysed it using linear regression models. For the identification of extreme
precipitation events that could potentially trigger flash floods, we relied on a 5min
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radar data set (RADOLAN, DWD) and analysed all precipitation events exceeding
the threshold of 40 mm h~! statistically considering maximum hourly and 5min pre-
cipitation intensities as well as the temporal and spatial coverage of events. The
identified flash flood and precipitation events were then connected to convection-
relevant atmospheric parameters of the ERA5 reanalysis data set representing in-
stability, moisture content, and storm motion and organization. We leveraged these
data for testing our hypothesis that a change in atmospheric conditions has led to
more frequent extreme precipitation events that have subsequently triggered flash
flood events in central western Europe. It should be noted that the conjectured in-
crease in the occurrence of flash floods could not be tested due to inconsistencies in
the database. We tested our hypothesis in two steps:

1. An increase in the frequency and intensity of extreme precipitation events
could not be supported with the available database and analysis, due to a
large interannual variation in events and a relatively short period of 20 years.
Future analyses could incorporate the intra-annual temporal distribution of
extreme precipitation events. Perhaps, rainfall events that were formerly evenly
distributed now tend to occur in a more condensed fashion (within a few days).

2. Via proxy parameters, we did find changes in the occurrence of atmospheric
conditions favouring extreme precipitation and flash flood events. High ab-
solute moisture content (specific humidity, ¢, and total column water vapour,
TCWYV) increased significantly between 1981 and 2020, while relative humid-
ity (RH) decreased slightly. Proxy parameters representing sufficient insta-
bility (convective available potential energy, CAPE, and the K index) also
increased also increased; moreover the convective inhibition (CIN) increased,
which might oppose some of the instability gains of CAPE (Taszarek et al.,
2021a). Parameters determining weak storm motion and organization (wind
speed, WS19m_s00npa, and deep layer shear, DLS) did not show significant
changes, but the occurrence of weak low-level shear increased slightly. Over-
all, the most important components favouring flash-flood-relevant atmospheric
conditions, abundant moisture, and sufficient latent instability have become
more frequent, and higher values indicate possibly more severe events.

Consequently, only sub-hypothesis 1 is supported, and sub-hypothesis 2 is rejected.
Hence, the simple causal chain between atmospheric conditions, extreme precipita-
tion, and flash floods assumed in the overarching hypothesis does not do justice to
the entire complexity of problems. Interconnections seem far more complex than
hypothesized. In addition to the hypothesis, we mostly found higher upper-layer
(0-7cm) and lower-layer (28-100cm) soil moisture during flash flood events com-
pared with general extreme precipitation events. These results might point us in
other directions, possibly to changes in intra-annual temporal patterns of rainfall
and, consequently, different pre-event soil moisture conditions. Another explanation
might be non-atmospheric, catchment-specific parameters that were not considered
in this study.

To the best of our knowledge, this work is nonetheless among the first studies
focussing on the convective hazard of extreme precipitation that has often been
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neglected, giving priority to hail or tornadoes. As extreme precipitation is extremely
variable in space and time and can derive from many different weather constellations,
it remains a challenge to pinpoint atmospheric conditions that trigger these events.
This makes possible assumptions about the future extremely challenging.
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4.6 Appendix

4.6.1 Spatial trends in atmospheric parameters within central
western Europe
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Figure 4.6.1: Trend analysis of the three variables for instability (CAPE, CIN, and
the K index) per summer (smr). The first column (a, e, i) shows the trends in
the numbers of hourly occurrences of values above their respective threshold, and
their significance levels are given in the second column (b, f, j). The third column
(c, g, k) shows the trends in the mean values of all hourly occurrences above the
threshold, and the last column (d, h, 1) presents their respective significance levels.
White areas denote insignificance.
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Figure 4.6.2: Trend analysis of the three variables for moisture (TCWV, ¢, and RH)
per summer (smr). The first column (a, e, i) shows the trends in the numbers of
hourly occurrences of values above their respective threshold, and their significance
levels are given in the second column (b, f, j). The third column (c, g, k) shows the
trends in the mean values of all hourly occurrences above the threshold, and the last
column (d, h, 1) provides their respective significance levels. White areas denote

insignificance.
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Figure 4.6.3: Trend analysis of the four variables for storm motion and organiza-
tion (WS7o0npas WS10m-_500npa, LLS, and DLS) per summer (smr). The first column
(a, e, i, m) shows the trends in the numbers of hourly occurrences of values above
their respective threshold, and their significance levels are given in the second col-
umn (b, £, j, n). The third column (c, g, k, 0) shows the trends in the mean values of
all hourly occurrences above the threshold, and the last column (d, h, 1, p) presents
their respective significance levels. White areas denote insignificance.
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Challenging LSTMs in Summer Flood
Modelling in Central Western Europe

The simulation or even forecasting of flash floods becomes increasingly important un-
der potentially intensifying hydrological conditions. The simulations of these events
are however very difficult due to the rare nature of the events and the incomplete un-
derstanding of runoff mechanisms during extreme precipitation events. We therefore
challenge LSTMs in summer flood modelling to test, whether the machine learning
algorithm is potentially able to extract the relevant mechanisms needed for an accu-
rate simulation of summer peak flow. We set up the model based on the CAMELS-
LUX data set presented in Chapter 2. To additionally improve the representation
of thunderstorm conditions, we make use of the understanding of the underlying at-
mospheric conditions gained in Chapter 4 and provide the atmospheric parameters
as input. This relation between atmospheric proxy parameters and discharge can
barely be mapped in conceptual hydrological models.

This chapter is based on:

Nijzink, J., Loritz, R., Zoccatelli, D. and Pfister, [..: Challenging LSTMs in summer
flood modelling in central western Europe (Luxembourg) [in preparation].

Author contribution:

JN, RL, DZ conceptualized the study. RL provided the model code. JN did the
simulations and analyses and wrote the first draft. All the co-authors (JN, RL, DZ)
contributed to and edited the manuscript.
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5.1 Introduction

The robust simulation and forecasting of flash floods is a major challenge in hydrology
due to their rapid and localized nature (Marchi et al., 2010). Within recent years,
this issue became increasingly relevant, as weather conditions leading to intense
convective precipitation and subsequent flash flooding have caused great disturbances
in central western Europe (Pfister et al., 2018, 2020; Johst et al., 2018). In the
preceding decades, floods in this region had been characterised by slowly developing
large-scale inundations during the winter rather than faster runoff responses following
thunderstorms (Pfister et al., 2000). Most hydrological model structures are therefore
designed to capture the dimensions of storage-controlled winter floods in mesoscale
catchments and struggle to translate the signals of convective events that potentially
trigger flash floods in smaller streams. This mis-representation of flash floods is
mostly owed to the rare nature of these events in central western Europe and the
differing and poorly understood runoff mechanisms.

Within recent years, data-driven neural networks have demonstrated in vari-
ous cases that they can reproduce hydrological relationships, such as catchment-wise
rainfall-runoff behaviour (Lees et al., 2021; Frame et al., 2021; Kratzert et al., 2019b).
Among the differing neural networks, Long Short-Term Memory (LSTM) models are
particularly suitable for hydrologic modelling, as the two memory states represent
faster runoff components and base flow respectively (Kratzert et al., 2019a). The
data-based LSTMs process large amounts of information with which they reproduce
the output of hydrological systems free of predefined assumptions about the under-
lying conceptual or physical processes. This opens opportunities to take advantage
of the ever-increasing amount of available data, that are related in complex physi-
cal or conceptual ways that remain poorly understood. However, relying purely on
data, the amount and quality of the training is crucial. To feed the need for training
data, LSTMs are trained across multiple basins. This has advantages when simu-
lating extreme events, as the chance, that the LSTM has already been trained on a
comparable extreme event within in another catchment is much higher when consid-
ering many catchments. This transferability might help to overcome the difficulties
involved with rare events (Bertola et al., 2023; Nearing et al., 2024).

The skills of regional LSTMs remain however limited with regard to the simula-
tion of flash floods. The prediction error generally increases with the height of the
flood peak (Frame et al., 2021; Oddo et al., 2024). However, Frame et al. (2021)
found that data-driven models generally performed better than their benchmarking
models in many cases. They outperformed them during flood peaks that were be-
low the maximum flood peak in the training data set but also for peaks exceeding
this maximum. Feng et al. (2020) simulated flashy streams in arid basins in Texas
applying an LSTM trained on the CAMELS-US data set (Addor et al., 2017). Yet,
even applying additional data integration techniques to the LSTM, they were not
able to improve the simulations of these peak flows. Oddo et al. (2024) set up an
LSTM in a river network known for the regular occurrence of flash floods in Mary-
land, US. They could improve the model error during peak flow by 26% using a
hybrid Convolutional LSTM. They further found, that a shorter sequence length
can improve the peak simulations in some cases. Another study focussed on the
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simulation of flash floods triggered by tropical cyclones in the Wu River in Taiwan
(Jhong et al., 2024). To further improve the LSTM they optimized the LSTM using
a genetic algorithm. With this set up they also found that the simulations becomes
more accurate the shorter the lead time. This is due to the optimization algorithm
that focusses on surface runoff processes and does not have to consider subsurface
flow components. Song et al. (2020) trained LSTM models solely on flood events
(in total 75) in the Anhe catchment in south-eastern China, directly neglecting any
sub-surface or base flow components during the rest of the year. With this approach
a quite accurate simulation of the floods was achieved. However, the latter and more
successful studies do not simulate floods at a temporally continuous and spatially
extended scale.

Because of the sudden changes of discharge within hours, which is typical for
summer peak flows, it is crucial for models to represent sub-daily temporal intervals.
So far, only a few studies applied regional LSTMs on a sub-daily scale. Gauch et al.
(2021) and Wilbrand et al. (2023) compared LSTM performances on multiple time
scales and found that the LSTMs are capable of learning hydrological behaviour
despite the longer sequence length needed to train hourly models. The results of
daily and hourly models vary, but are more or less comparable regarding the overall
performance measures.

In this study, we evaluate the performance during flood events of the CAMELS-
LUX benchmark LSTM (Sect. 2.6.2) and keep a particular focus on the simulation
of summer peak flow events. Our first hypothesis is therefore: An hourly resolution
improves the model performance during summer peak flow events. Making use of
the LSTMs flexible model structure, we additionally include atmospheric variables in
the modelling process to better characterize the atmospheric conditions potentially
leading to summer peak flow events. This supplementary information can support
simulations, when precipitation data is underestimated. Our second hypothesis is
that including atmospheric variables relevant for extreme precipitation improves the
simulation of summer peak flow events.

5.2 Study area and data

The study area is Luxembourg and the data set used for the study is the CAMELS-
LUX data set. For an in-depth description of the study area and the data set, we
would like to direct the reader to Chapter 2.

5.2.1 Study area and period

The study area comprises 56 partly nested catchments between 0.458 km? and
4256.623 km? that contribute to the Luxembourgish stream network. This includes
areas from almost all of Luxembourg and a few headwaters in Belgium, France and
Germany. The study area can be divided into two broad geographical regions: The
Oesling in the North and the Gutland in the South. The Oesling region forms a
part of the Ardennes massif. The region is characterized by steep slopes, a schistose
geology, extensive forests and is only sparsely populated. The Gutland region, on
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the contrary, is characterized by rolling hills in permeable sandstone and marl forma-
tions, that create the conditions for extended agriculture and urban areas (Chapter
2). The hydrological response of the catchments is especially determined by the
underlying geology (Pfister et al., 2017).

The climate conditions in Luxembourg are homogeneous over the entire study
area. The climate is classified as a temperate oceanic climate with annual mean
air temperatures between 9 and 10 °C and annual precipitation totals around 850
mm. Slightly higher monthly precipitation amounts fall during the winters and are
related to westerly flow patterns (Pfister et al., 2004). Summer precipitation can
occur based on advective processes, as well as convective processes. Hydrological
processes related to snow are minor (Pfister et al., 2000, 2005).

The study period was set to the hydrological years from 1 Nov 2004 to 31 Oct
2021, as most stream gauges were available during this time. The study period
includes several high flow periods, that are linked to both, large-scale winter inun-
dations and short streamflow peaks during the summer. The temporal resolutions
of the analyses are daily and hourly.

5.2.2 Hydro-meteorologic time series

We used discharge data from 56 stream gauges that feed into a Luxembourgish river.
This inventory comprises stations from the Luxembourgish Water Agency (AGE), the
Luxembourg Institute of Science and Technology (LIST) and the Rhineland-Palatine
State Office for Environment (LfU-RLP, 2022). The data was aggregated from an
original temporal resolution of 15-minutes to hourly and daily time steps. Most major
floods in the CAMELS-LUX data set are related to large-scale winter floods, while
several flash floods stand out during the last years of the study period. The events
differ substantially in their mechanisms being either storage-controlled and stretching
over several days in winter or triggered by extreme precipitation events leading to
highly dynamic runoff reactions in summer. One outstanding flood occurred in July
2021 and reached new maxima in almost all of the catchments.

Precipitation input data was calculated from the quasi-gauge adjusted radar data
set RadKlim of the German Weather Service (Winterrath et al., 2018). The data
is available at a 1x1 km spatial resolution at a 5-minute time interval. For each of
the study catchments a spatial mean was calculated and the temporal resolution was
aggregated to hourly and daily values. We also supplied the 5-minute minimum and
maximum grid cell during the temporal interval to better assess the rainfall intensity
during events.

Atmospheric and soil moisture data were retrieved from the ERA5 data set (Hers-
bach et al., 2018b,a; Munoz Sabater, 2019). According to our previous findings
(Meyer et al., 2022), we used a total of 9 proxy parameters (Chapter 2, Table 2.2.1)
for atmospheric instability, atmospheric moisture contents, system motion and or-
ganization to characterize extreme precipitation events with the potential to trigger
flooding. Moreover, we used soil moisture contents at four different depths. The
horizontal grid width of the ERA5 atmospheric data is 0.25° x 0.25° and of the land
data 0.1° x 0.1°.

The measured data was quality controlled and data gaps were closed. Small
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gaps in discharge data were linearly interpolated and larger gaps replaced with the
spatially adjusted specific discharge of surrounding stations that behave comparably.
Gaps in the RadKlim data set were filled with data from an interpolated station
network consisting of 70 stations. Filled data gaps were marked in respective flag
columns and supplied as additional input data.

5.2.3 Catchment attributes

To characterize and classify the catchments, static catchment attributes were as-
signed to each catchment. In this study, we applied:

e Catchment size and geometry: Area [km?|, perimeter [km|, Gravelius compact-
ness coeflicient (KC) (Gravelius, 1914)

e Five geology classes: Limestone and dolomites, surface deposits, sandstone
conglomerates, marl and claystone, schists and quartzites

e Five land use classes: Watercourses, waterbodies and wetlands, forests and
natural areas, grassland, agricultural land, urban areas

e Measures for a topographic placement: elevation range, maximum slope, Net-
work Development and Persistence Index (IDPR), topographic wetness index
(TWI), Vector Roughness Measure (VRM) that are described in detail in Chap-
ter 2.

5.3 Methods

5.3.1 Long Short-Term Memory network

A Long Short-Term Memory (LSTM) network is a specific type of a recurrent neural
network (Hochreiter and Schmidhuber, 1997). The LSTM cell structure is designed
in a way, that can maintain two memory states — hidden state and cell state — to
simulate short-term and long-term dependencies between input and output data.
The two states are updated at every time step depending on the input data that is
being passed through three gates. A gate contains a linear activation function that
determines the impact of each input sample to the states and the output value. The
forget gate determines the percentage of the long-term memory to be remembered
depending on the short-term memory and the input. The input gate defines the
potential long-term memory as well as the percentage to which it will be remembered.
Through the output gate, the short-term memory is updated based on long-term
memory and the previous short-term memory. The new short-term memory is the
output value (Gauch et al., 2021; Kratzert et al., 2018; Anderson and Radi¢, 2022).
This combination of short-term and long-term memory makes LSTMs especially
useful for simulating streamflow, where the short-term memory represents the faster
(surface) runoff components compared to the long-term memory, that corresponds
to base flow or snow accumulation (Kratzert et al., 2019a, 2018). For more technical
details of the functioning of LSTM cells and networks in hydrology, we refer the
reader to Kratzert et al. (2018).
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5.3.2 Model setup and training

The LSTM hyperparameters used during the training process compare closely to
previous studies by Frame et al. (2021), Espinoza et al. (2023), Gauch et al. (2021),
Lees et al. (2022). The model target (streamflow) was predicted by a sequence-
to-one prediction with a sequence length of 365 days for the daily model. With a
batch size of N = 256, samples were drawn from the 56 different basins (b). The
LSTM was trained to optimize the area-averaged Nash-Sutcliffe Efficiency NSE”.
This adaptation from the Nash-Sutcliffe Efficiency was applied according to Kratzert
et al. (2019¢) to avoid a higher weighting of large humid catchments compared to
catchments with lower mean discharge. It implies a standardization of the NSE
based on the standard deviation per basin (s;). A constant € (¢=0.1) is added to
anticipate a divergence to negative infinity in catchments with a very low variance
of discharge. NSE* is calculated according to the following equation:

B T
NSE* _ 1 ZZ (Qobs,b - C‘?sim,b)2 (51)

<8b + 6)2

where B represents the number of basins, T the number of time steps per basin,
Qobs;t and Qsim¢ the standardized observed and simulated discharge of the basins at
time step t respectively, s, the standard deviation of the discharge in basin b. The
LSTM was trained during 30 epochs with an initial learning rate of 0.001, that was
adapted with a gamma learning rate of 0.8 every 5 epochs. Moreover, a dropout
rate of 40% and a hidden size of 64 were applied. Training an hourly model is
computationally much more demanding and convergence to a better loss function
efficiency can be less monotonous due to longer sequence lengths. In order to find
a good balance between a properly trained model, training times and hydrologically
relevant time periods, we nonetheless opted for training the model during 30 epochs,
as after 20 epochs there was still potential for further improvement in most cases.
The sequence length in the hourly model was 720 hours (30 days), which we assumed
to be sufficient for this study’s focus on summer peak flow. Doubling the sequence
length already doubled the calculation times.

Different testing and training periods were tested. For the core of the results we
chose a training period from 1 Nov 2008 to 31 Oct 2016. This period was chosen
to include a major winter flood (e.g. 2011) and the first few flash floods (2016)
occurring later on, assuming to cover the variety of the system. The testing period
is accordingly from 1 Nov 2004 to 31 Oct 2008 and 1 Nov 2016 to 31 Oct 2021.

5.3.3 Modelling approach

First, we set up a regional LSTM system for all gauged catchments (56) with re-
lation to Luxembourg using the CAMELS-LUX data set following the model setup
and training described above. As input parameters, we relied on basic hydrological
parameters (precipitation from radar and station data, including derived maximum
intensities and flags, reanalysis temperature data and specific discharge). In order
to improve the model performance during peak flows and especially summer peak
flows, we tested three approaches: (1) First, we increased the temporal resolution
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of the simulations from daily to hourly time steps. This was done to better repro-
duce the highly dynamic summer peak flows that are often hard to capture with
daily time steps. (2) Secondly, we added atmospheric parameters relevant for thun-
derstorm favouring environments by systematically combining parameter groups for
atmospheric instability, atmospheric moisture, atmospheric motion (wind and shear)
and also soil moisture data. (3) Last, we have artificially doubled the precipitation
input during the periods of four selected events. This was done to exclude a potential
underestimation of the precipitation as cause for failing peak flow simulations.

5.3.4 Evaluation measures

Table 5.3.1: Model evaluation measures.

Metric Description Equation Reference
NSE ||  Nash-Sutcliffe-  NSE =1 — %E‘gﬁs—:%m;; Nash and
Efficiency oo Sutcliffe (1970)
AQ, |-] Peak AQ, = In Euser et al.
distribution (Qp,sig?égjﬁg;i‘“ﬁ ) - ( Dpiobs 1= Dp.obs.5 ) (2013)
Peak flow (Qggﬁg:ﬂgg§£>
0.99—-0.95
(1-5%)
TOp 2% peak _ Z}IL{:l(QSinl,h_Qobs,h) Eq A3 in
FHV flow bias FHV = Szt Qobs,h x 100 Yilmaz et al.
(2008)
|Flow duration h =1, 2,.. .H are the flow
curve High indices for flows with exceedance
segment probabilities lower than 0.02.
Volume]
REgs% [-]  Absolute REgs5% = mean (%) As used in
percentual error ’ Frame et al.
of peak height (2021)
Atg, [h]  Mean peak time  Atg, = tpeak,Qupe — tpeak,Quim Appendix B in

lag between
observed and
simulated peaks

Kratzert et al.
(2021)

Qobs: observed discharge; Qgim: simulated discharge; Q,: peak discharge

We evaluated the LSTM model performance during the testing periods using
different evaluation measures (Table 5.3.1). As basic measure for general model per-
formance, the Nash-Sutcliffe-Efficiency (NSE) was used (Nash and Sutcliffe, 1970).
To assess the peak flow, different specific evaluation measures were analysed. The
first and most general measure is the peak distribution (AQ,) (Euser et al., 2013).

7



5. Challenging LSTMs in Summer Flood Modelling

To calculate it, all local maxima (as well as the ones during summer and winter
months respectively) of the observed and simulated discharge are sorted. The re-
sulting curves are then analysed with respect to the difference in slope between the
highest 1% and 5% of the sorted peaks to account for high flow conditions. Apart
from that, the top 2% peak flow bias (FHV) evaluates the error of the highest 2% of
the flow duration curve of the simulations (Yilmaz et al., 2008). The absolute per-
centual error of peak height (RE¢s%) evaluates the peak difference per event (Frame
et al., 2021). We considered the top 5% of all local maxima as peaks for the annual
analyses and the top 5% of the local maxima during summer and winter months re-
spectively. Moreover, we determined the peak timing (Atg,) - the difference between
the time of the observed and the time of the corresponding simulated peak. Each
evaluation measure was calculated for the entire year, as well as in the summer (May-
August) and the winter (September-April). The selection of the summer months was
based on the flash flood data base (Table S3.1). For an additional analysis regarding
extreme flood events, we have compared the absolute maxima of differing training
and testing periods of the observed and simulated data.

5.4 Results

5.4.1 Summer and winter flood evaluation

A significant difference in performance was found between summer (May-August)
and winter (September-April) (Fig. 5.4.1, and Appendix Fig. 5.7.1 - Fig. 5.7.3). The
simulations during the winter generally reach very high NSE, ranging above 0.8 with
very little variation among the 56 catchments (Fig. 5.4.1 a). In contrast, during the
summer, the variation of NSE values shows a quite high range among the catchments
and is on average lower, mostly ranging between an NSE value of 0.6 and 0.8. This
remarkable difference in performance is particularly evident when evaluating peak
flows in Fig. 5.4.2 (a-b exemplary for a well-simulated winter flood, and c¢-k for three
different summer peak flows). The first winter peak (Fig. 5.4.2 a-b) is well simulated,
whereas the summer peak flows are completely missed (Fig. 5.4.2 c-k). The absolute
percentual error of peak height (REgs5%) is notably higher for peak flows in summer
compared to the peak flows during the winter (Fig. 5.4.1 d). Differences between
summer and winter peak flows are less pronounced regarding the peak distribution
for the 1% to 5% highest discharge values (Fig. 5.4.1 b). Comparing the flood
volumes, the top 2% peak flow bias (FHV) indicates a continuous underestimation
of the peak flows, that is more pronounced in summer (Fig. 5.4.1 ¢).

5.4.2 Improving summer peak flow modelling
Increasing the temporal resolution of the model

Increasing the temporal resolution of the model simulations from daily to hourly
results in minor reductions of the overall model efficiency measured by the NSE (Fig.
5.4.1 a). When comparing the performance of the highest flows AQ, ;5% and FHV,
the performance of both, the daily and the hourly model are quite comparable in
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Figure 5.4.1: Performance measures of the evaluated model runs for all catchments
comparing summer (left column) and winter (right column) performances. The left
boxplots (blue) of each group show the daily resolution and the ones on the right
(green) the hourly resolution. While the first groups are model runs based on only
basic input parameters (precipitation, air temperature), the second group includes
all parameters (atmospheric and soil moisture).

summer Fig. 5.4.1 b, ¢). Yet, during winter events the hourly model (green boxes)
underestimates the peaks slightly more than the daily model (blue boxes). The
absolute percentual error of peak height (RE(s%) is slightly higher for the hourly
simulations (Fig. 5.4.1 d). The hourly simulations are much more precise, when
comparing peak timing (Atg,), that is mostly met within 1-2 hours (Fig. 5.4.1 e).
The daily resolution naturally shows a wider spread due to the coarser temporal

79



5. Challenging LSTMs in Summer Flood Modelling

(a) basic (b)incl. atm. parameters
— 2.0 p— P ——
= | "
@ E 257
t-?gg.z.n—
ZBY 515
TLETE 40
205
= 0.5
[ R
00 T T T T T T
o = 0 x| = 0
o™ ™ o™ o™ ™ o™
o o o o o o
H H @ @ H H
(=] (=] (=] (=] (=] (=]
(c) basic (d)incl. atm. parameters (e) Px2, all parameter combinations
— 4 H T
= E
Um% 3| = E
cEo— [
i3
TEEZ o Ho 2
Eatm =
O35 14 s 2
&
0 T T T T T T T T T T T T T T T 0o
o — = ™ m Qo = b [} noQ = = [} o
m m [=] [=] Qo m m (=] o [ = ] m [=] o [=]
z Ey s 5 S F z s 5 S F z s 5 5
= = = = =S = = = = = = = = = =
(f) basic (g)incl. atm. parameters (h) Px2, all parameter combinations
— 0.8 =
= E
E s
B2 £ 08 = E
OEs'y Ho S
@ e on 0.4 =
E8sR 5 =
£552 02 s
502 20 s
=R |2
0.0 T T T T T T T T T T T T 28 0
— o m T [x] m T - [x] m =
o™ ™ [y] ™™ (3] o™ ™ ™ (3] o™ ™
E E E ERE] E E ERE] E E E
E E 3 S 3 3 E 3 3 3 E 3
(i) basic {j)incl. atm. parameters (k) Px2, all parameter combinations
— 15 o &
= £ 'E
2 E Hao E
>0 - —_
ERN= 10 c
SHN o 20 S
858 g5+ =
2 B A A A
= =
L A @
0- 4p @

T T T T T T T T T T T T T T T

m = o o ~ m = 0 w ~ ™ = w0 w P

s E s s ElE s E E ElE] s s E E

3 3 3 3 s 3 3 3 3 s 3 3 3 3 3
Frac Passen = Qobs Qsim

Figure 5.4.2: Exemplary selection of a few specific floods within the data set. Each
row belongs to one event described on the left. The simulations show the hourly
resolution.

resolution, but most peaks are timed within the range of a day before or after.

Including atmospheric parameters

Additionally including soil moisture and atmospheric parameters that further char-
acterise and identify thunderstorm environments does not substantially improve the
simulations of (specific) summer peak flows being triggered under thunderstorm con-
ditions (Fig. 5.4.1, Fig. 5.4.2, d, g, j). The most substantial improvements are found
for the parameter combination including the parameter sets representing atmospheric
instability, atmospheric moisture, and wind (Appendix Fig. 5.7.2). These improve-
ments are however not translated into all model evaluation measures and do not
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make the model significantly better than the others. All these model runs show sim-
ilar results to the previous model runs without atmospheric input parameters, which
raises confidence in the general robustness of the LSTM.

Artificially doubling precipitation in the input data

In order to account for potentially underestimated precipitation input, we have per-
formed test runs with doubled precipitation input data for a selection of summer
peak flows that were totally missed by the model (Fig. 5.4.2 e, h, k). With that
input, we were able to trigger runoff reactions during the flooding events. Yet, none
of these reach up to the actual observed discharge.

5.4.3 Extreme peak flow events (July 2021)

Simulating the extreme and widespread flood event of July 2021, caused major prob-
lems for the LSTM. While this event was captured to a certain extent when it was in
the training data set, leaving the event out of the training data set and extrapolating
was not successful. In all catchments, where the specific discharge during the event
was high, the model underestimated the flood peak. Even artificially doubling the
rainfall amounts during the highest events did not result in higher discharge maxima
(Fig. 5.4.2 k). Assessing the maxima of the training and testing periods (Table
5.4.1), it is clear, that the LSTM did not simulate discharge close to the maxima
reached in the observed data. The highest simulated discharge was achieved with 37
mm/d, in the model run that included the July 2021 flood event in the training data.
However, discharge higher than 37 mm/d was observed in 11 catchments during the
this flood event.

Table 5.4.1: Maximum daily observed (Qopsmar [mm/d]) and simulated
(Qsim,maz |[mm/d|) discharge and maximum hourly observed (Qops maz [mm/h|) and
simulated (Qgim.maez [mm/h]) discharge during different training and testing periods.

Training Testing | Training Testing | Training Testing
2004- 2013- 2013- 2004- 2008-  2004-08
2013 2021 2021 2013 2016 &16-21

Qobs,maz, daily 33.67  68.16 | 68.16  33.67 | 3367  68.16
Quim.maz, daily 9328 2127 | 37.16 2458 | 2548  23.21

Qobs.maz, hourly | 3.21 7.78 7.78 3.21 3.21 7.78
Qsimmaz, hourly | 245 2.24 4.92 3.46 2.53 2.31

5.5 Discussion and Outlook

Just as the benchmark model presented in Chapter 2, also slight variations with
respect to the input time series or the temporal resolution still led to reasonable
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model performances throughout the study area. The general model performance of
the daily and hourly annual NSE evaluation between 0.4 and 0.9 is in line with the
performance range of LSTMs based on the CAMELS data set (Kratzert et al., 2021),
while the LSTM based on CAMELS-GB yields slightly better performances (Lees
et al., 2021). The model performance clearly diverges under summer and winter
conditions.

To a large extent, winter floods are well simulated by the LSTM model. The
storage-controlled floods, that are triggered by large-scale precipitation events and
accumulated soil moisture are characteristic for the winter in Europe. These charac-
teristics make them generally a bit easier to predict than very local extreme precip-
itation triggered peak flows. Moreover, the sample size of storage-controlled floods
(i.e. the number of these flood events) is much higher in the CAMELS-LUX data set,
giving the data-based model higher chances to learn the flood pattern. The lower
performances in the hourly simulations during higher flow conditions in the winter
might be linked to the relatively short sequence length of just 30 days, that might
not fully do justice for a good representation of the base flow and storage level.

Simulating summer peak flow appears much more complex. The general peak flow
evaluation measures are continuously lower than for the winter peak flow events. The
signals of some events were even completely missed. Increasing the temporal reso-
lution from daily to hourly simulations helped to better capture the peak timing,
which is not very surprising considering the dynamic nature of the events. Assum-
ing that the quality of the precipitation input might not be enough to trigger the
resulting peak flow, we have added soil moisture data and atmospheric proxy param-
eters characterizing thunderstorm environments. However, even with this additional
information about summer peak flows, simulations did not improve significantly.

One possible explanation as to why the LSTM has completely missed a few of the
summer peak flows might be, that the precipitation is underestimated during peak
events in the RADKLIM data set (Kreklow et al., 2019; Poschmann et al., 2021).
Accounting for that, we additionally provided the 5-minute maximum intensity and
precipitation station data incorporated in the CAMELS-LUX data set. While heavy
precipitation events often appear weaker on the radar because of the high intensity,
the coarse station network might miss the centre or timing of localized storm cells.
Yet, even artificially doubling the precipitation input did not increase the flood peaks
to reach the observed discharge in a few cases. This confirms the difficulties of the
LSTM to capture the flood peaks in general. Another explanation could be the often
drier conditions during summers. Kratzert et al. (2018, 2019b) indicated that less
rainfall-runoff information is available in arid regions due to long low flow periods.
Also in the for the relatively dry South-East of Great Britain (compared to the
rest of the CAMELS-GB data set)(Lees et al., 2021) and in arid Southern Texas,
where intermittent streams are “activated” in flash floods (Feng et al., 2020), LSTMs
are not performing well. Luxembourg is not an arid region, yet, we hypothesize
that the underlying model problems, of not well capturing possible mechanisms of
hydrophobic soil reactions, infiltration excess overland flow or other mechanisms
might be related to the drier conditions in summer. However, these conditions are
rare and possibly not well represented in our training data set.

The number of 56 catchments for the modelling may be considered relatively low.
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However, it is not exactly clear how many catchments are needed to have a good
sample for large-scale hydrology (Kratzert et al., 2024; Wilbrand et al., 2023). In
addition, we argue, that the wide geological variety of catchments adds a good com-
ponent of diversity. The climate is homogeneous throughout the study area, so we
consider the setup a valid approach for regional modelling in temperate Europe. Re-
garding extreme summer peak flows, which remain rare by nature, it could, however,
be beneficial to include more catchments to increase the sample size of these events
(Qi and Majda, 2020; Bertola et al., 2023). Tests of varying our training period have
shown how important it is to include the extreme events between 2016 and 2021 in
the training data, even though no testing is possible. Especially, with potentially
increasing occurrences of extreme summer peak flow, more extreme events, possibly
from other catchments, should be included in the training data set for reliable train-
ing. Very simple (and not shown) attempts of artificially increasing precipitation
and discharge in either just one or ten catchments of the CAMELS-LUX data set in
order to have training data outside the range of the observed data did not lead to
the result of an improved simulation of extreme peak flow.

Regarding the simulation of the extreme large-scale flood event in July 2021, we
seem to have reached the saturation of the LSTM. The discharge simulations of the
LSTM always remain under the actual values that were observed in the training
period. In addition, there were generally no extrapolations beyond the training
data. These findings contradict a previous study by Frame et al. (2021), where it
was shown that extreme, out-of-sample events can be simulated better than with
conceptual models. The saturation problem is likely irrelevant when using enormous
global data sets including enough catchments of all climate zones, such as the LSTM
run on the FloodHub by Google (Nearing et al., 2024), but it is a major limitation
at the smaller scale. Basically, it excludes the use of LSTMs at regional scale for
predictions outside the range of the training data, such as under non-stationary
climate conditions.

Nonetheless, we consider the presented LSTM model a basic and functioning
benchmark model, that has the potential to be extended in many directions. An
even higher resolution of the data is available for CAMELS-LUX. While the compu-
tational power to train an LSTM at the 15-minute resolution is very demanding, one
could adjust the model structure by keeping daily data in the cell state for seasonal
catchment connectivity and storage. These cell states can be passed on to hourly
and 15-minute resolutions at a certain value of the sequence length to better account
for the fast runoff components (Gauch et al., 2021). This could substantially reduce
the sequence length, giving the model a chance to learn both, annual hydrology and
direct runoff reactions to precipitation. Another way forward could be the training
efficiency. Here, the area-averaged Nash-Sutcliffe efficiency was used, that is being
biased towards well capturing flood events with high volumes. A stronger weighting
of summer floods in the later epochs of the training could sensitize the LSTM to
react to flashy peak flow in relatively dry conditions. The finetuning of the training
process should be guided by expert knowledge (Nearing et al., 2019). In case the
LSTM succeeds at capturing summer peak flow events, it would moreover be inter-
esting to extract the information about the mechanisms that the LSTM learnt and
applied when simulating them (Lees et al., 2021).
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5.6 Conclusion

Considering the increasing importance of a precise simulation of summer peak flow
events, the goal of this study was to analyse and improve the simulation of summer
peak flow events in and around Luxembourg. We therefore challenged the LSTM set
up based on the CAMELS-LUX data set and tested two approaches:

First, we tested the hypothesis that an hourly resolution improves the model
performance during summer peak flow events. Increasing the temporal resolution
naturally improved the hydrograph reconstruction of highly dynamic summer peak
flow events. However, the overall performance of the LSTM considering the flow
volume and peak height during peak flow conditions decreased slightly compared to
the daily data. Yet, the precision gained by the smaller time step is crucial, even
though the evaluation measures show slightly lower values.

Secondly, we tested, whether we could compensate for potentially underestimated
precipitation by further characterizing the atmospheric conditions during thunder-
storm events. To do so, input parameters were included that represent a combination
of parameters for atmospheric moisture, atmospheric instability, system motion and
organization as well as soil moisture at four depths. With these input variables, we
tested our hypothesis that including atmospheric variables relevant for extreme pre-
cipitation improves the simulation of summer peak flow events. While during some
events adding the additional parameters helped the simulation of peak flow, it did
not for other events. Neither was any specific combination of parameters performing
consistently better. Overall, we have to reject our hypothesis as the atmospheric
parameters did not substantially improve the simulations to capture the flood peak.

Focussing on extreme events, we found a continuous underestimation of flood
peaks. This underestimation was more evident for extremer events. We therefore
conjecture that this saturation occurs due to the rare nature of extreme events,
because there are not enough comparable events in the data set to properly train the
LSTM for their simulation.

We therefore conclude, that correct precipitation data is absolutely crucial to
properly simulate summer peak flow events. Moreover, we conjecture, that the dif-
fering runoff mechanisms during summer peak flow compared to storage-controlled
winter floods are not sufficiently represented in the training data set. To get ex-
treme events right, the training data would have to be extended to a higher number
of events within the high range - either by including more catchments or by using
synthetic data.
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Figure 5.7.1: Annual evaluation measures for all model runs. While the blue boxplots
show the daily data, the green ones on their right show the results of the same
model settings, but at hourly resolution. The parameter combinations all involve
precipitation, air temperature and specific discharge (PTQ) for training. In addition,
atmospheric parameters are added at the model runs shown in the middle column
referring to atmospheric instability (I), atmospheric moisture (M), wind speed (W),
and soil moisture (SM). On the right the mean of all model runs on the left is shown.
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Figure 5.7.2: Summer (May — August) evaluation measures for all model runs. While
the blue boxplots show the daily data, the green ones on their right show the results
of the same model settings, but at hourly resolution. The parameter combinations
all involve precipitation, air temperature and specific discharge (PTQ) for training.
In addition, atmospheric parameters are added at the model runs shown in the
middle column referring to atmospheric instability (I), atmospheric moisture (M),
wind speed (W), and soil moisture (SM). On the right the mean of all model runs
on the left is shown.
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Winter evaluation
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Figure 5.7.3: Winter (September — April) evaluation measures for all model runs.
While the blue boxplots show the daily data, the green ones on their right show
the results of the same model settings, but at hourly resolution. The parameter
combinations all involve Precipitation, Temperature and specific discharge (PTQ) for
training. In addition, atmospheric parameters are added at the model runs shown in
the wide middle column referring to atmospheric instability (I), atmospheric moisture
(M), wind speed (W), and soil moisture (SM). On the right the mean od all model
runs on the left is shown.
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(General Discussion and Outlook

6.1 Intensification of the hydrological cycle

We investigated how the recent series of extreme precipitation and flash flood events
in Luxembourg relate to a larger trend: namely, the intensification of the hydrological
cycle driven by global climate change. While the concept of the intensification of
hydrological extremes in terms of frequency, magnitude and volume (e.g. Donat
et al., 2016; Wu et al., 2013; Yang et al., 2021) as well as an increasing event-to-
event variability (Ficklin et al., 2022; Madakumbura et al., 2019) are widely accepted,
there are diverse local variations of this alteration.

Precipitation generally varies considerably on an interannual basis and makes a
confirmation of the conjectured intensification towards more frequent and more ex-
treme events challenging. In our study, potentially weak signals of a changing climate
could not be recognized due to the interannual variations and potential measurement
biases. When analysing daily precipitation data for the frequency and magnitude of
extreme precipitation events above 50 mm/d, we found increasing annual precipita-
tion maxima during the summer, but the signal is not strong enough to consider it
as a robust and significant trend. Assuming that the coarse station network misses
some of the highest precipitation amounts and intensities of local thunderstorm cells,
we also included highly resolved and comprehensive radar data (RADOLAN) in our
analysis. The high frequency measurements only exist since 2002, which implies a
20-year timespan of data. Within our set of 20 years of precipitation radar data,
we could not identify any trends in event frequency, intensity (5 min, 1 h) or du-
ration. These findings might however be biased as the radar data - even though
thoroughly corrected - still contains various sources of uncertainty, that underesti-
mate precipitation especially during extreme events (Meischner, 2014; Strangeways,
2007; Winterrath et al., 2017; Kreklow et al., 2019; Poschmann et al., 2021). A
20-year period is moreover rather short for climate analyses, that usually rely on at
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least 30 years of data. This causes conclusions on potential trends to remain rather
questionable. From the results of the 20 years of highly resolved data and of the
almost 70 years of daily station data, we could not confirm our hypothesis about
an increase in extreme precipitation events. Many global studies (e.g. Alexander,
2016; Donat et al., 2016; Kunkel and Frankson, 2015; Fischer and Knutti, 2016)
suggest an increase in extreme precipitation event occurrence. Likewise, Miiller and
Pfister (2011) suggest an increase in extreme precipitation on a local scale for the
Emscher-Lippe catchment in western Germany (1959-2009). These studies are how-
ever contradicted by analyses conducted by the DWD and GDV (2019) for Germany,
not confirming any trends on the regional scale or on the global scale Koutsoyiannis
(2020). Koutsoyiannis (2020) especially points to the fluctuations of precipitation
demonstrating the weakness of simplified conclusions.

Isolating a potential increase in summer peak flow or even flash flood events is
equally difficult. Long-term analyses based on daily discharge data at three sta-
tions in Luxembourg are not doing justice to summer peak flow, as peaks pass so
quickly, that they are likely not measured to their full extent in the observations.
Sub-hourly measurements have only become available since the mid-1990s for smaller
catchments. For an analysis targeting localized flood events, often outside streams,
streamflow data was considered to not be appropriate. Instead, an inventory of
extreme discharge events (Supplement S3), that we defined as flash floods, was com-
piled. Achieving consistency in the database seems however an impossible task, when
considering a recently increased awareness of flash floods, better documentation of
recent events as well as an increased hazard due to expanding urban areas. Never-
theless, the suite of extreme events in 2016 and 2018, as well as in 2021 is a fact.
Each event related to persisting atmospheric conditions that triggered extreme pre-
cipitation and flooding events over a larger region. The compiled events are however
not sufficient to test for the conjectured trend. An expansion of the database beyond
the regional limits following examples by Marchi et al. (2010) or Bertola et al. (2023)
might help to mitigate its deficiencies, yet the temporal inconsistencies would most
likely remain.

Understanding the flooding behaviour as an integration of atmospheric circulation
patterns, we analysed their occurrence during high precipitation and flood events.
Especially the zonal circulation type is correlated to annual precipitation amounts
and major large scale floods. A phase of increased occurrences of the zonal circulation
type during the late 1980s and 1990s can be clearly linked to a series of floods
within that decade (Mansell, 1997; Pfister et al., 2000, 2004). Within recent years,
the annual percentage of trough weather types and the related SWZ circulation
form increased. During the trough constellation air masses meander in a U-shape,
bringing warm and moist air from the Mediterranean area to central Europe on
the Eastern flank of the system. Typical situations are the Vb-weather situation or
the Spanish plumes that are often related to abundant rainfall (Gerstengarbe et al.,
1999). These constellations are connected to some of the largest inundations of recent
years, such as the Elbe-Flood in August 2002 (Fritzschner and Lux, 2002), the July
2021 flood in Western Europe (Mohr et al., 2023; Junghénel et al., 2021) or the flood
in early June 2024 in Southern Germany and Austria (Bauer, 2024). The circulation
patterns that sustained the flash floods in our database are manifold, reaching from
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larger scale flood favouring conditions to very isolated thunderstorm events. While
in many cases the floods in our database are not directly linked to the increased
trough constellations, we conjecture, that they nonetheless increase soil moisture
levels, supporting a potential flood. The circulation patterns themselves can hardly
be isolated as "flash flood favouring" which is why we proceeded to the atmospheric
characteristics related to the thunderstorms.

Investigating the atmospheric conditions during extreme precipitation and flash
flood events, we found relevant changes in their occurrence. Especially high ab-
solute atmospheric moisture contents have increased significantly in both, amount
and frequency, during the summers between 1981 and 2020. This is in line with
thermodynamics summarized in the Clausius-Clapeyron relationship, that project
an increase of 6-7% of the global atmospheric water vapour per Kelvin degree air
temperature increase (Allan et al., 2020). Additionally, we found positive trends
assessing the instability of the atmosphere that we had analysed via the proxy pa-
rameter CAPE (convective available potential energy). While some of these increases
in CAPE are offset by slightly increased convective inhibition (CIN) (Taszarek et al.,
2021a), the overall increasingly favouring instability conditions prevailed. The wind
components relevant for system motion and organization have remained constant
over time. In combination, the most important components of extreme precipitation
and flash flood favouring atmospheric conditions, namely abundant moisture and
sufficient latent instability, have become more frequent reaching higher values which
indicates potentially severer events. Thus, an intensification of the hydrological cycle
can be attested with regard to the absolute atmospheric water contents.

The increasing occurrence of extreme precipitation and flash flood favouring at-
mospheric conditions was hypothesized to potentially lead to increasing precipitation
intensities (Giorgi et al., 2019; Pfahl et al., 2017; Tandon et al., 2018; Trenberth et al.,
2003) and subsequent flash flooding. This link could however not be traced down
for extreme precipitation events during summer and appears to be too simple for
the complex relationships and interactions within the water cycle. Changes could
therefore be caused by changes in intra-annual temporal precipitation patterns and
subsequently differing pre-event soil moisture conditions. Synoptic patterns last-
ing several days over one region and thereby amplifying the effect of the weather
are often associated with atmospheric blocking situations. It is assumed that, as
arctic regions warm faster than the tropics, the north-south air temperature gradi-
ent decreases and the compensating stream - the deviated jet steam - weakens and
meanders more. These meanders, the Rossby-waves, constitute atmospheric block-
ing situations that block synoptic constellations over several days over the same
region resulting in persistent weather conditions. While in the 1990s there were less
blocking situations, they have increased to previous levels again since. An overall
increasing trend can not be confirmed (Stendel et al., 2021; Lupo, 2021; Woollings
et al., 2018). Other explanations might be of non-atmospheric origin and related to
catchment-specific parameters that were not taken into account.
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6.2 Data-based simulations under non-stationary con-
ditions

Under the assumption of non-stationary hydrological systems, the simulation of po-
tentially increasing occurrences of summer peak flow becomes more relevant. While
conceptual models often struggle with the simulation of isolated peak flow events,
we tested the information gain and performance of the application of data mining
and machine learning algorithms, that have been applied successfully in the field
of large-scale hydrology. Within recent years, CAMELS data sets (Catchment At-
tributes and Meteorology data for Large-sample Studies) were thriving, nourishing
the idea of unified data sets characterizing many catchments. Following this trend,
we compiled streamflow and precipitation time series from 56 physiographically de-
scribed nested catchments over Luxembourg and complemented them with ERAb5
reanalysis data. Based on the resulting CAMELS-LUX data set, we were able to
set up a regional LSTM for Luxembourg, simulating many of the catchments for
the first time. The benchmark model performance reaches reasonable Nash-Sutcliffe
Efficiencies between values of 0.4 and 0.9. These model performances are compara-
ble to the LSTM trained on the original CAMELS data set (NSE median around
0.7-0.8) (Kratzert et al., 2021), but are slightly lower than the LSTM trained on
CAMELS-GB, that reached a median NSE value of 0.88 (Lees et al., 2021). Some of
the weaker performing catchments in Luxembourg lose groundwater to deep perco-
lation or through mining galleries, which prevents their water balance from closing.
While one could expect the flexible model structure of LSTMs to compensate for
inconsistencies in the water balance, the performance remains weaker, as also expe-
rienced in the benchmark model based on CAMELS-GB (Lees et al., 2021). Other
than in Great-Britain, the runoff characteristics that are determined by the catch-
ments’ underlying geology type or varying topography seem to not cause systematic
difficulties for the LSTM. In Great-Britain karstic areas performed worse as a group
which is likely related to differing subsurface flow behaviour and connected to the
non-closed water balance (Lees et al., 2021). Luxembourg does not have comparable
geologic formations.

Major limitations of the LSTM for Luxembourg were identified for peak flow.
While storage-controlled large-scale winter floods were well captured in both, flood
height and volume, summer peak flows were not well captured and sometimes the
flood signal was even completely missed. We attempted to improve the perfor-
mance by increasing the temporal resolution of the LSTM model to an hourly time
step. While the hourly values better reproduce the shape of the hydrograph during
events, their performance with respect to the magnitude or flood volume is slightly
poorer. This contradicts results from the US, where the peak timing of hourly values
decreased, whereas the NSE remained unchanged (Gauch et al., 2021). Addition-
ally, we added extreme precipitation relevant atmospheric proxy parameters and soil
moisture to better characterize the atmospheric conditions sustaining the peak flow.
While the atmospheric parameters and soil moisture were able to slightly improve the
simulation for a few events, they do not lead systematically to better results. These
findings are in contrast with experiments by Frame et al. (2021), who were able to
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simulate peak flow events, even beyond the range of training data. Their study area
was however spanning differing climate zones, which might train the model better.
Limitations of the LSTM under dry and arid conditions are however known and have
been described for intermittend streams in Southern Texas (Feng et al., 2020) and
for less humid regions of South-East Great-Britain (Lees et al., 2021). Even though
Luxembourg does not have an arid climate, summer conditions might be comparable
to drier conditions. Kratzert et al. (2018, 2019b) suggested that the rainfall-runoff
information for times with long low flow periods is difficult to learn.

Possible explanations as to why summer peak discharge was not well simulated
in our case are manifold. While there should have been enough short storm flow
peaks in the data set for the LSTM to learn the mechanism, we still seem to miss
the right information as the model predictions fail. One major shortcoming is most
likely the quality of the precipitation input data. Trying to compensate for possible
deficiencies, we have provided several precipitation-related variables for the LSTM
to choose from: the RADKLIM radar data, the minimum and maximum 5-minute
precipitation intensities of the radar data as well as interpolated station data, and
ERAD reanalysis data. While weather radars form a comprehensive network, they
still have deficiencies, especially during high rainfall intensities, when the backscat-
ter is too high, so that areas further away become invisible (Kreklow et al., 2019;
Poschmann et al., 2021). Yet, some floods are purely missed, also for events where
the precipitation data can be assumed to be of good quality, or even for events where
the precipitation was artificially doubled.

Another shortcoming of the LSTMs is the failure to simulate values outside the
range of training data. This artefact is introduced in the first step of an LSTM, when
the training data is normalized. Even simulating values close to the minimum and
maximum of the training data, did not happen in our approach. While the regional
CAMELS-LUX data set only covers similar catchments within one climatic zone,
an extension of the data set to other climate zones with a higher specific discharge
might mitigate the effects of this artefact. These effects seem neglectable when using
enormous global data sets (Nearing et al., 2024). In contrast, regional data sets do
not contain enough extreme events in the training due to their rare nature (Bertola
et al., 2023). Basically one would need events well beyond the value of the peak
one wants to simulate. Several tests (not shown) about adding a catchment with
artificially increased precipitation and discharge data in order to extend the general
range did not bypass the saturated gradient problem.

While LSTMs perform usually very well during “normal” flow conditions and high
flows of storage-controlled floods, they have evident deficiencies during summer peak
flow. Based on our results, regional LSTMs do not seem suitable for simulations
under non-stationary climate conditions and can therefore not be applied with the
expectations to finally be able to capture unprecedented extreme events. While the
static catchment attributes could be adjusted over time (as for example in Nearing
et al., 2019), a changed climate beyond the training data cannot be simulated.
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6.3 Outlook

For better assessments of variations in flood patterns, the flash flood database could
be extended beyond the Greater Region of Luxembourg following examples of Marchi
et al. (2010) and Bertola et al. (2023). A more comprehensive data set might allow
to statistically group events and characterize them with regard to their pre-event and
atmospheric conditions. This might reveal more about underlying conditions, that
can usually not be described by the triggering precipitation amounts only. Moreover,
unique and local parameters such as the precipitation intensity and duration, its
distribution, the pre-event soil states as well as the region’s topography could be
considered and compared. Obtaining a temporally and spatially consistent database
covering a time period long enough for climate studies appears to be a challenging
task.

Hydrological advancements through the mining of data, open new possibilities
with respect to identifying statistical patterns and relations within the global water
cycle. A good scale for the application of data-based algorithms is still debated and
can differ depending on the goal of simulations (Kratzert et al., 2024).

Exploring the potential of neural networks as modelling tools in hydrology has
been ongoing for a few years. While LSTMs are a practical tool for general hydro-
logical simulations across many catchments, they do have limitations during locally
unprecedented flood events, which are implied under non-stationary conditions. For
climate change impact studies or the forecasting of extreme events, LSTMs need to
be applied on much wider scales, best globally, to be able to exploit their full po-
tential. The setup of a huge global model is ambitiously pursued via the Flood Hub
of Google (Nearing et al., 2024). However, it can be considered doubtful, whether
such an idealized model would be able to simulate small, localized peak flow in
meso- to micro-scale catchments. A further improvement in the quality of real-time
precipitation data seems crucial in these attempts.
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(General Conclusion

My thesis has been structured around two major overarching research questions:

1. How can the extreme rainfall and runoff events that recently occurred in Lux-
embourg and the Greater Region be conceptualized in an era of proven global
change?

2. Can we use large-scale data sets and machine learning algorithms to simulate
extreme and flash flood events?

With respect to the first research question, we conjectured an intensifying hydrolog-
ical cycle as the consequence of warmer air temperatures and approached the issue
by testing in Chapter 3 the following hypothesis:

"The recent accumulation of extreme precipitation and flash flood occur-
rences in central western Europe is triggered by a change in atmospheric
circulation patterns."

This hypothesis could not be validated, as the summer extreme precipitation events
and flash floods occur under widely differing synoptic settings. The various circula-
tion types that have sustained a flash flood did not show any increasing trends that
would confirm a relation with the recent accumulation of peak flow events. Among
the recently increasing circulation patterns are many trough constellations, that usu-
ally trigger precipitation amounts above the average of all circulation patterns. While
there is no direct connection between the trough circulation patterns and summer
peak flows, they might nonetheless contribute to an increase in runoff reactions by
elevating pre-event soil moisture levels. We could however confirm previous findings
by Pfister et al. (2000, 2004), that the annual maximum streamflow is strongly cor-
related to zonal circulation patterns and precipitation during zonal conditions. This
correlation is particularly relevant in winter, when the zonal circulation patterns
bring widespread steady rain and subsequent storage-controlled, slowly developing
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winter floods. Consequently, the general correlation between atmospheric circulation
and discharge as well as the subsequent hypothesis were confirmed:

"The strong correlation between atmospheric circulation types and win-
ter discharge observed in the second half of the 20" century for central
western Europe still prevails today."

Directing the conjecture about an intensifying hydrological cycle into the detailed
characterization of extreme precipitation and flash flood favouring atmospheric con-
ditions via proxy parameters, we hypothesized in Chapter 4:

“A change in atmospheric conditions has led to more frequent extreme
precipitation events that have subsequently triggered flash flood events
in central western Europe.”

The first part of the hypothesis, i.e. a trend towards atmospheric conditions favour-
ing extreme precipitation and flash flood events, was analysed based on three thun-
derstorm relevant groups of proxy parameters. (1) Abundant absolute atmospheric
moisture contents (specific humidity, ¢, and total column water vapour, TCWV)
have increased significantly between 1981 and 2020, whereas relative humidity (RH)
decreased slightly. (2) Sufficient atmospheric instability (described by convective
available potential energy, CAPE, and the K index) has increased during the study
period. However, these gains in CAPE might be offset by likewise increases in con-
vective inhibition (CIN) (Taszarek et al., 2021a). (3) Weak storm motion and or-
ganisation (characterized by wind speed, WS1gm_500npa, low level shear, LLS, and
deep layer shear, DLS) remained the same over time. In combination, the proxy
parameters within the range of extreme precipitation and flash flood favouring at-
mospheric conditions have become higher and more frequent indicating potentially
more and stronger events. We can therefore support this part of the hypothesis.
The second part of the hypothesis, i.e. a trend towards more frequent extreme pre-
cipitation events, has to be rejected. Within the relatively short period of 20 years
(2002-2021), neither the frequency nor the intensity of extreme precipitation events
showed signals of an increasing trend. Instead, the interannual variation of precipi-
tation events and their characteristics is very high. The third part of the hypothesis,
i.e. an increasing trend in the occurrence of flash floods could not be tested due to
inconsistencies in the very small data base.

Our most significant finding is the increase in absolute atmospheric moisture con-
tents, that is in line with the physical understanding of thermodynamic processes
described in the Clausius-Clapeyron relationship. However, the increased moisture
contents can not be traced down directly to more frequent or more intense precip-
itation events. Consequently, the line of argument that more precipitation events
trigger more flood occurrences cannot be maintained based on the data used in this
thesis. The relationship between the three examined components of the water cycle
is likely more complex than hypothesized and influenced by other, external factors.
Yet, the increase in atmospheric moisture contents confirms the changes and inten-
sification of the hydrological cycle under global change. The increase in atmospheric
conditions favouring thunderstorms and extreme precipitation likely contributed to
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the flash flood events in July 2016, June 2018 as well as during the large-scale flood
events in July 2021. An increase in precipitation or flash flood events could however
not be validated during the study period between 2002-2020.

The second part of my thesis focussed on the simulation of summer peak flow
events using the compiled large-scale data set CAMELS-LUX and the Long Short-
Term Memory (LSTM) machine learning algorithm. In a first step we tested in
Chapter 2 and 5:

“LSTMs are capable of simulating discharge across catchments with con-
trasted physiographic settings in and around Luxembourg.”

The LSTM for Luxembourg achieved overall good efficiencies (NSE 0.4-0.9) through-
out the physiographic range catchments, well capturing the hydrologic dynamics. A
few catchments show a lower model performance, which is related to non-closing
water balances or insufficient training data. While storage-controlled winter floods
are simulated with good performances, extreme floods and summer peak flow events
were not simulated sufficiently. Flood peaks were largely underestimated and in some
cases the flood signals were completely missed. The hypothesis is however validated
for the general model performance. In this way the quality of the CAMELS-LUX
data set is equally validated to some extent.

Attempting to improve the simulation of summer peak discharge, we expanded
the model’s input parameter set and increased the temporal resolution of the model
further hypothesizing in Chapter 5 that:

“An hourly resolution improves the model performance during summer
peak flow events.”

“Including atmospheric variables relevant for extreme precipitation im-
proves the simulation of summer peak flow events.”

Increasing the temporal resolution improved the shape of the hydrographs in many
cases, that were not well represented in daily simulations due to the fast nature of
the summer peak flow events. While the flood timing was improved in this way,
the simulation of the magnitude of summer peak flow remained poor or slightly
underestimated at best. Adding atmospheric data potentially sustaining extreme
precipitation, slightly improved simulations in some cases, but did not in others.
Various combinations of atmospheric parameters did not yield systematically better
or worse results. Generally, the gain in skill through the additional input remained
low and therefore the hypothesis is rejected.

Unfortunately, we have to conclude that the regional model is not the ideal tool
for climate change impact studies. The LSTM, regionally set up for Luxembourg, is
not able to extrapolate beyond the training data. For simulations like this, a supra-
regional or continental approach would be crucial to include training data with a
sufficient number of extreme events. Additionally, non-stationarity of catchments
could be depicted using variable climate attributes, as suggested in Nearing et al.
(2019). Nonetheless, LSTMs are a promising tool when simulating many catchments
within a region at once with relatively little efforts, when the data is available. Data

collection and especially the data quality are crucial for good simulations using the
purely data-based LSTM models.
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S1

List of catchments

Supplement

Table S1.1: 56 nested catchments within the CAMELS-LUX data set listed with
their meta data.

ID Gauge (Stream) Lat Lon Area [km?] Start End
1 Livange (Alzette) 49.526477 6.114957 258.34 2004 2021
2 Hesperange (Alzette) 49.586287 6.14908 317.78 2004 2021
3 Pfaffenthal (Alzette) 49.620647 6.132266 388.96 2004 2021
4 Hunsdorf (Alzette) 49.69895  6.13361 441.91 2004 2021
5  Mersch (Alzette) 49.753068 6.115991 736.86 2004 2021
6  Ettelbruck (Alzette) 49.8448 6.098584  1118.33 2004 2021
7 Reichlange (Attert) 49.774226 5.925732 159.49 2004 2021
8 Useldange (Attert) 49.770335 5.985998 247.50 2004 2021
9 Bissen(Attert) 49.784853 6.056414 289.29 2004 2021
10 Livange (Bibeschbach) 49.531667 6.119773 10.63 2004 2021
11 Kautenbach (Clerve) 49.952417 6.021154 230.91 2004 2021
12 Hesperange (Drosbech) 49.586287 6.14908 10.51 2006 2021
13 Bettembourg (Dudelingerbach) 49.508908 6.097123 46.87 2004 2021
14 Hagen (Eisch) 49.650346 5.937105 50.96 2004 2021
15 Hunnebour (Eisch) 49.729184 6.079524 167.00 2004 2021
16  Sinspelt (Enz) 49.970411 6.322601 101.43 2004 2021
17 Huewelerbach (Huewelerbach) 49.71825  5.905708 2.66 2004 2021
18 Gemund (Irsen) 49.992541 6.154194 125.35 2004 2021
19 Kayl (Kaylbach) 49.500286 6.052986 75.21 2004 2021
20  Merkholtz (Kirel) 49.965897 5.968539 66.88 2006 2021
21  Mamer (Mamer) 49.623206 6.023054 17.93 2004 2021
22 Schoenfels (Mamer) 49.723112  6.100795 81.65 2004 2021
23 Huncherange (Mierbech) 49.518907 6.061947 6.80 2004 2021
24 Giesdorf (Nims) 50.174633 6.454355 16.69 2004 2021
25  Seffern (Nims) 50.064356 6.499988 137.10 2004 2021
26 Alsdorf-Oberecken (Nims) 49.883608 6.462262 264.21 2004 2021
27 Dasbourg (Our) 00.049832 6.126077 447.93 2004 2021
28 Gemund (Our) 49.985333 6.1715 612.05 2004 2021
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ID Gauge (Stream) Lat Lon Area [km?] Start End
29 Vianden (Our) 49.939224 6.204738 636.88 2004 2021
30 Niederpallen (Pall) 49.754673 5.91413 32.97 2004 2021
31 Luxembourg (Petrusse) 49.606702 6.132359 44.58 2004 2020
32 Priim (Priim) 50.21939  6.439864 53.12 2004 2021
33 Echtershausen (Priim) 50.022304 6.418312 325.58 2004 2021
34 Priimzurlay (Priim) 49.866647 6.437269 575.71 2004 2021
35 Platen (Roudbach) 49.785259  5.935675 43.96 2004 2021
36 Cessange (Ruisseau de Cessange) 49.598469 6.12 13.6904 2007 2021
37 Colpach (Rau de Colpach) 49.768578  5.819138 18.96 2006 2021
38 Merl (Ruisseau de Merl) 49.59941  6.109055 26.78 2005 2021
39 Useldange (Schwebich) 49.76472  5.977705 30.13 2004 2021
40 Bigonville (Sure) 49.869821 5.801399 308.35 2004 2021
41  Heiderscheidergrund (Sure) 49.901196 5.950724 429.91 2004 2021
42 Michelau (Sure) 49.895421 6.091178 946.48 2004 2021
43 Diekirch (Sure) 49.866622 6.161813 2176.73 2004 2021
44 Bollendorf (Sure) 49.850919 6.359193  3243.51 2004 2021
45  Rosport (Sure) 49.785883  6.509851 4256.62 2004 2021
46  Mertert (Syre) 49.701803 6.4738 201.64 2005 2021
47 Niederfeulen (Wark) 49.855534  6.052637 57.39 2004 2021
48  Welscheid (Wark) 49.883032 6.047939 64.33 2004 2021
49 Ettelbruck (Wark) 49.850643 6.09738 81.35 2004 2017
50 Weierbach (Weierbach) 49.828415 5.797152 0.46 2004 2021
51  Winseler (Wiltz) 49.967894  5.890266 103.87 2004 2021
52 Kautenbach (Wiltz) 49.946524 6.025045 427.94 2004 2021
53  Useldange (Wollefsbach) 49.764402 5.975416 4.49 2004 2021
54  Bous (Aalbach) 49.557468 6.352567 40.86 2006 2021
55 Larochette (Ernz Blanche) 49.791584 6.219358 69.31 2015 2021
56 Hallerbach (Hallerbach) 49.820722 6.321401 19.40 2006 2016
S2 List of precipitation stations

Table S2.1: Precipitation stations that were used for the interpolated station product
in CAMELS-LUX. The annual precipitation sum is calculated from 2003-2020.

ID Station Elevation Institution Longitude Latitude P [mm/a]
1 Arsdorf 416 ASTA 5.848680  49.858910 669
2 Asselborn 479 ASTA 2.969607  50.096857 616
3 Beringen 216 ASTA 6.111794  49.762003 524
4 Bettendorf 187 ASTA 6.209470  49.874100 ol1
5 Bigonville 328 AGE 5.801386  49.870038 658
6  Bleesbreck 190 AGE 6.191111  49.871389 517
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ID Station Elevation Institution TLongitude Latitude P [mm/a]
7 Bollendorf 172 AGE 6.358056  49.850278 525
8 Boulange 350 LIST 5.965666  49.383029 290
9 Budersberg 400 LIST 6.056289  49.480410 042

10 Burmerange 262 LIST 6.328933  49.494745 484

11 Cessange 316 LIST 6.089277  49.580391 5935

12 Clemency 334 ASTA 5.875025  49.598810 603

13 Dahl 474 ASTA 5.980935  49.935958 603

14 Dellen 490 AGE 5.956111  49.860833 694

15 Diekirch 185 AGE 6.150909  49.863565 516

16  Echternach 243 ASTA 6.443379  49.803102 520

17  Esch Sure 345 ASTA 0.921212  49.909078 064

18 Eschdorf 514 ASTA 5.936060  49.880000 633

19  Ettelbruck 254 ASTA 6.089276  49.852864 652

20 Findel 376 MeteoLux  6.203470  49.626100 645

21 Fouhren 356 ASTA 6.187350  49.918490 951

22 Godbrange 325 ASTA 6.235691  49.736373 478

23 Grevenmacher 190 ASTA 6.435413  49.680876 227

24 Harlange 480 AGE 5.798894  49.926580 656

25 Heinerscheid 025 AGE 6.090235  50.093866 613

26 Hersberg 377 LIST 6.316190  49.752750 479

27 Holler 457 ASTA 6.046800  50.122139 635

28 Holtz 463 AGE 5.794499  49.804752 680

29 Hosingen 517 ASTA 6.101470  49.993046 627

30 Huldange 5958 AGE 6.023861  50.161787 655

31 Kautenbach 250 AGE 6.024836  49.946497 291

32 Koerich-ASTA 262 ASTA 0.945288  49.679383 650

33  Koerich-AGE 263 AGE 5.945184  49.679393 293

34 Livange 269 AGE 6.115247  49.526388 244

35 Mamer 315 ASTA 6.015620  49.633900 297

36 Merl 307 ASTA 6.091559  49.612945 583

37  Mersch 220 AGE 6.115768  49.753149 o937

38 Oberkorn 378 ASTA 5.900897  49.512306 684

39 Olsdorf 328 DWD 6.382000  49.945000 529

40 Perl-Nennig 152 DWD 6.379000  49.535000 530

41 Potaschbierg 260 AGE 6.393733  49.678315 538

42 Reckange 293 ASTA 6.005820  49.562444 560

43 Reichlange 256 AGE 0.926111  49.775460 602

44  Remerschen 183 ASTA 6.349110  49.490980 002

45  Remich 207 ASTA 6.354936  49.545185 526

46 Reuler 492 ASTA 6.036560 50.063314 624

47  Roeser 265 ASTA 6.141727  49.540144 563

48 Roodt-ASTA 437 ASTA 0.820203  49.794506 667

49  Roodt-LIST 488 LIST 5.831247  49.806087 622
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ID Station Elevation Institution Longitude Latitude P [mm/a]
50 Sandweiler 372 LIST 6.210994  49.616949 545
51 Schifflange 282 LIST 6.028375  49.513710 542
52 Schimpach 379 ASTA 5.847459  50.009325 635
53  Schneifelforsthaus 649 DWD 6.419000  50.297000 740
54  Stadtbredimus 224 ASTA 6.358820  49.578980 950
55  Steinsel 247 ASTA 6.123940  49.687320 074
56 Irier-Zewen 132 DWD 6.613000  49.733000 032
57 'Trintange 217 ASTA 6.280224  49.574204 521
58 Useldange 280 ASTA 5.967486  49.767397 570
59 Vianden 229 AGE 6.206132  49.941292 959
60 Waldbillig 315 ASTA 6.277300  49.798060 479
61 Walferdange 330 AGE 6.130223  49.668649 052
62 Weierbach 499 LIST 5.794526  49.831967 687
63 Welscheid 271 AGE 6.047131  49.883517 639
64 Wincrange 496 ASTA 5.926335  50.060700 635
65 Wincrange-AGE 497 AGE 5.926308  50.060728 616

S3

Flash flood data base

Table S3.1: Flash flood database used in this manuscript. Region abbreviations are
in Germany Baden-Wiirttemberg (Ba-Wii), Rhineland-Palatine (RLP), in France
Lorraine (Lo), in Eastern Belgium (BE) and in Luxembourg (LUX).

ID Date Location (stream) Region Source

1 26/07/2019 Miillheim Ba-Wii Wald + Corbe (2021)
2 26/07/2019 Hechingen Ba-Wii  Wald + Corbe (2021)
3 27/07/2019 Pforzheim-Ispringen Ba-Wii  Wald + Corbe (2021)
4 27/07/2019 Konigsbach-Stein Ba-Wii Wald + Corbe (2021)
5 27/07/2019 Gernsbach Ba-Wii Wald + Corbe (2021)
6  27/07/2019 Tuttlingen Ba-Wii  Wald + Corbe (2021)
7 18/06/2019 Ellmendingen (Pfinz) Ba-Wii  Wald + Corbe (2021)
8 01/06/2018 Miillerthal (Black Ernz) LUX Pfister et al. (2020)

9 01/06/2018 Larochette (White Ernz) LUX Pfister et al. (2020)
10 01/06/2018 Hallerbach LUX  Pfister et al. (2020)
11 01/06/2018 Echtershausen (Priim) RLP Johst et al. (2018)

12 01/06/2018 Gemiind (Irsen) RLP Johst et al. (2018)

13 01/06/2018 Bierbach (Liinebach) RLP Johst et al. (2018)

14 31/05/2018 Ehingen (Wiirm) Ba-Wii Wald + Corbe (2021)
15 27/05/2018 Gerach (Fischbach) RLP Johst et al. (2018)

16 22/05/2018 Odenheim Ba-Wii Wald + Corbe (2021)
17 22/05/2018 Helmsheim/Heidelsheim Ba-Wii  Wald + Corbe (2021)
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ID Date Location (stream) Region  Source
18 22/05/2018 Gondelsheim Ba-Wii  Wald + Corbe (2021)
19 22/07/2016 Hallerbach LUX Pfister et al. (2018)
20 22/07/2016 Larochette (White Ernz) LUX Pfister et al. (2018)
21 21/07/2016 Audun-le-Tiche Lo France3-GrandEst
(2016)
22 07/06/2016 Stein Ba-Wii  Goppert (2018)
23 07/06/2016 Waldkirch (Elz) Ba-Wii Goppert (2018)
24 29/05/2016 Braunsbach (Orlacher Ba-Wii Bronstert et al. (2018)
Bach)
25 29/05/2016 Dallau Ba-Wii  Goppert (2018)
26 28/05/2016 Waldbrunn Ba-Wii  Goppert (2018)
27 24/07/2015 Hausen am Tann Ba-Wii  Wald + Corbe (2021)
28 14/06/2015 Bonndorf Ba-Wii  Wald + Corbe (2021)
29 06/06/2015 Bretten Ba-Wii  Goppert (2018)
30 11/07/2014 Saint-Avold (La Roselle) Lo France3-GrandEst
(2014)
31 12/07/2010 Munzingen Ba-Wii  Goppert, 2018
32 04/07/2010 Ditzingen (Glems) Ba-Wii  Goppert (2018)
33 03/07/2009 Ditzingen (Glems) Ba-Wii  Wald + Corbe (2021)
34 08/06/2008 Britzingen (Ehebach) Ba-Wii  Goppert (2018)
35 02/06/2008 Rangendingen (Starzel Ba-Wii Ruiz-Villanueva et al.
River) (2012)
36 02/06/2008 Jungingen Ba-Wii Ruiz-Villanueva et al.
(2012)
37 30/05/2008 Oberboihingen (Heuspachk- Ba-Wii  Wald + Corbe (2021)
lingen)
38 09/06/2007 Reichenbach (Fils) Ba-Wii  Goppert (2018)
39 22/07/2006 Molschbach (Rambach) Ba-Wii  Wald + Corbe (2021)
40  05/07/2006 Stebbach (Stebbach) Ba-Wii  Goppert (2018)
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S4 Comparison of trends on differing pressure levels

Trends for specific humidity (q), relative humidity (RH), and wind speed (WS) were
compared on differing pressure levels (500 hPa, 700 hPa, 850 hPa). These figures
are related to the Fig. 4.3.4 and 4.6.1 in Chapter 4 of the manuscript.

S4.1 Specific humidity (q) at 700 hPa and 850 hPa

For this supplement we used the same thresholds as initially identified for the 700
hPa level. As specific humidity is decreasing with height, we were not able to count
enough values above 0.004 kg kg™! at 500 hPa to be able to plot or compare them.
At 850 hPa, the positive trend found at 700 hPa remains (Fig. S4.1 e, g). It is,
however, less strong in the East of the study area, where it is moreover insignificant
(Fig. S4.1f).
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Figure S4.1: Trend analysis of the specific humidity (q) above the identified threshold
of 0.004kgkg™! at two differing pressure levels: 700 hPa and 850 hPa. The first
column (a, e) shows the trends of the numbers of hourly occurrences of values above
the threshold, including their significance-levels p in the second column (b, f). The

third column (c, g) shows the trends of the mean values of all hourly occurrences

above the threshold and the last column (d, h) their respective significance-levels.
White areas mark insignificance.
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Figure S4.2: The difference of trends in specific humidity (q) above 0.004 kg kg™?

smr~! between the pressure levels 850 hPa and 700 hPa regarding the annual number
of occurrences (a) and the actual values (b).

S4.2 Relative humidity (RH) at 500 hPa, 700 hPa, 850 hPa

The decrease in relative humidity (RH) is stronger at lower levels of the atmosphere
(850 hPa) (Fig. S4.3 i, k), where especially the mean of high RHgs0pp, is decreasing
at a significant level (Fig. S4.31). At the 500 hPa pressure level, the decrease in the
number of occurrences of RHsooppa > 59.4% is also stronger (Fig. S4.3 a, b), than at
700 hPa. The actual values above the threshold increased at a very low rate, which
was also insignificant (Fig. S4.3 ¢, d). Concluding, these results show that the 700
hPa level turns out to be a good proxy for RH in the middle of the troposphere.
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Figure S4.3: Trend analysis of the relative humidity (RH) above the identified thresh-
old of 59.4% at three differing pressure levels: 500 hPa, 700 hPa and 850 hPa. The
first column (a, e, i) shows the trends of the numbers of hourly occurrences of val-
ues above the threshold, including their significance-levels in the second column
(b, f, j). The third column (c, g, k) shows the trends of the mean values of all
hourly occurrences above the threshold and the last column (d, h, 1) their respective
significance-levels p. White areas mark insignificance.
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Figure S4.4: The difference of trends in relative humidity (RH) above 59.4% between
the pressure levels 500 hPa and 700 hPa (a, b), as well as 850 hPa and 700 hPa (c,
d).

S4.3 Windspeed (WS) at 500 hPa, 700 hPa, 850 hPa, and
mean between 10 m and 500 hPa

At 500 hPa trends in WSs00npe < 6.2 m s~! are showing a stronger, but insignificant
decrease compared to the mean of 10 m above the ground level and the pressure level
of 500 hPa (Wslom_500hpa) (Flg S4.5 a-d & m-p, Flg S4.6 a, b) The WSmtha at
700 hPa splits the study area in two, where in the north-west, WS7qnp, occurrences
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below the threshold are decreasing and increasing in the south-west. The decreases
in the mean WSgsonpe < 6.2 m s~! at the pressure level 850 hPa are even partly
significant (Fig. S4.5 k, 1) and occur more often (Fig. S4.5 1, j). WSi0m_s00npa Shows
a strong but insignificant decrease in the number of occurrences of low WS, as well
as its mean (Fig. S4.5 m-p). Generally low WS occurs more frequently throughout
different levels of the atmosphere and the values at these occurrences are slightly
decreasing.
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Figure S4.5: Trend analysis of the wind speed (WS) above the identified threshold
of 6.2 m s7! at three differing pressure levels (500 hPa, 700 hPa and 850 hPa) as
well as considering the mean between the surface (10 m) and the pressure level at
500 hPa. The first column (a, e, i, m) shows the trends of the numbers of hourly
occurrences of values above the threshold, including their significance-levels p in the
second column (b, f, j, n). The third column (¢, g, k, o) shows the trends of the
mean values of all hourly occurrences above the threshold and the last column (d, h,
1, p) their respective significance-levels p. White areas mark insignificance.
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Figure S4.6: The difference of trends in wind speed (WS) below 6.2 m s™! between
the pressure levels 500 hPa and the mean of 10 m and 500 hPa (a, b), as well as 700
hPa and the mean of 10 m and 500 hPa (c, d), and 850 hPa and the mean of 10 m

and 500 hPa (e, f).
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S5 Sensitivity of thresholds to the calculation method
of atmospheric conditions during precipitation
events

We added this supplement to demonstrate the differences between slight variations
of our calculation methods to identify the atmospheric data during a precipitation
event (P event), illustrated in Fig. S5.1. The first method (Fig. S5.1 a), extracted
the atmospheric data for a P event only in the ERA5 grid cell in which the P event
occurred. This method was applied in a preliminary version of this study. The
second method also includes the mean of a buffer zone of ERAS grid cells around
the identified P events to get more representative values of the atmosphere and is
the method applied in this manuscript. This approach is shown in Fig. S5.1 (b)-(d).
Fig. S5.1 (c) shows the most common occurrence of P events within one ERA5 grid
cell with the neighbouring grid cells. Fig. S5.1 (b) shows two possible exceptions,
when the P events occur at the boundary of the study area (i.e. a reduced number
of surrounding cells) whereas Fig. S5.1 (d) illustrates the selection of surrounding
ERAS5 grid cells, when P events are spread over multiple ERA5 grid cells.

(a) 1ERA 5 grid cell (b) <9 ERA 5 grid cells (c} 9 ERA 5 gtid cells (d} = 9 ERA 5:grid cell

i ERAB grid cells Radar grid cells [ P event [] Atm. grid cells extracted

Figure S5.1: Schematic representation of the differing extraction methods compared,
with (a) the case of one ERAJ grid cell, (b) including a buffer zone at the boundary
of the study area, (¢) the standard case of a buffer zone of a one ERA5 grid cell P
event and (d) the case of larger P events. Mean values of <9, 9 and >9 ERA5 grid
cells are used in the manuscript.

Table S5.1 and Table S5.2 show the number and percentage of P events for dif-
ferent numbers of ERA5 grid cells per P event. Almost 80% of all precipitation
events occur within one ERA5 grid cell (Table S3.1), which leads to almost 70% of
precipitation events (Table S5.2), that end up with the constellation of Fig. S5.1
(¢), including 9 ERAD grid cells to determine the atmospheric conditions during a
precipitation event.
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Table S5.1: Number and percentage of P events per number of covered ERA5 grid
cells.

No. of No. of P Percentage
ERA5 grid events of P events
cells per P [%]

event

1 3054 79.6

2 677 17.6

3 65 1.7

4 39 1.0

6 1 0.03

Table S5.2: Number and percentage of P events per number of ERA5 grid cells
including a buffer zone.

No. of ERA5 No. of P events  Percentage of P

grid cells per P events |%]
event incl. buffer

zone

4 18 0.5
6 470 12.3
8 78 1.9
9 2631 68.6
11 ) 0.1
12 951 14.4
15 52 1.4
16 30 0.8
18 4 0.1
20 1 0.03

For each analysed atmospheric variable (e.g. CAPE, q, WS, ...) the parameter
range during identified precipitation events is shown in Fig. S5.2. The left boxplot
(1) of each panel in Fig. S5.2 shows the parameter value within the one ERA5 grid
cell (Fig. S5.1 a), in which the precipitation threshold was crossed. The third column
(9) (Fig. S5.2) shows the applied approach of 80% of the P events, where the P event
occurred within one ERAJ grid cell. To get a representative value for atmospheric
conditions, a mean was calculated for each P event including a buffer zone around
the ERA5 event cell (eight neighbouring ERA5 grid cells) (Fig. S5.1 ¢). The second
boxplot (<9) of each panel in Fig. S5.2 shows the exceptions, when precipitation
events occurred at the boundary of the study area and the mean could therefore only
be calculated from less than 9 grid cells. On the fourth boxplot per panel (>9), the
spatially large precipitation events are represented, that cover more than one ERA5
grid cell. The mean of the atmospheric parameters is therefore calculated from more
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than 9 ERA5 grid cells. The value ranges of all four groups are rather stable and
the different approaches do not make big differences. Therefore, we chose to use all
precipitation events, independent of the number of ERA5 grid cells that were used
to calculate the mean of the area, to calculate the thresholds.

1 <9 9 >9 1 <9 9 >9 1 <9 9 9
4000 o) § 1000 ) 10 @
300 4§ . H . : T N T
T e : — 750 : 5 HiBl = =
S D00 T § ' ' 1 ‘
c:nl E 2500 1 i | Er 2 ' = 1 1 | 1‘_
2 o004 1 T = |5, 500 o l 3 20 T T ! H
b 1500 | 3 3 Lz " < 8
Z O 1000 o E' B E E 2 50 | l;l ¥ o0+ s
MEIEIE
ol L | T | T | T L2 2R E o
1 <9 9 >9 1 <g 9 >9 1 <9 9 >9
50 () 0.008 e | ¥ i 100 710 ' 3 T
+ Ex - ! H : T : : | |
w Ll T ! Pl _oosd | : : 75 B E B H
£ ; - ! =
i i S
s e«1B| BB |8 /B BB Bl,]Y 7 7|5
b = 1 T i T 0004 - " T — | T 50 i ! ! i
TS e I R i B i 4 L A N
o I i H _~ ! - o
= 0 0.002 T !‘ s w4 ¥ + .
0 3 ) ¢
% [ 0.000 . 0
= 1 <9 9 >9 1 <9 9 >9 1 <9 9 >9 1 <9 9 >9
] 10 @ 7: 40 M) 2 0 50 ()
w = 20 40
x 307 = 304 - _
c £ E : g o . 7 8 s
- - H T w15 g @30 @
o 4 2 o 4 £ 8 £ R :
z @ S 2 ' £ ! = I
o o 1 i l i |9 - PERIE ! i |o 20 i T
5 B w i i £ |4 + i|a : : '
o = g ‘ CoLE w0 : ! ‘ ‘ :
= i ! — |2 i : 54 H ! 10 E
¢ B2 /9B ;. 22|92 5B | == BB | 8|E
= 0 - - + - 0 -+ - -+ 0 o . . . 04 0 . . -+
[0
E 1 <9 9 >9 1 <9 9 >9 1 <9 9 >0
05 ) _ s | — 05 Jm
WS S T I = - | T '
x g 0d ! 3 | £ 04 = - "’E 0.4 - J;. i 1 [}
e to1f B A0 OE- 4] el
o § s |55 = =Ri=
S o024 | =& 024 | S g2 i + |
a2 : L P : L & i v
(o] E 4 -~ - = R + - = 4
) (% 01 i (% 01 n E 01 2
00 0.0 + @ 00—+

Figure S5.2: ERA5 atmospheric parameter values that are present during precipi-
tation events. The first row (a)-(c) shows the instability parameters. The second
row (d)-(f) shows the moisture parameters, the third (g)-(j) the parameters related
to system motion and organisation and the fourth (k)-(m) a few parameters related
to soil moisture. The left column of each panel shows the parameter range within a
single ERAD grid cell, in which a precipitation event was identified. The second col-
umn shows events at the boundary of the study area, where a mean was determined
with less than the full surrounding buffer. The third column shows the standard
approach of the mean of a regular buffer zone and the fourth shows the precipitation
events that span more than one ERAS grid cell and therefore use a larger number of
ERA5 grid cells.
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