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Abstract

This thesis explores the large-scale dynamical drivers of sub-daily rainfall extremes in western
Europe. Initially a sub-daily extreme rainfall climatology for the region is developed using a set
of extreme indices for short duration rainfall. The spatiotemporal connections between synoptic-
scale atmospheric circulation and summer (JJA) 3-hour extremes are then assessed, using a set of
30 weather patterns developed by the UK Met Office (MO30) and composites of geopotential
height at 500hPa (z500). Finally, the relationships between Rossby wave patterns and extreme 3-
hour rainfall are examined, using the local finite amplitude wave activity metric (LWA), and

composites of 300hPa meridional wind (v300) anomalies.

The results reveal sub-daily extremes are more intense and more frequent in southern and Alpine
areas of western Europe, with greatest intensity and frequency of extremes in autumn in the Iberian
Peninsula and in summer across the rest of the region. Other index results indicate these events are

produced by very short or peaked storms which occur preferentially in the afternoon or evening.

The spatiotemporal correlations between MO30 weather patterns (WP) and extreme sub-daily
events show a strong preference for extremes to occur under just 5 or 6 of the 30 patterns.
Comparing the composite z500 anomalies for all WP days against only WP days with an extreme
rainfall event indicates there is significant intra-WP variability on the event days. WPs favouring
sub-daily extremes are generally associated with a southerly or south-westerly flow over western
Europe, along the leading edge of a trough. There is often also a blocking anomaly present over
the Baltic Sea. Rossby wave patterns on the days of the most extreme 3-hour events in the UK and
Germany (used as case study regions) show a clear wave train stretching westwards from Europe,
with a positive anticyclonic anomaly over Scandinavia and a positive cyclonic anomaly to the west
of the UK, echoing the patterns seen in the z500 analysis. While the group velocity (energy) of the
wave train moves downstream over time, the phase speed appears to be very low, suggesting there

is a level of stationarity to the wave train on days preceding the extreme events.

Overall, the results show strong links between large-scale atmospheric dynamics and the
occurrence of sub-daily extremes. As large-scale atmospheric variables are much better
represented in both forecast and climate models than individual extreme rainfall events, the
relationships identified here could be used to increase the lead time of probabilistic forecasts of
periods with higher risk of sub-daily rainfall extremes. The UK Met Office Decider system
calculates the daily WP probability from an ensemble prediction system and uses this to generate
probabilistic forecasts of periods with higher risk of extreme daily rainfall. A similar system for
forecasting periods with increased risk of sub-daily extremes could be developed from these

results.
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Chapter 1

Introduction

1.1 Flooding

Floods are one of the most common natural hazards and can have severe economic and social
impacts (Barredo, 2007; Alderman et al., 2012). The risks and costs associated with flooding are
expected to increase in the coming decades, due to both global warming and the increase in
populations living in vulnerable areas (Trenberth et al., 2003; Lenderink and Fowler, 2017a; IPCC,
2022).

There are several different categories of flood; fluvial flooding results from rivers overflowing
their channel boundaries, pluvial or surface water flooding occurs when the rainfall volume
exceeds the infiltration capacity of the surrounding area and groundwater flooding which happens
when the water table rises above the ground surface (Pitt, 2008). These different types of flooding
arise from the complex interactions between extreme rainfall characteristics and those of the
catchment, including antecedent conditions such as soil moisture (Sharma ef al., 2018) and human

interventions such as the level of urbanisation and storm drainage systems (Dale, 2021).

Pluvial flooding is often referred to as flash flooding due to the rapid onset nature of these floods.
This type of flooding is most common in urban settings, where the high level of impermeability
impedes the natural infiltration processes that may moderate floods in rural settings (Archer and
Fowler, 2018; Dale, 2021; Fowler et al., 2021b). Flash floods also occur in steep, narrow
catchments in rural areas, such as in both Boscastle (2004) and Coverack (2017) in Cornwall (Doe,
2004; Essex, 2018). Flash flooding is especially dangerous to life due to the speed with which the
flood waters can develop and move, often with very little advance warning given to affected
communities due to the difficulties of forecasting such events (Archer and Fowler, 2018; Flack et
al.,2019). They can also cause huge amounts of economic damage due to their propensity to occur
in cities, away from areas which typically have flood protections in place (e.g. along river banks).
The Copenhagen floods in July 2011 resulted in 800 million euros worth of insurance claims
(Arnbjerg-Nielsen et al., 2015) while flash floods in London in July 2021 caused extensive
disruption with over 1000 properties and 30 underground stations being flooded, due to over a
month’s worth of rain falling in under an hour (Flood Forecasting Centre, 2022). Given the
aforementioned increase in populations living in cities, combined with the expected increase in
intense rainfall in a warmer climate, these quoted damage values are therefore likely to increase,

as is the risk to life (Sharma et al., 2018; Sayers et al., 2020; Kam et al., 2021).



There have been several attempts, using different methods, to develop a more detailed
understanding of future sub-daily extreme rainfall changes in Europe. These have included
developing climate change factors from RCM outputs (Larsen et al., 2009) and development of
extreme event statistics from GCMs (Scoccimarro et al., 2015). These studies have shown
increasing intensity and frequency of sub-daily extremes in future scenarios. The more recent
development of convection-permitting climate models has allowed a significant increase in the
ability to model how sub-daily rainfall extremes may change in the future (Kendon ef al., 2014;
Fowler et al., 2021b). Model experiments have shown how the km-scale motions within
convective storms may change in a warmer climate, with a predicted increase in sub-daily rainfall
intensity and frequency (Chan et al., 2014; Kendon et al., 2014; Chan et al., 2020a). Results from
simulations using a 1.5km resolution CPM and a 12km resolution RCM show intensification of
winter and summer (although only in the 1.5km simulation for summer) sub-daily rainfall
extremes over the UK by the end of the 21 century (Chan et al., 2018a). For the wider European
area, the 2.2km Unified Model convection permitting model simulations provide slightly
contrasting results, with an apparent decrease in frequency of summer extremes over central
Europe while northern Europe shows an increase (although the very highest intensity percentiles
see an increase everywhere). Autumn extremes are projected to become more frequent in southern
Europe (Chan et al., 2020b). These studies provide strong evidence of relative future increase in
the frequency and intensity of extreme short-duration rainfall in Europe. To mitigate the impacts
from these changes, several factors need to be addressed, including in-place flood defences and
storm drainage systems, population awareness of the hazard and, crucially, the skill of forecasting
of the kind of intense rainfall that may result in flash flooding (Pappenberger et al., 2015; Dale,
2021; IPCC, 2022).

1.2 Sub-daily Rainfall Extremes

Sub-daily extreme rainfall refers to rainfall which lasts for less than 24-hours, with studies
generally focussing on rainfall of 1-, 3- and 6-hr durations. This type of short-duration, high
intensity rainfall is the main cause of flash flooding in Europe (Marchi et al., 2010) and can also
lead to landslides and debris flows (Gaume et al., 2009; Borga et al., 2014; Archer and Fowler,
2018). These types of rainfall events are generally associated with warm season processes and so
the most intense events tend to occur during the summer (JJA) and autumn (SON) months in

Europe (Blenkinsop ef al., 2015; Whitford et al., 2023).

Sub-daily rainfall in Europe, and particularly extreme sub-daily rainfall has so far been examined
less intensively than daily rainfall (Westra et al., 2014). This is largely due to the scarcity of
homogenous sub-daily data of suitable quality and record length (Blenkinsop et al., 2018; Darwish



et al., 2018; Alexander et al., 2019). However, recent developments in the collection, quality
control and sharing of such data have allowed research in this area to progress. Of particular
significance for this thesis is the development of the Global Sub-daily Rainfall Dataset (GSDR)
by the INTENSE (INTElligent use of climate models for adaptation to Non-Stationary
hydrological Extremes) project following the collection and assessment of sub-daily rainfall
observations from around the globe (Blenkinsop et al., 2018). This is the first comprehensive
global-scale sub-daily rainfall dataset, with all gauges quality-controlled to the same standard
using a homogeneous procedure (GSDR; Lewis et al., 2019, 2021). This dataset is used throughout
the thesis, with the area of focus being Europe, with the scope limited by the data available from
different countries and regions in the GSDR dataset. The use of the gauge-based data over other
datasets of sub-daily rainfall, such as satellite or reanalysis data was motivated by several factors.
This includes the lack of freely available, long duration radar datasets (Lengfeld et al., 2020), the
relatively low ability of satellite datasets to capture sub-daily rainfall extremes (Jiang ef al., 2019)
and the finding that reanalysis data underestimates extreme (99" percentile) rainfall in many
regions, likely due to the poor performance in simulating extreme convective rainfall (Ali et al.,
2021b). Additionally, rain gauge datasets provide the longest records of short duration rainfall and
produce more reliable estimates of extreme event intensity compared to gridded or reanalysis data
(Reder et al., 2022), both important aspects of the analysis in this thesis given the focus on long
term trends (Chapters 3 and 4) and high intensity events (Chapter 5). To provide a more
comprehensive analysis of continental-scale extremes, a set of indices for extreme sub-daily
rainfall (GSDR-I) has been derived from the GSDR dataset (Pritchard ef al., 2023). The GSDR-I
dataset is used in Chapter 3 of this thesis.

The analysis of sub-daily rainfall is important given the fact that using daily rainfall totals can
easily mask the periods with strongest intensity rainfall, meaning assessments of flood risk or
storm drainage requirements may not be using the most pertinent information (Alexander ef al.,
2006; Dale, 2021). Thus, despite the difficulties associated with such analysis, investigation of
sub-daily rainfall events, including their intensity and frequency, is vital to ensure models and
infrastructure design do not underestimate the associated rainfall characteristics and therefore
impacts (Dale, 2021). It has been shown that flood estimation methods based solely on daily
rainfall totals can significantly underestimate the true intensity of storm temporal profiles and
therefore perhaps result in the misinformation of storm drainage design (Villalobos-Herrera ef al.,
2024). Additionally, both model experiments and observational studies have indicated that signals
of climate change on extreme rainfall emerge earlier for sub-daily (hourly) than for daily rainfall

extremes (Barbero ef al., 2017; Kendon et al., 2018).



The classification of sub-daily rainfall as extreme or not-extreme has used many different methods,
including a block-maxima approach, the peak-over-thresholds method (Coles, 2001) and general
extreme value (GEV) estimations (Coles, 2001). The use of multiple different methods can make
comparing results between geographical regions difficult. Therefore, the analysis of extremes in
this thesis uses only the peak-over-thresholds method and the statistical n-largest approach, where
the largest n.m events are selected where m is the length of the record in years (so if n=1 then the
number of events selected is equal to the number of years) (Blenkinsop et al., 2017), to make

comparison between different geographical regions possible by using a standard methodology.

1.3 Drivers of sub-daily rainfall extremes

Sub-daily rainfall extremes have two main classes of drivers; thermodynamic and dynamic
(Oueslati et al., 2019). Thermodynamic drivers are linked to temperature changes, such as the dew-
point temperature while dynamical drivers are those linked to atmospheric circulations, such as
vertical wind velocity and lifting. In this thesis, ‘dynamical drivers’ refers to features on a spatial
scale above the mesoscale (~10-1000km). This includes synoptic scale features (~1000-2500km)
such as troughs and ridges but does not include local scale enhancement of convection. This
distinction in dynamical drivers is made in order to focus on the larger-scale features which can
be more readily identified in forecast models (Baker et al., 2018; Lavers et al., 2018; Dorrington

et al., 2023), given the desire to produce operationally useful output from this thesis.

Most research into sub-daily rainfall so far has concentrated on the thermodynamic drivers,
particularly the scaling relationship between temperature and rainfall intensity (Lenderink et al.,
2017; Pfahl, O’Gorman and Fischer, 2017; Drobinski et al., 2018). While the influence of
thermodynamics on regional variations in sub-daily extreme precipitation has been successfully
linked to local variations in (dew point) temperature (Lenderink and Van Meijgaard, 2010; Barbero
et al., 2018; Ali et al., 2021a, 2021b), there remains a lower understanding of the influence of

dynamical drivers on extreme events.

The dynamical drivers of daily rainfall extremes have been investigated at a range of spatial scales
extending from global teleconnections (Boers et al., 2019) and hemispheric wave patterns
(Schubert et al., 2011; Barton ef al., 2016; Hirata and Grimm, 2016; Wolf et al., 2018; Kornhuber
et al., 2019), to multidecadal oscillating atmospheric circulations (e.g. the NAO and ENSO)
(Grimm and Tedeschi, 2009; Krichak et al., 2014; Cioffi et al., 2015; Guimares Nobre et al., 2017)
and individual synoptic scale features (e.g. Pfahl and Wernli, 2012; Catto and Pfahl, 2013; Lavers
and Villarini, 2013; Pfahl, 2014; Ruff and Pfahl, 2022). These studies have revealed the strong
linkage between the spatiotemporal occurrence of the extreme rainfall and the various dynamical

drivers, with cyclonic features (troughs and cyclones) found to be especially important for longer-
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duration extremes over Europe. While several studies have investigated the dynamical drivers of
sub-daily rainfall (e.g. Luo et al., 2016; Weder et al., 2017; Chan et al., 2018a, 2023; Barbero et
al., 2019b; Moron et al., 2019; Darwish et al., 2020). these have generally focussed on a single
country, or only utilised data from a small sample of rain gauges. For example, so far in Europe
only the drivers of extreme sub-daily rainfall in Germany (Weder et al., 2017; Brieber and Hoy,
2019; Haacke and Paton, 2021) and the UK (Blenkinsop et al., 2017; Allan et al., 2019; Champion
et al., 2019; Darwish et al, 2020) have been investigated in detail. Therefore, a more
comprehensive understanding of these drivers is still missing for the wider European region.
Understanding the mechanisms behind sub-daily extreme rainfall events is key to improving the
forecasting of such events and for projecting changes in their frequency and intensity under future
climates (Pfahl and Wernli, 2012b; Breugem et al., 2020). This is especially important given the
recent findings that atmospheric circulation changes may be a significant driver of the greater
intensification of extreme events compared to more moderate events in a warmer climate (Li et

al., 2019; Chan et al., 2023).

The dynamical drivers of sub-daily rainfall are examined in this thesis at two different spatial
scales; the synoptic scale (using weather patterns) and the hemispheric scale (using Rossby wave
proxies). Weather pattern classifications are often used as a simplified method to look at
atmospheric circulations, as they characterise the key patterns of large-scale meteorological
variables over a synoptic time-scale (daily to 2-3 days) and for a set domain. The use of weather
patterns (WP) allows for easier identification of the atmospheric conditions associated with a
particular type of weather event (Huth et al., 2008) as they provide a discrete set of conditions
rather than a noisy picture of all possible influences. There are several weather pattern
classifications which have been used in the investigation of dynamical drivers of (sub-daily)
rainfall extremes in Europe and these are discussed further in Section 2.4. The weather pattern
classification used in this thesis is the set of 30 WPs (MO30) created at the UK Met Office in 2016
(Neal et al., 2016). This classification is based on the objective identification of mean sea level
pressure (MSLP) patterns across a domain covering western Europe and the eastern North Atlantic

and then assigning the daily MSLP pattern to the closest matching pre-defined WP.

Rossby waves are planetary-scale atmospheric waves, which often appear as meanders in the jet
stream (Platzman, 1968). These waves control the positioning of large-scale flow patterns (such
as troughs and ridges) within the atmosphere and as such have been shown to contribute to extreme
weather events globally (e.g. Schubert et al., 2011; Hirata and Grimm, 2016; Kornhuber et al.,
2019, 2020; de Vries, 2021; Xu et al., 2021; White et al., 2022). Rossby waves therefore provide

a much larger-scale assessment of dynamical drivers associated with extreme weather than the



synoptic-scale WPs. These large-scale drivers have previously been associated with longer-
duration extreme rainfall events in Europe (Martius et al., 2008; Barton et al., 2016; Wolf et al.,
2018; Kornhuber et al., 2019; de Vries, 2021). In this thesis two metrics for analysing Rossby
waves are used; the Local Finite Amplitude Wave Activity metric (LWA) (Huang and Nakamura,
2016) and meridional wind at 300hPa (v300).

1.4 Forecasting of sub-daily rainfall extremes

The medium to long range forecast skill of rainfall outside of the tropics is low (Smith ez al., 2012)
, however, the forecast skill of atmospheric variables can be much higher (Lavers et al., 2016;
Baker et al., 2018; Ferranti et al., 2018; Dorrington et al., 2023). Additionally, the local-scale
features associated with convective rainfall initiation can only be established a few hours in
advance, whereas the large-scale atmospheric processes can be identified a few days ahead (Flack
et al., 2019). Therefore, it is feasible that longer-lead time forecast skill for rainfall can be
improved by instead predicting atmospheric patterns and then deriving the predicted precipitation
from these forecasts (Lavers ef al., 2016; Flack et al., 2019; Dorrington et al., 2023). The UK Met
Office already use probabilistic forecasts of daily WPs to identify periods with a higher likelihood
of extreme daily rainfall (based on the probability of threshold exceedance associated with each
WP), up to two weeks in advance (Richardson et al., 2020). The UK Met Office Decider system
calculates the daily WP probability from an ensemble prediction system and uses this to generate
the probabilistic forecasts of periods with higher risk of extreme daily rainfall. This information
then feeds into a probabilistic fluvial flood forecasting model, Fluvial Decider. This forecast model
supports the operations of the Flood Forecast Centre (a joint operation between the Met Office and
Environment Agency), who issue warnings of flood risk over a 5-day lead time for England and

Wales.

One of the key challenges of forecasting flooding from intense rainfall is the short lead time
between identifying a convective feature in the forecast model that could lead to flooding, and the
flooding occurring (Flack et al., 2019). While continental-scale flood forecasting systems with
longer lead times do exist (such as the European Flood Awareness System) (Smith et al., 2016),
these models require large amounts of data, are time-consuming to run and focus on events with
larger-scale impacts. Therefore, simpler models which involve the identification of atmospheric
features which have a probabilistic link to flooding, such as the MO WP based method, are of
benefit to the FFC and the wider impact-based forecasting community (Richardson et al., 2020).

Increasing the accuracy and also the lead-time of forecasts of extreme rainfall is one of the key
ways in which impacts from the associated flooding may be reduced (Pappenberger et al., 2015).

Being able to identify weather systems further in advance that have the potential to result in
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flooding from intense rainfall is therefore one way to increase this lead time (Flack ef al., 2019;
Dorrington et al., 2023). Having an increased warning time of impending (flash) flooding would
raise the awareness of a potential event to flood forecasters and provide time to run more
computationally demanding urban flood models (Flack et al., 2019). This in turn would allow more
time for increased protection of infrastructure to be put in place, minimising the disruption and
damage to key services and would also provide individuals with extra time to evacuate to a safe
location if necessary. The extension of the extreme rainfall forecast lead-time, even via a

probabilistic forecast, to ~5 days would therefore be enormously helpful.

1.5 Research Aims and Objectives

The overall aim of this thesis is to identify dynamical drivers of sub-daily rainfall extremes in
western Europe, in a context which is useful for operational forecasting. This aim is addressed by
utilising a new series of indices created specifically for sub-daily rainfall extremes to develop a
climatology of these events in Europe and assessing the relationships between the sub-daily

extremes and dynamical drivers at both the synoptic and hemispheric scale.
The following research objectives are addressed in this thesis:

e Conduct a thorough review of the literature surrounding sub-daily rainfall extremes,
including their identification and measurement, current knowledge of climatological
occurrence of sub-daily extremes, the relationship between dynamical drivers and rainfall
extremes at both daily and sub-daily timescales, the use of WPs in assessing the drivers of
these events, and connections between Rossby waves and rainfall extremes.

e Develop a climatology of sub-daily rainfall extremes in western Europe, based on GSDR-
I index analysis.

e Assess the relationships between the MO30 weather patterns and sub-daily extremes,
including the frequency of extreme events under each WP and the probability of extremes.

e Analyse how the upper-level atmospheric circulation changes on days with extreme rainfall
compared to days without extremes.

e Investigate the connections between sub-daily rainfall extremes and very large-scale
atmospheric circulations in the form of Rossby wave activity.

e Discuss opportunities for the identified circulation-rainfall relationships to be used

operationally for longer-lead time forecasts of sub-daily rainfall extremes.

1.6 Thesis Structure
A literature review of the key topics investigated in this thesis is presented in Chapter 2. Chapter

3 provides a climatology of sub-daily rainfall extremes in Europe, created from the GSDR-I



dataset, with the frequency, intensity and timing of extreme events investigated. The work in this
chapter has been published in Whitford et al., (2023). In Chapter 4 the MO30 WPs are formally
introduced and the relationships between these WPs and 3hr extremes are examined. This
investigation of dynamical drivers is further extended by assessing the geopotential height at
500hPa (z500) anomalies present on days with the WPs, with a comparison of the anomalies
between days with and without extreme rainfall. This chapter provides an understanding of
synoptic-scale dynamical drivers associated with sub-daily extremes in Europe. Chapter 5 looks
at dynamical drivers on a hemispheric scale, assessing the spatiotemporal relationships between
Rossby wave patterns and sub-daily extremes. This structure of looking at the synoptic-scale and
then hemispheric scale introduces a more holistic view of the drivers, with connections found
between the features identified in Chapter 4 and the wave patterns identified in Chapter 5. In both
Chapters 4 and 5 the potential forecast utility of the identified relationships is assessed in relation
to published literature. Finally, the conclusions are presented in Chapter 6, with a review of the
results in the thesis, their relevance within the wider research field and opportunities for future

work, including the operational potential of the identified driver-rainfall relationships.



Chapter 2

Literature Review

2.1 Sub-daily rainfall extremes

Extreme rainfall events on a sub-daily scale are recognised as causing significant socioeconomic
damage and loss of life, as they frequently occur with little warning and generate dangerous pluvial
(flash) floods and debris flows (Doe, 2004; Marchi et al., 2010; Borga et al., 2014; Gaume et al.,
2016; Archer and Fowler, 2018). This is particularly the case in small steep catchments and in
urban areas. Due to outdated drainage infrastructure and high levels of impermeable surfaces,
extreme pluvial events can quickly exceed the capacity of urban storm-drainage systems, leading
to flash flooding in urban areas (Westra et al., 2014; Blenkinsop et al., 2015; Dale et al., 2017,
Dale, 2021; Fowler et al., 2021c¢). The Boscastle floods in 2004 are an example of flash flooding
in small rural catchment (Doe, 2004) while the ‘Toon monsoon’ in 2012 is a classic example of
urban pluvial flooding after storm drainage systems were overwhelmed (Clark and Webb, 2013).
Until recently, there was significantly less research into sub-daily rainfall compared to longer
duration events due to the lack of availability of long, quality-controlled and homogeneous datasets
(Westra et al., 2014; Blenkinsop et al., 2017). However, the development of new quality controlled
observational datasets (Lewis et al., 2019) and much higher resolution climate models (Kendon et
al., 2014; Chan et al., 2018b; Rybka et al., 2022) has helped fuel the recent surge in research in

this area.

Sub-daily rainfall extremes can occur as individual short-duration events or as part of a longer
storm event. The development of extremes in short-duration storms is more commonly the case in
the warm season, when local- to meso-scale convective systems can generate short, intense events
(Hoy et al., 2014; Champion et al., 2019; Chan et al., 2023). The generation of extreme rainfall
by convective processes requires three key ingredients: moisture, instability and lifting which can
be provided by a combination of large- and mesoscale processes (Doswell, 1987; Doswell et al.,
1996). Sub-hourly to sub-daily extremes are more typically associated with these convective cells
(Westra et al., 2014; Kahraman et al., 2021; Formetta et al., 2022), however, they have also been
linked to larger synoptic-scale patterns (Allan et al., 2019; Barbero et al., 2019b; Champion et al.,
2019) and can be associated with stratiform processes (Formetta et al., 2022). The sub-daily
extremes are driven by a combination of thermodynamic (linked to temperature changes) and
dynamic (linked to atmospheric circulation) processes, which are both affected by changes in the
local and global climate (Oueslati et al., 2019). While the thermodynamic drivers are now
relatively well understood, with multiple studies providing information on the relationship

between temperature, humidity and sub-daily extremes (Hardwick Jones et al., 2010; Barbero et
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al., 2018; Ali et al., 2021a, 2021b), less is known about the dynamical drivers. Therefore, how
these synoptic-scale processes initiate sub-daily rainfall extremes under the present day climate,

and subsequently how the relationship will evolve under future climate, remains an important

research question (Pfahl et al., 2017; Barbero ef al., 2019b; Fowler et al., 2021b).

2.1.1 Climatology of sub-daily rainfall extremes in Europe

To date there have been only a few studies investigating the climatology of sub-daily rainfall
extremes in globally. This leaves a gap in our understanding of when and where these events occur
in the current climate and how their magnitude varies in different regions. Several of these
aforementioned studies have used the GSDR dataset to investigate regional and continental
patterns in the frequency and intensity of sub-daily extremes, particularly in Australia (Guerreiro
et al.,2018) and North America (Barbero et al., 2017). Beck et al. (2020) used the GSDR data and
other sources to develop a 0.1° gridded global rainfall probability dataset based on climatologies
of a suite of occurrence and intensity indices for daily and 3-hourly rainfall. The occurrence indices
were based on threshold values and the intensity indices on return periods and were calculated
from observational data using neural networks. Their results showed a 15-year return-period
intensity for 3-hour rainfall of ~16 mm in northern Europe and ~30-40 mm in southern and central
Europe. In the only global-scale assessment of sub-daily climatology, Barbero et al. (2019a) used
the GSDR dataset to look at the seasonal and diurnal distribution of 1-hour annual maximum
rainfall intensity and frequency for the US, Australia, the British Isles, Japan, India and Malaysia
to compare regions of varying climate which have good data availability. For the British Isles, the
authors found the majority of 1hr annual maxima (AMAX) were associated with short duration
storms (1-5 hours) and occurred in summer. There was a strong preference for the 1Thr AMAX to

occur in the late afternoon, coinciding with the peak convective activity timing.

Blenkinsop ef al. (2017) and Darwish et al. (2018) also both investigated sub-daily rainfall
extremes in the UK (using early versions of the GSDR data), focussing on the spatial and temporal
distribution of the events. Both these studies identified a peak in both intensity and frequency of
events in summer, with a diurnal cycle showing a peak in the late afternoon/early evening. Darwish
et al. (2018) also found that 3hr AMAX had a wider seasonal distribution than 1Thr AMAX and
were less strongly tied into the convective cycle. For the rest of Europe outside of the UK, the
climatology of sub-daily extremes has mostly received attention in Germany and Switzerland.
Examining 10-minute and 60-minute extreme storms in urban areas of Germany, Haacke and Paton
(2021) found the majority of storms occurred in the afternoon and evening and 58% (10-min) and
83% (60-min) of the events occurred in summer (JJA). Radar data was used by Lengfeld et al.

(2019) to develop a climatology for daily and hourly rainfall in Germany, although this record was
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only 16 years long. Combined radar and rain gauge datasets have been utilised to investigate sub-
daily rainfall in Germany (Paulat et al., 2008; Panziera et al., 2018), although these records are
generally quite short <12 years. Panziera et al. (2018) used 12-years of data for the Swiss Alps.
They found the largest 1 hr seasonal maxima values occur in summer, along the southerly and
northerly alpine slopes and over the Jura mountains. The maxima values were significantly lower
in the inner alps, indicating that at higher altitudes convection is inhibited by the lower moisture
availability. These authors also found that in general, storms producing l1hr extreme rainfall were
shorter in summer than autumn (due to summer extremes being caused mainly by short convective
thunderstorms) and summer lhr extremes contributed up to 30% of the total seasonal rainfall
(along the southern Alpine slopes and Po valley). Finally, Olsson ef al. (2022) used a gauge-based
dataset to examine the intensity and timing of 1-, 3-, 6- and 12-hr rainfall in the Nordic-Baltic
regions. The highest 1hr intensities were generally found in Denmark, southern Sweden and the
Baltic states with highest frequency in summer. At longer durations there was a transition towards
the higher values being found along western coasts and later in the year (more in September). The
GSDR-I indices (Pritchard et al., 2023) were used by Lakatos ef al. (2021) to generate a dataset of
1-, 3- and 6-hourly extreme rainfall indices in the Pannonian Basin of eastern and central Europe.
This data was then used to assess the basic climatological properties of sub-daily rainfall in this
area. Their analysis revealed strong spatial patterns to the intensity of annual maxima and the most
intense rainfall occurring in summer with a strong late afternoon to evening peak in the diurnal
cycle. Additionally, they found that the occurrence of 3hr periods with >20mm rainfall was most

frequent in the regions with a Mediterranean climate.

The studies mentioned here all provide a useful insight into the characteristics of sub-daily extreme
rainfall in Europe, indicating the most intense events generally occur in summer, in more southerly
or continental regions, with a strong afternoon or evening diurnal peak. However, a wide variety
of different methods have been used in the calculation of the climatologies, which are mostly
focussed on individual countries. The different methods and time periods used in analyses of
extreme events make it difficult to accurately and consistently assess the variations in
characteristics of extremes (across Europe) based on information currently available in the
literature (Fowler et al., 2021a). Therefore, a climatology of sub-daily extremes in western Europe
as a whole, created using a consistent methodology, will generate a better understanding of the

seasonality and spatial distribution of sub-daily extreme events across this region.

2.1.2 Rainfall extremes under climate change
In recent years it has become apparent that an increase in the frequency and intensity of extreme

rainfall events is one of the consequences of a warmer climate (Trenberth et al., 2003; O’Gorman,
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2015; Lenderink and Fowler, 2017b; Fowler et al., 2021c¢). The Clausius-Clapeyron (CC) equation
governs the saturation specific humidity of the atmosphere as a function of temperature and
increases at a rate of ~6-7% per degree increase in temperature (K) near the surface. Assuming
other conditions such as relative humidity remain constant with warming, the specific humidity
of the air will therefore also increase at approximately the same rate. As rainfall extremes are
limited by the available atmospheric moisture, changes in rainfall intensity are therefore expected
to scale approximately with the CC rate (Fowler et al., 2021a). However, there is evidence that
extreme rainfall, particularly short-duration (<6hr) extremes, may increase at a rate even higher
than this locally (Westra et al., 2014), while global precipitation and evaporation are constrained
by Earth’s energy balance to increase at ~2-3% per degree (Allan and Liu, 2021). This higher
scaling rate in hourly peak rainfall intensities has been noted in both observations (Lenderink et
al., 2017b; Guerreiro et al., 2018; Ali et al., 2021a) and in climate models (Chan et al., 2014;
Lenderink et al., 2019; Forster and Thiele, 2020). There are several possible physical explanations
for this higher scaling rate in sub-daily rainfall extremes, including dynamical feedbacks in cloud-
core updrafts (Trenberth ef al., 2003; Lenderink et al., 2017b) and quasi-geostrophic large-scale
vertical lifting (Lenderink et al., 2017a; Nie et al., 2018). This potential for greater increases in
sub-daily compared to daily rainfall extremes is another reason to urgently improve our
understanding of the drivers and characteristics of sub-daily extreme events given their already
significant impacts.

Future changes in extreme rainfall events have been extensively investigated using climate models
(Seneviratne et al., 2021).Uncertainties in the projections of changes in future rainfall are,
however, much larger than those for temperature projections and there remains large ambiguity
over the spatial distribution, timing and causes of this change (Larsen et al., 2009; Lenderink and
Fowler, 2017b). A key cause of this uncertainty is model uncertainty (whereby different models
produce different results for the same forcing) (Hawkins and Sutton, 2011). The ambiguity in the
models’ forced responses can be reduced by improving the model representation of atmospheric
dynamics and understanding the contribution from circulation-related components to the variable
under investigation (Fereday et al., 2018). Therefore, improving model simulations of future
rainfall requires improving our understanding of atmospheric dynamics, on global to regional

scales, and their relationships to rainfall (Lenderink and Fowler, 2017b; Pfahl et al., 2017).

Regional-scale variations in extreme rainfall under global warming can show very different
patterns to the changes on a global scale, due to natural variability and the influence of regional
atmospheric circulations and thermodynamics (Phfal, et al., 2017). The impact of future
atmospheric circulation changes on rainfall in Europe has received some attention (Lorenzo et al.,

2011; Murphy et al., 2018; Cotterill et al., 2023). Pope et al. (2022) examined future changes in
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the MO30 weather patterns to identify end-of-century changes in UK climate. Their results
indicate an increase in anticyclonic weather types in summer with an accompanying decrease in
frequency of cyclonic types, indicating a decrease in patterns associated with strong anomaly
pressure gradients, thereby leading to reductions in rainfall overall and particularly large-scale
frontal rainfall events in summer. Chan et al. (2023) found future large-scale circulation changes
to be a key driver of changes in mesoscale convective systems (often responsible for sub-daily
rainfall extremes) over Europe. Using a physical scaling diagnostic, Pfahl et al. (2017) separated
the forced regional change in future global daily extreme rainfall into the thermodynamic and
dynamic contribution. Their results showed the thermodynamic signal was responsible for a
globally consistent rainfall response of CC scaling. The dynamic contribution, largely through
variations in vertical pressure velocity, was shown to play a crucial role in moderating the spatial
pattern and intensity of extreme rainfall (away from C-C scaling). This experiment highlights the

importance of atmospheric dynamics in altering future rainfall extremes.

2.1.3 Impacts of Extreme Sub-daily Rainfall

Flooding resulting from extreme rainfall depends on many factors including rainfall intensity and
duration and drainage basin conditions. River (fluvial) floods most commonly occur due to
extreme, longer-lasting rainfall in large river basins (Kundzewicz et al., 2014). Daily extreme
rainfall events have been responsible for several large flood events in Europe in recent decades,
such as the August 2002 floods in Germany and Austria along the Vltava, Elbe and Danube rivers
which were generated by two separate 24-hour extreme events and caused 100 fatalities and €12
billion in economic losses (Ulbrich et al., 2003). In contrast to the large fluvial floods generated
by long-term extreme rainfall events, short-duration intense events more commonly generate
sudden, localised ‘flash’ floods in steep rural catchments and urban areas (Marchi et al., 2010;
Archer and Fowler, 2018; Dale, 2021). Despite their smaller spatial extent, these pluvial floods
can still cause significant impacts. A cloudburst over Copenhagen in July 2011 generated >125
mm rainfall in just a few hours and caused damages exceeding EUR 800 million (Arnbjerg-Nielsen
etal.,2015). The July floods in western-Europe in 2021 resulted in pluvial and river floods across
large parts of Germany and Belgium, with accumulated 24-hour rainfall sums reaching 150 mm in
some areas (Kreienkamp et al., 2021). These floods caused 220 fatalities and cost over 8billion
euros in Germany alone ((GDV), 2021). Barredo (2007) noted that flash flooding caused 40% of
the flood-related casualties in Europe during 1950-2006. The response time of floods due to intense
short duration rainfall appears to be considerably shorter than for other flood events, with the water
rising much faster, which is a serious threat to life as the time to escape rising waters is reduced
(Archer and Fowler, 2018). This rapid onset and ability to cause extensive disruption to a range of

environments, combined with the difficulties in forecasting such events resulting in short warning
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times, make flash floods one of the most dangerous natural hazards (Flack et al., 2019). The short
period intensity of the rainfall inducing a flood is a key factor in determining its severity, while
the damage caused by a flash flood also depends on the local geomorphological factors and human
influences (Marchi et al., 2010; gpitalar et al., 2014; Dale, 2021). In rural areas flash floods can
cause significant erosion, scouring fields of soil and crops and carrying these for a considerable
distance and potentially causing damage to infrastructure (Martinez-Casasnovas et al., 2002). In
urban areas the smooth, impermeable surfaces allow the rainwater to gather velocity very rapidly,
forming a sheet of fast moving water that may be deep enough to sweep people off their feet
(Archer and Fowler, 2018) e.g. the ‘Toon Monsoon’ event in Newcastle upon Tyne (Clark and

Webb, 2013).

With the projected increase in extreme rainfall events in a future warmer climate, it is reasonable
to infer that the associated negative impacts will also increase (Sharma et al., 2018), endangering
infrastructure, economy and lives on a more regular basis. The risk in the UK alone is projected to
double under a 4°C warming future scenario, resulting in an expected annual damages increase
from the current ~£0.6bn to ~£1.2bn by the 2080s (Sayers et al., 2020). It is therefore, of great
importance to better understand the drivers and characteristics of these extreme rainfall events, to
enhance our understanding of their occurrence and improve projections of future change (Beniston
et al., 2007; Westra et al., 2014; Fereday et al., 2018; Allan et al., 2019; Champion ef al., 2019).
Improving flood adaptation strategies requires a detailed understanding of where and when
extreme sub-daily rainfall events and associated floods occur in the current climate, in order to
develop robust models for how these events may evolve in the future (Alexander ef al., 2019).
However, there are currently few studies of flood trends on sub-daily timescales and little
assessment of the regional-scale future changes in occurrence of flash flooding, due largely to the
lack of sub-daily streamflow (and coordinating sub-daily rainfall ) data (Hosseinzadehtalaei et al.,

2020; Fowler et al., 2021a).

2.2 Quantifying extreme rainfall

The definition of an ‘extreme’ rainfall event varies greatly — it can be based on several different
statistical methods and an event which is considered extreme in one geographical region may not
be extreme in another region. Extreme events can be defined as the maximum rainfall (intensity)
for a given duration (Larsen et al., 2009; Darwish et al., 2018). Alternatively they can be based on
statistical percentiles or indices, rendering them geographically variable (Lupikasza et al., 2011;
Alexander et al., 2019). Recently the use of a peaks-over-threshold (POT) method has become
more common, whereby the extreme events are identified as being above a threshold value chosen

by the investigator as indicative of potential impacts (Toreti et al., 2010).
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Indices are one of the simplest ways to investigate climatic extremes due to their comparability
across geographical regions and with each other (Donat et al., 2013b; Alexander et al., 2019). They
have been used to examine rainfall characteristics for several decades, since the development of
standardised definitions of daily climate indices at the beginning of the 21 century (Klein Tank
et al., 2002; Peterson and Manton, 2008). Work by the Expert Team on Climate Change Detection
and Indices (ETCCDI) led to the generation of a set of standard indices, 10 of which can be used
to assess daily rainfall extremes (Alexander et al., 2019). These indices include the annual
maximum 1-day rainfall amount, heavy (>10 mm) and very heavy (>20 mm) rainfall days and the
number of days with rainfall greater than the 99'" percentile of daily amounts. Several studies have
used selections of these indices to investigate daily extreme rainfall, especially since the
development of the European Climate Assessment & Dataset (ECA&D) (Klein Tank et al., 2002)
and HADEX/HADEX?2 datasets (Alexander et al., 2006; Donat et al., 2013b), although these
studies have mostly focussed on identifying trends (e.g. Moberg ef al. (2006); Donat ef al. (2013);
Cioffi et al. (2015)), rather than developing climatologies. One example of an indices-based
rainfall climatology is the study by Dietzsch ef al. (2017). Using the Daily Rainfall Analysis for
Climate Prediction (DAPACLIP) dataset created from a combination of interpolated and gridded
gauge-based measurements, the authors used several ETCCDI indices to investigate the
climatology of rainfall globally for the period 1988 - 2008, with a focus on Europe. Their results
showed the European regions with most frequent heavy rainfall were the western coasts of Norway,
the British Isles, the northern coasts of Spain and Portugal and the Alps. However, indices based
solely on daily (gauge-based) data may mask some of the most intense short-duration events that
can lead to flash flooding, especially in the case of convective extremes (Schroeer et al., 2018;
Alexander et al., 2019; Lengfeld et al., 2020). A lack of long-term records of high quality
observations has so far prevented similar analyses at the sub-daily scale (Zhang et al., 2017;
Alexander et al., 2019) and there remains an incomplete understanding of the variability of these
events under the current climate (Westra et al., 2014; Barbero et al., 2019a; Lewis et al., 2019;
Fowler ef al., 2021b). The development of the GSDR dataset, and other tools such as CPMs as
discussed above, is leading towards an increase in research outputs focussing on quantification of
sub-daily extremes. The rainfall probability distribution climatology produced by Beck et al.
(2020) using the GSDR dataset is the first example of a global sub-daily rainfall climatology based
on indices. Despite these advances, there remain few studies investigating sub-daily rainfall
(indices) in detail over the wider European region, despite the significant impacts associated with
flash floods across Europe (Gaume et al, 2009; Marchi et al., 2010). To provide a more
comprehensive analysis of continental-scale extremes, a set of indices for extreme sub-daily

rainfall (GSDR-I) has been derived from the GSDR dataset (Pritchard ef a/., 2023). The Pannonian
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Basin study of Lakatos ef al. (2021) uses these indices to develop a sub-daily extreme rainfall
climatology. The GSDR-I indices are listed in Table 3.1 and further details on the methods used to

calculate them are provided in Section 3.2.

2.3 Relationship between dynamical drivers and extreme rainfall events

The dynamical drivers of rainfall extremes are being increasingly recognised as important factors
in improving the skill of forecasts of extreme events and subsequent potential (flash) flooding
(Lavers et al., 2018; Flack et al., 2019; Mastrantonas et al., 2022b). There is currently a relatively
good understanding of the dynamical drivers of daily (and longer) extreme rainfall, however, a
similar level of understanding of the dynamical drivers of sub-daily extremes is lacking (Pfahl,
2014; Barbero et al., 2019b; Fowler et al., 2021b). Additionally, the response of atmospheric
dynamics to global warming, and how this will in turn affect extreme weather events is still
unclear, with the potential changes in large-scale circulations and resulting impacts on extreme
weather a topic of ongoing research and debate (Shepherd, 2014; Blackport and Screen, 2020).
Therefore, improvement of our understanding of the relationship between atmospheric drivers and
sub-daily rainfall extremes would benefit both forecasting applications and projections of future

changes in these events.

2.3.1 Dynamical Drivers of Daily Extreme Rainfall in Europe

Dynamical drivers of rainfall are atmospheric features which influence the intensity, location and
timing of the events. Several key atmospheric variables have been shown to be dynamical drivers
of extreme rainfall on daily timescales, including water vapour transport (IVT), vertical instability,
potential vorticity (PV), geopotential height and mean sea level pressure (e.g. Doswell, 1987,
Martius et al., 2008; Lavers and Villarini, 2013; Barton et al., 2016; Toreti et al., 2016;
Mastrantonas et al., 2021; de Vries, 2021; Tuel and Martius, 2022). These variables control
weather systems such as cyclones, fronts and atmospheric rivers which are associated with extreme
daily rainfall in midlatitudes (Toreti et al., 2010; Pfahl and Wernli, 2012b; Catto and Pfahl, 2013;
Lavers and Villarini, 2013; Ruff and Pfahl, 2022). The importance of the geographical relationship
between extreme rainfall and the dynamical drivers and the strong influence of local orography
on the generation of extremes has been shown by several studies (Maraun et al., 2011; Pfahl, 2014;

Barton et al., 2016; Giannakaki and Martius, 2016).

Investigation of the relationship between individual atmospheric variables and rainfall extremes
can reveal more detail about the extent to which the specific driver influences extremes. For
example, Lavers and Villarini (2013) used the vertically integrated water vapour transport to
identify atmospheric rivers (ARs) associated with daily annual maxima events across Europe. This

analysis revealed that ARs had a strong influence on events in the winter half year, with a high

16



proportion (up to 80%) of the most intense daily extremes along the western seaboard being caused
by ARs. However, this relationship does not continue into the summer half year, with ARs
specifically found to not be connected with daily extremes in the UK in summer (Champion et al.,
2015). Allan et al. (2016) utilised the specific humidity and vapour transport at 850hPa to
investigate moisture characteristics associated with extreme daily rainfall in the UK, identifying a
propensity for the events to be associated with elevated levels of both these variables. Events in
the north and west of the UK generally occurred in the winter half year and were associated with
narrow bands of increased moisture content and transport (essentially ARs) extending from the
southwest, while the south east experienced a higher proportion of daily extremes in the summer
half year, with weaker moisture transport fields with a more southerly orientation. These findings
indicate distinct differences in the atmospheric moisture conditions leading to daily rainfall
extremes in different regions of the UK. Blenkinsop et al. (2015) examined the relationship
between daily summertime rainfall extremes and a series of airflow indices, finding the highest
intensities for events in southern England were associated with anticyclonic flow while in the north
the most intense events occurred under cyclonic flow. These studies highlight how the impact
different dynamical drivers have on rainfall extremes can vary between different seasons and how

the response of rainfall to these drivers can be geographically dependent.

Investigation of individual features in this manner is eminently useful for diagnosing individual
influences on generation of extreme events, however this is not the only method of investigating
dynamical drivers. The overall synoptic patterns which are present in association with extremes
provide an overview of the large-scale atmospheric features which may be influencing the event,
through providing large-scale lifting or moisture advection (Mastrantonas et al., 2021). Many
studies therefore use the synoptic patterns based on mid-tropospheric or surface features as
indicators of the larger-scale conditions driving extreme rainfall, rather than focussing on
individual features (e.g. Toreti et al., 2010; Richardson ef al., 2020; Mastrantonas et al., 2021).

These will be discussed further in Section 2.4.

A final dynamical driver to mention here is Rossby waves. These are planetary-scale waves which
circle the globe, often in the form of undulations on the atmospheric jet streams (Platzman, 1968).
There are multiple examples of daily and longer rainfall extremes being linked to Rossby waves
through the occurrence of smaller-scale Rossby wave packets over a certain region (Martius et al.,
2008; Barton et al., 2022) and Rossby wave breaking (Grams et al., 2014; Giannakaki and Martius,
2016; Tuel and Martius, 2022). De Vries (2021) investigated the relationship between daily rainfall
extremes and intense moisture transport (IVT) and Rossby wave breaking (through identification

of PV streamers), finding that extreme rainfall events over the Mediterranean in particular were
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associated with Rossby wave breaking while coastal regions experienced extremes under high IVT
values. The strength of these features was also found to have an influence, with deeper PV
streamers and higher IVT maxima leading to larger rainfall volumes. The links between Rossy

waves and extreme rainfall are discussed in more detail in Section 2.5.

2.3.2 Dynamical Drivers of Sub-Daily Extreme Rainfall in Europe

The most substantial analysis of the influence of atmospheric features on sub-daily extreme rainfall
events in Europe has been undertaken for the UK and Germany. Champion et al. (2019) looked at
the influence of an array of atmospheric variables on 3-hourly summer extreme rainfall in the NW
and SE UK. Analysis of these variables showed that extreme rainfall events in the NW region were
strongly affected by larger-scale orographically enhanced processes while in the SE more localised
sources of moisture and relatively unstable air masses were more important. Similar to the results
of Pfahl (2014), the authors’ demonstrated the importance of considering both the large-scale
conditions and thermodynamic effects when developing projections of changes in extreme short-
duration events. Subsequently to Champion et al. (2019), regional-scale atmospheric precursors
of intense sub-daily rainfall across the whole UK were investigated by Allan et al. (2019). The 200
most extreme 3hr events in several UK regions were matched with daily mean atmospheric
conditions on days prior to the events, revealing multiple dynamical precursors to the 3hr extremes
could be identified in the days leading up to the events. These included negative anomalies in SLP
and 200hPa geopotential height to the west or southwest of the UK, anomalous southerly airflow
and associated northwards moisture transport and elevated dewpoint temperature and moisture
across NW Europe. All these anomalies were visible from 4 days prior to the extreme rainfall
events. Investigations of dynamical drivers of sub-daily rainfall events in Germany have generally
used weather patterns to investigate the atmospheric circulations and are therefore discussed in

Section 2.4.2

It has also been shown that cut-off lows (COLs) and progressive jet stream disturbances in the US
have a strong influence on the seasonality and spatial distribution of hourly rainfall extremes
(Barbero et al., 2019b). Both phenomena were shown to contribute disproportionately to the
occurrence of hourly rainfall extremes relative to their overall frequency across the US, with the
COLs shown to be responsible for a significant proportion of extreme events in spring and autumn
while jet stream disturbances were associated with more extremes in winter. Synoptic events of
this type also occur across Europe (Nieto et al., 2006), however, their influence on sub-daily

rainfall extremes in this region has not yet been examined.
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2.4 Weather Pattern Classifications

Weather patterns typically characterise one or more large-scale meteorological variables over a
particular geographical domain and time-scale. They are generally defined by an atmospheric
variable, such as (mean) sea level pressure (MSLP) or a geopotential height, within the lower-to
mid-troposphere (eg. z500). They therefore represent the broad scale atmospheric circulation over
a given region and timescale (typically daily) (Huth et al., 2008). A weather pattern classification
is a group of weather patterns (WPs) which may also be referred to as weather types, circulation
patterns or circulation types. Any classification of circulation patterns should be viewed as a
purposefully developed simplification of the circulation conditions rather than as a physical reality
of the conditions. However, they are a very useful way of reducing complex meteorological data

into a few discrete states, which can then be linked to a ‘weather’ impact (Huth ez al., 2008).

The categorisation of large-scale circulation patterns into weather patterns has been used for many
decades in weather forecasting or to assess the climatology of mesoscale atmospheric events (Pope
et al., 2022). While improved computing power meant pattern classifications fell out of use for
forecasting over time, they became increasingly favoured by climatologists, who used the patterns
initially to understand and explain observed climatologies and later in climate models as indicators
of how circulations might change in future climates (Otero et al., 2018; Pope ef al., 2022). More
recently however, the usefulness of weather patterns in making ensemble forecast outputs easier
to understand has led to a renaissance in their usage in forecasting (Huth ef al., 2008). The
development of automated classification systems has further enabled the use of weather patterns
both in ensemble forecasting to indicate periods of change in the synoptic circulation (Huth ef al.,
2008) and in identifying periods with increased risk of (coastal and fluvial) flooding up to two
weeks ahead (Neal et al., 2016; Richardson ef al., 2020). The WPs can also be used to develop a
probabilistic forecast by objectively assigning ensemble members from an ensemble prediction
system to the nearest weather pattern type. These forecasts can be verified, providing an
understanding of the level of predictability of different circulation types when forecast through

numerical weather prediction models (Ferranti ef al., 2015; Neal et al., 2016).

WP classifications can be developed using subjective or objective methods. Earlier WP
classifications are typically subjective, where WPs are defined prior to the assignment procedure
using either expert knowledge or physical parameters such as airflow direction (Huth et al., 2008;
Hoy et al., 2014). Time series of the classifications are also subjectively derived by visual
attribution of daily pressure fields to the closest WP. The original Lamb Weather Types (LWT)
(Lamb, 1972) and Grosswetterlagen (GWL) catalogue (Werner and Gerstengarbe, 2010) are the

most well-known subjective classifications and will be described in more detail in the following
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section. Objectively-defined WP classifications are now more common, largely due to the increase
in computing power in recent decades allowing researchers to design classifications more suited
to their own purposes. Many different methods are used in creating objective classifications,
including correlation techniques, cluster analysis, principal component analysis and neural
networks (Huth ez al., 2008). With the development of suitable computer software and datasets the
original LWT and GWL catalogues have been updated and turned into objective classifications
(Jenkinson and Collison, 1977; Werner and Gerstengarbe, 2010). All of these techniques still do
involve some level of subjectivity, such as the choosing of the number of clusters and there is a

level of uncertainty around the individual WP due to intra-WP variability (Neal et al., 2016).

The literature on the applications of WP classifications is largely focussed around climatological
studies, in particular the observed recent changes in the frequency of occurrence of WPs. This has
generally been investigated using the changes in atmospheric circulation over time on their own
(Jenkinson and Collison, 1977; Bardossy and Caspary, 1990; Stefanicki et al., 1998; Kucerova et
al.,2017). However, the variety of classifications used and the lack of a common time period make
it difficult to draw any Europe-wide conclusions, except perhaps for an increase in frequency of

circulation types with a zonal flow in winter (Kucerova et al., 2017).

WPs have been used in future climate projections as they help to reduce the complexity of climate
model output, making results clearer. It is easier to identify changes in future conditions by
comparing projected changes in large-scale WP frequencies between the present day and future
periods than individual atmospheric/meteorological variables that require fine spatial scales (Pope
et al.,2022). In particular Fereday ef al. (2018) noted uncertainty in future atmospheric circulation
accounted for more than half the intermodal variance of twenty-first century rainfall trends for
winter months over Europe. These changes in WP frequency are then often related to local-scale
meteorological variables (Cassano et al., 2006; Donat et al., 2010; Hoffmann and Schliinzen, 2013;

Fereday et al., 2018; Pope et al., 2022).

WPs are now becoming utilised again in weather forecasting and analysis of trends/variability in
weather conditions. Several studies have investigated the relationships between weather patterns
and particular meteorological features including rainfall (e.g. Planchon et al., 2009; Richardson et
al., 2020; Mastrantonas et al., 2021), thunderstorms (Wilkinson and Neal, 2021), drought
(Richardson et al., 2018) and temperature (Hoffmann and Schliinzen, 2013) in the present day. A
more detailed discussion of WP classifications being used in the study of rainfall is provided in

the next section.
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2.4.1 Using weather patterns with daily rainfall

The most commonly used weather pattern classification systems for investigating rainfall in
Europe are the Lamb Weather Type (LWT) and Grosswetterlagen (GWL) classifications. The LWT
scheme was initially based on manual identification of basic daily WPS (Lamb, 1972) until the
scheme was updated by Jenkinson and Collison (1977) and developed into an objective version
based on daily mean sea level pressure, before finally developed into a new daily objective
classification series using reanalysis data by Jones et al. (2013). This classification system is
centred on the UK. The GWL regimes are 29 subjectively derived large-scale circulations, centred
over Germany but covering the wider Central European area (Werner and Gerstengarbe, 2010).
They represent regimes which persist for at least three days before transitioning. Recently a new
set of 30 weather patterns have been developed by the UK Met Office (Neal ef al., 2016). These
patterns are based on clustering of daily mean sea level pressure fields across the western
Europe/eastern North Atlantic region and are therefore representative of the general atmospheric
circulation over the UK and surrounding European area. This large area of definition gives the
MO30 patterns an advantage over other classification systems such as the LWT, as they are

applicable for other European regions, not just the region of origin (Richardson et al., 2018).

There have been a number of investigations of the links between the GWL and rainfall in central
Europe. These have covered Germany (Brieber and Hoy, 2019), the Elbe catchment (Werner et al.,
2008), the Meuse basin (Tu et al., 2005), the Netherlands (Adri Buishand and Brandsma, 1997),
the Baltic states (Jaagus et al., 2010), the Ore mountains (Minafova et al., 2017) and Brittany
(Planchon et al., 2009) as examples. Hoy et al. (2014) used a combination of the GWL and the
Vangengeim-Girs classification to determine the synoptic features associated with daily rainfall
anomalies on a continental scale for Europe. The LWTs have also been used to determine
correlations between rainfall and circulation patterns, mostly for the UK as this is where the LWTs

are defined (Fowler and Kilsby, 2002; Malby et al., 2007; Pattison and Lane, 2012).

Individual studies have also created their own weather patterns using clustering procedures on
atmospheric variables to identify large-scale circulation patterns associated with rainfall in Europe.
Clustering of variables including sea level pressure (SLP), geopotential height at 500hPa (z500)
and precipitable water using k-means clustering, principal component analysis and simulated
annealing techniques have been utilised in several studies (Wibig, 1999; Jacobeit et al., 2009;
Toreti et al., 2010; Hidalgo-Mufioz et al., 2011; Giannakaki and Martius, 2016; Merino et al.,
2016; Santos et al., 2017; Mastrantonas et al., 2021).
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2.4.2 WPs and extreme daily rainfall

Given the topic of this thesis, we focus here on the links identified between WPs and extreme
rainfall. Multiple WP classifications have been used to identify correlations between atmospheric
conditions and extreme daily rainfall in Europe, especially the GWL classification and individual
classifications based on specific variables. For example, Minarova et al. (2017) used the GWL to
determine the weather type most frequently associated with extreme rainfall over the Ore
Mountains (on the Czech-German border) as being a trough over central Europe, while Planchon
et al. (2009) identified the synoptic conditions associated with winter daily extreme (>20 mm)

rainfall in NW France as being predominantly westerly and southerly cyclonic circulations.

Regardless of the classification system or variables used, it is often possible to identify just a
handful of circulation types related to extreme rainfall (or floods) in Europe. Using self-organising
maps and modified k-means clustering Toreti et al. (2010) developed circulation clusters based on
SLP and z500 which were associated with extreme daily winter rainfall in the Mediterranean.
They identified 3 clusters each for the East and West Mediterranean which could explain the
atmospheric conditions associated with the extreme rainfall. Mastrantonas ef al. (2021) similarly
used k-means clustering of SLP and z500 anomalies to develop a set of weather patterns associated
with extreme daily rainfall across the Mediterranean. Their analysis indicated that the conditional
probability of the extreme events increased by a factor of 3 for most locations when the most
strongly correlated weather pattern was present. Six atmospheric circulation patterns based on a
range of atmospheric variables including SLP and z500 were developed by Merino et al. (2016)
to explain the conditions present during extreme daily rainfall in Spain. Jacobeit ef al., (2009)
created WPs through simulated annealing of MSLP to show there were clear links between a
handful of the circulation types and occurrence of heavy daily rainfall with the circulation type
having a strong influence on the frequency of events. A range of variables including PV and total
precipitable water were used in k-means clustering by Giannakaki and Martius (2016) to develop
ten upper-level flow classes for conditions associated with daily extreme rainfall events over
northern Switzerland. Finally, Santos et al. (2017) used a set of WPs defined on clustering of daily
MSLP fields to identify the conditions associated with flash flooding in a set of drainage basins in
Portugal. Their results showed just 3 WPs were strongly associated with flash flooding and
anomalous features within the WPs were identified on the flash flood days, highlighting their
difference to the normal circulation. It is clear that MSLP and an atmospheric pressure variable
such as z500 are commonly used in assessment of atmospheric circulation links to extreme rainfall,
with the use of variables at various tropospheric levels required to identify details in the
atmospheric situations under which extreme rainfall events occur (Merino et al., 2016). This

thereby supports the decision to use both MSLP-based WPs and the z500 variable in the analysis
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presented in Chapter 4. These studies also each highlight the operational potential for using large-
scale atmospheric circulation patterns to provide advance warning of periods with a higher risk of
extreme rainfall impacts, allowing communities to prepare for events with longer warning times
and also the uses in climate modelling of future rainfall (Jacobeit et al., 2009; Merino et al., 2016;

Santos et al., 2017; Richardson et al., 2020; Mastrantonas et al., 2021).

In a recent study, Richardson et al. (2020) assessed the links between the MO30 patterns and
regional daily extreme rainfall in the UK, with results showing clear differences in the rainfall
percentile exceedance probabilities between individual WPs and regional rainfall. This indicated
a clear connection between the MO30 WPs and conditions leading to enhanced likelihood of
extreme rainfall for the UK. The information was subsequently used by the authors to develop a
probabilistic fluvial flood forecasting tool (Fluvial Decider) based on the UK Met Office’s Decider
tool. This investigation shows an assessment of this type for Europe could be very productive and
a similar study of other regions of Europe and for sub-daily extremes is therefore evidently feasible

and a suitable extension of this work.

2.4.3 WPs and sub-daily extreme rainfall

While daily extreme rainfall across Europe has been extensively linked to various weather pattern
classification schemes, sub-daily rainfall extremes have not received the same level of attention so
far. The GWL WPs have been used to examine atmospheric conditions associated with sub-daily
extremes in Germany (Brieber and Hoy, 2019; Haacke and Paton, 2021) and a set of objective
WPs created by the Deutscher Wetterdienst (DWD) were used to investigate the dynamical drivers
of sub-daily extremes in Hamburg (Weder et al., 2017). These DWD WPs were also used to assess
the circulation patterns associated with extreme (>99'" percentile) hourly rainfall in Amsterdam
(Manola et al., 2019). These central Europe studies all found the sub-daily extremes were most
frequently associated with a south-westerly flow regime. The MO8 WPs were used in an
investigation of the atmospheric circulation associated with sub-daily annual maxima in Sicily
(Cipolla et al., 2020) although the use of these WPs instead of MO30 results in assessment of only
broad scale patterns e.g. North Atlantic Oscillation phase rather than more localised atmospheric
conditions. There are several studies investigating large-scale circulation patterns associated with
summertime thunderstorms in central and western Europe (Sibley, 2012; Piper et al., 2016, 2019;
Mohr et al., 2020; Wilkinson and Neal, 2021), although only Wilkinson and Neal (2021) explicitly
use WPs (the MO30 classification). However, these studies generally use lightning data as
indicators of the presence of thunderstorms and do not explicitly investigate the associated rainfall.

There is therefore a paucity of literature investigating the large-scale weather patterns linked to
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summertime sub-daily rainfall extremes across the European region, which may occur without any

lightning.

2.5 Rossby Waves and extreme weather events

Rossby waves contribute to multiple extreme weather events globally, including temperature
extremes (Schubert ef al., 2011; Rothlisberger et al., 2019; Kornhuber et al., 2020; Xu et al., 2021;
White et al., 2022) and rainfall extremes (Martius et al., 2008; Schubert et al., 2011; Hirata and
Grimm, 2016; Baker et al., 2018; Kornhuber et al., 2019; de Vries, 2021; Barton et al., 2022; Tuel
et al., 2022), on differing timescales, making them an important component of investigations into

dynamical drivers of extreme weather.

Recently White ef al., (2022) produced a review of how Rossby waves can lead to extreme
midlatitude weather which was an important source of information in this section. Rossby waves
form as a result of the conservation of the dynamical property potential vorticity (PV). PV is a
function of both relative and planetary vorticity, and static stability. Planetary vorticity increases
towards the poles, therefore, a parcel of air moving poleward must, in order to conserve PV,
decrease its relative vorticity by rotating anticyclonically. The resulting pattern of atmospheric
motion is what gives rise to Rossby waves, consisting of consecutive regions of anomalous
cyclonic and anticyclonic vorticity (White et al., 2022). Rossby waves occur continuously in the
atmosphere and are forced by the upper-level divergence of air due to diabatic heating, interactions
with orography or growth of baroclinic instability (White et al., 2021, 2022). There are essentially
two forms of Rossby waves; very slow moving, long wavelength waves referred to as ‘stationary
waves’ due to their persistence in a geographical location over entire seasons, and faster moving,
smaller wavelength waves referred to as ‘transient waves’. Stationary waves develop from zonal
asymmetries in orography, land-sea thermal contrast and atmospheric diabatic heating, while
transient waves are generated by disturbances in the large-scale flow that travel downstream. This
second type of wave is of interest for weather extremes as they can persist for several day (and up

to several weeks) over an area before moving on (Wills ef al., 2019; White et al., 2022).

Rossby waves can initiate extreme weather events either through the presence of anomalously high
stationarity/persistence (Schubert et al., 2011; Gelbrecht et al., 2018; Wolf et al., 2018;
Rathlisberger et al., 2019) or through anomalously high wave amplitude (Petoukhov ef al., 2013;
Screen and Simmonds, 2014; Rothlisberger et al., 2016b; Kornhuber et al., 2020) or a combination
of both. The specific case of Rossby wave breaking has been linked to several extreme rainfall
events through the production of potential vorticity streamers (Martius et al., 2008; Barton ef al.,
2016; de Vries, 2021), however, this is not investigated further in this thesis. When Rossby waves

that are usually transient become anomalously persistent they are described as being ‘quasi-
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stationary’. These quasi-stationary waves (QSW) can remain in the same location with roughly the
same phase for several days to weeks, leading to extreme weather events due to the long duration
of rainfall or high temperatures (Wolf et al., 2018). However, it can be hard to undertake a precise
assessment of the impact Rossby waves have on an extreme weather event. Defining and
diagnosing the waves is difficult, especially when nonlinear effects are present, an issue that has
been unresolved since the 1950s (White et al., 2022). This is largely due to the difficulties of
separating waves from the background flow, and to the fact vorticity anomalies in the atmosphere
can occur on a size scale anywhere from individual blocks (Rex, 1950; Nakamura and Huang,
2018; Kautz et al., 2022) to localised Rossby wave packets (Huang and Nakamura, 2016;
Fragkoulidis et al., 2018) to circumglobal Rossby waves (Branstator, 2002; Xu et al., 2021).
Circumglobal waves are those which extend around most of a latitude band, and they have been
linked to extreme events (Boers ef al., 2019) and are particularly relevant for weather extremes

occurring concurrently across a hemisphere (Kornhuber et al., 2019, 2020).

European temperature extremes have been associated with blocking anticyclones which form at
the exit of the north Atlantic storm track (Kautz et al., 2022). Strong localised blocking
anticyclones over Europe can be part of a larger wave pattern, associated with a slowly evolving,
latitudinally extended quasi-stationary wave (QSW) (Wolf et al., 2018). Summertime heatwaves
and droughts can therefore be linked to strong blocking anticyclones that are part of a larger wave
signal (Kornhuber et al., 2017). Additionally, anomalously persistent, high-amplitude Rossby
waves were identified as being present in several cases of extreme weather during summer months
in recent years, including the July 2003 heatwaves in Europe, the July 2018 heatwaves in
Scandinavia and Iberia and the June 2021 heatwave in western Canada (White et al., 2022). Of
particular interest in this study is the identification of a second, high latitude Rossby wave in each
of these months which is not present in the climatology. The presence of a double wave structure
over Eurasia (one in midlatitudes and one in high latitudes) is consistent with other work which
suggests a double jet structure is important for extratropical extreme weather events (Kornhuber
etal,2017; Xuetal., 2021; Rousi et al., 2022). It has also been shown that the waveguide effect
of the polar front jet (PFJ) is strongest in summer and the presence of amplified planetary wave
activity along the PFJ has been linked to the occurrence of summer heatwaves over Eurasia (Xu
et al., 2021). While waveguides are not specifically investigated in this thesis it is worth noting

that they are present and may have an influence on the wave amplitude over Eurasia.

It has been suggested that periods with increased QSW activity lead to more extreme weather
conditions, while periods with attenuated QSW activity tend to have average weather conditions

(Screen and Simmonds, 2014). Wolf et al. (2018) examined the amplitudes of QSWs for periods
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when extreme 7-day temperature anomalies occurred in western Europe. For all seasons they find
the temperature extremes are connected to very strong, high-amplitude QSWs. The extreme hot
anomalies in particular were associated with zonally elongated regions of enhanced QSW
amplitudes, indicating the extreme events were also connected to a long-lived, extended wave
pattern as well as a strong local block. In most of their event composites, the QSW does not form
a complete zonal wave, indicating a local amplification of the QSW occurs during the extreme
events. The authors also examined the QSW links to extreme rainfall events, using the 7-day
running mean of total rainfall for the western Europe region. In this case, all seasons except winter
were shown to have a highly statistically significant QSW and a large-scale trough over the region
associated with the rainfall extremes. QSW patterns can therefore feasibly increase the prediction

skill for weather extremes in regions that are remote from the wave source (Wolf ez al., 2018)

While it has been shown that high-amplitude quasi-stationary Rossby waves can lead to extreme
events, the mechanisms through which this occurs are still unclear (White et al., 2022). Current
ideas include quasi-resonance, whereby waveguide-trapped waves can resonate with stationary
forcing from orography (Petoukhov ef al., 2013), and phase locking of the waves whereby there is
an observed preference for the wave ridges and troughs to reoccur over the same regions as the
disturbance of mid-altitude flow by large-scale orography and land-ocean boundaries can have an
effect on the preferred phases of Rossby waves (Kornhuber et al., 2020). A handful of studies have
identified that Rossby waves with certain zonal wavenumbers appear to be related to extreme
weather conditions (Fragkoulidis ef al., 2018; Kornhuber et al., 2019, 2020; Tuel et al., 2022).
These are generally higher wavenumbers within the synoptic-scale range of 5-8 (White, 2019).
Waves with these wavenumbers tend to have preferred phase locations and can often form
circumglobal teleconnections (Petoukhov et al., 2013; Kornhuber ef al., 2019; Di Capua et al.,
2020). This can lead to an increased likelihood of amplified waves occurring in the same global
position repeatedly, with subsequent impacts on extreme weather events such as temperature

anomalies.

Studies investigating ways in which Rossby waves can influence extreme rainfall events in the
midlatitudes have so far focused on longer term events (Hirata and Grimm, 2016; Wolf ez al., 2018;
Kornhuber ef al., 2019, 2020) with a few studies looking at daily rainfall events (Barton et al.,
2016; Rothlisberger et al., 2016b; de Vries, 2021; Barton et al., 2022) and none looking at sub-
daily events. This is understandable given the large-scale nature of Rossby waves and the small-
scale of (sub-daily) rainfall events, however, as previous studies have shown, there are identifiable
connections between large-scale atmospheric circulations and sub-daily rainfall extremes (Weder

et al., 2017; Allan et al., 2019; Barbero et al., 2019b; Champion et al., 2019; Moron et al., 2019;
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Haacke and Paton, 2021) and therefore it is not impossible for there to exist a link between certain
Rossby wave configurations and the occurrence of sub-daily rainfall extremes. A strong link
between the breakdown of heatwaves and short-duration rainfall extremes has also recently been
identified for mid-latitude regions (Sauter et al., 2023). Given the previously mentioned links
between heatwaves and (quasi-stationary) Rossby waves, there is feasibility for a connection

between the sub-daily rainfall extremes and Rossby waves via heatwaves.

2.5.1 Local Finite Amplitude Wave Activity Metric

There are a multitude of different methods used to detect and characterise Rossby waves. These
include looking at potential vorticity contours (Rothlisberger et al., 2016a; de Vries, 2021),
geopotential height (Gelbrecht ef al., 2018) and meridional wind (Fragkoulidis and Wirth, 2020).
The majority of these methods involve using specific metrics such as sinuosity, or reconstruction
of the envelope of the meridional wind field, or specific forms of wave activity flux to detect
Rossby wave activity within the atmospheric variable being studied (Ghinassi et al., 2018). While
these methods are useful to evaluate global or regional changes in wave activity or meanders in
the jet stream, it is not possible to use them to identify true local features due to assumptions made
within these methods that waves must be linear and/or small amplitude. Most observed waves do
not conform to these assumptions, having large amplitude or showing strongly non-linear
behaviour such as wave breaking or cutoff formation (Ghinassi ef al., 2018). Additionally, it could
be misleading to use measures based on contour elongation alone as proxies of extreme weather
events that depend on the intensity of local anomalies (Martineau et al., 2017). The finite amplitude
wave activity (FAWA) index created by Nakamura and Zhu (2010) was developed as a solution to
this problem as it obeys exact conservation relations even for large-amplitude waves. However,
the FAWA index is defined by zonally averaged quantities and as such is not well suited for
diagnosing the dynamics of transient synoptic-scale Rossby waves. Therefore, Huang and
Nakamura (2016) created an extension of FAWA, the Local Finite Amplitude Wave Activity
(LWA) metric, which is capable of quantifying regional disturbances in the atmospheric circulation

(Martineau et al., 2017).

The LWA is a function of both latitude and longitude and recovers FAWA upon zonal averaging.
This diagnostic provides information on the local waviness of the flow whilst remaining valid for
finite-amplitude eddies (Huang and Nakamura, 2016; Ghinassi ef al., 2018). While FAWA links
the patterns of atmospheric circulation to large-scale wave dynamics mathematically, the LWA can
better capture local wave amplification (Chen et al., 2015) and also has the advantage of having a
dynamical basis, rather than being based on mathematical diagnostics of blocking or jet meanders

(Martineau et al., 2017). The LWA does not only take into account the meridional displacement of
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(PV) contours as other waviness diagnostics do but also examines the strength of enclosed
anomalies, remaining valid for both large and small displacements and providing a more robust
measure of waviness (Chen et al., 2015; Martineau et al., 2017). This feature is particularly
relevant for examining conditions associated with extreme weather events, which may depend on
the strength of the circulation anomalies instead of/as well as their extent. Further details on the

LWA and its calculation are given in Chapter 5.

2.5.2 Using LWA as a diagnostic of mid-latitude weather

Since its conception, the LWA has been used in several studies investigating the relationship
between wave activity and extreme midlatitude weather events. The first of these was in the
original Huang and Nakamura (2016) study introducing the LWA. Here the LWA was used to study
the blocking episode which steered Superstorm Sandy into the US in October 2012. For the days
surrounding the event, the LWA showed a quasi-stationary feature which remained in place for ~2
days and eventually split into two vortices. This closely reflected the location and magnitude of
the block which was associated with Superstorm Sandy, indicating the LWA was capable of
detecting blocking.

The LWA was subsequently used by Chen et al., (2015) with z500 (instead of the PV used by
Huang and Nakamura (2016)) as this variable is linearly related to PV at 500 hPa and it is widely
used to characterise synoptic weather events, making the results more easily comparable with
previous studies. They investigate the LWA associated with 4 high-impact, temperature related
weather events. Their results show the LWA is a natural diagnostic of the blocking highs and cutoff

low associated with temperature extremes in Paris, Moscow and Chicago.

Martineau et al. ( 2017) also used LWA with z500 to quantify wave activity. They state that the
LWA used in this way ‘can be thought of as a hybrid method bridging the gap between wave
amplitudes measured as departures from zonal symmetry and methods investigating the meridional
displacement of contours’. These authors split the LWA into its cyclonic (LWA-c) and anticyclonic
(LWA-a) components to investigate the nature of local anomalies in the form of extreme ‘wave
events’. Regional temperature extremes were found to be more likely under the large-amplitude

troughs and ridges of the extreme wave events.

2.6 Forecasting of sub-daily extremes based on large scale dynamics

Extreme rainfall is one of the most challenging variables to forecast (Sukovich et al., 2014). Even
in state-of-the-art forecast systems, skill in predictions of extreme rainfall rarely extend more than
5 days ahead (Lledo ef al., 2023). The most obvious benefit to using large-scale dynamics in the

forecasting of sub-daily rainfall extremes is the advance warning this can provide for pluvial and
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flash flooding events. The description of the atmospheric patterns associated with extreme rainfall
can help in their early identification by operational forecasters, by recognizing analogs alongside
output fields predicted by forecast models (Merino et al., 2016). This contextual information of
atmospheric precursors to sub-daily extremes could also be of benefit for forecasts of flash
flooding (Allan et al., 2019). Skill in forecasting of large-scale atmospheric circulation is generally
higher than for rainfall, thereby allowing identification of circulation conditions leading to
potential extreme rainfall up to 10-days in advance (Lavers et al., 2014, 2018; Baker et al., 2018;
Dorrington et al., 2023). Richardson et al., (2020) have shown how probabilistic forecasts of the
MO30 patterns can be used to provide warning of periods with increased risk of fluvial flooding
in the UK with lead times of over 5-days. Similarly, using weather patterns previously identified
to be related to localised extreme rainfall events over the Mediterranean for indirect predictability
of extreme daily rainfall was shown to result in skilful predictions for up to ~10 days lead time for
many locations (Mastrantonas et al., 2022b). Mastrantonas ef al. (2022a) further assessed the skill
of extreme 3-day rainfall forecasts from different forecasting strategies, identifying the use of pre-
defined circulation patterns combined with the extremity state of local moisture predictors (e.g.
water vapour flux) to be the most skilful for lead times beyond 7 days. These studies all indicate
the utility of atmospheric circulation patterns in providing longer-lead time forecasts of extreme
daily rainfall from models which are relatively simple and computationally cheap to run
(Richardson et al., 2020). There is therefore potential for a similar methodology to be applied to
sub-daily rainfall.

Mohr et al., (2020) argue that an increased understanding of the relationship between atmospheric
blocking and deep moist convection could enhance the forecast horizon of thunderstorms on sub-
seasonal timescales beyond the classical weather forecast timescale of a few days, due to the
persistence associated with the block. However, this link is only helpful if the blocking is correctly
predicted, which remains a challenge for numerical weather prediction models (and climate
models) (Ferranti ef al., 2015) which often underestimate the blocking frequency in the Euro-
Atlantic sector (Quinting and Vitart, 2019). The importance of capturing the sequence of
atmospheric events leading up to an extreme weather event was highlighted by Oertel et al. (2023)
in their study of factors limiting the predictability of the strength of the blocking anomaly and
subsequent extreme heatwave in the Pacific Northwest in June 2021. The authors found dynamical
processes on a range of spatiotemporal scales (from extreme rainfall over SE Asia to diabatic
amplification of upper-level Rossby waves) formed a linked system of precursors to the heatwave.
It is therefore necessary for long to medium-range forecasts to take into account the larger picture

of atmospheric dynamics, rather than focussing on individual features. This necessity of examining
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the atmospheric drivers of extreme weather events at a larger spatial scale is also noted by Allan

et al. (2019).

Despite much investment in flood protection methods, flooding remains a significant hazard
throughout Europe (Kundzewicz et al., 2014). The projected increase in frequency and intensity
of extreme sub-daily rainfall over much of Europe (Chan et al., 2020) is likely to lead to an
increase in probability of pluvial and flash flooding in regions where floods are often triggered by
intense summer rainfall (Kundzewicz et al., 2006, 2014). Early warning information on floods is
vital to allow national and international civil protection authorities to make decisions on how to
prepare for the upcoming floods (Pappenberger ef al., 2015). An example of this is the Howard
Hanson Dam flood risk management crisis in Seattle in 2009. The Dam showed signs of failure,
thereby necessitating improved forecasts (including longer lead times) of extreme rainfall by the
American National Weather Service to allow evacuations to be carried out if necessary (Sukovich
et al.,2014). Early flood warning therefore has multiple benefits, including of course the reduction
in loss of life, but also economic and infrastructure benefits. It may be possible, with advance
warning providing the time to run urban flood models, to enable identification and protection of
high-value infrastructure which may be at risk from flash floods (Flack ef al., 2019). The benefits
of delivering early warnings using the European Flood Awareness System were estimated to save
400 euros for every 1 euro invested, with improved forecast performance alone increasing the cost
benefit ratio of preventative action to 1:202 (Pappenberger et al., 2015). Incorporating large-scale

dynamics in forecasts could contribute to such improvements.

2.7 Summary

Previous climatological investigations of rainfall in Europe have been introduced, with the need
for a climatology of sub-daily extremes specifically emphasized. This clear research gap is filled
in Chapter 3. This chapter has also highlighted the substantial body of research on dynamical
drivers of extreme rainfall, yet only a handful of these have focussed on sub-daily extremes (Allan
etal., 2019; Barbero et al., 2019b; Champion et al., 2019; Manola et al., 2019; Cipolla et al., 2020).
Given the focus in this thesis on using WPs as indicators of the atmospheric circulation occurring
in connection with extreme events, this chapter concentrated on reviewing other studies which
utilise these features. The vast majority of these looked at daily or longer rainfall, with those that
do investigate WP-sub-daily rainfall links in Europe being focussed on Germany (Weder et al.,
2017; Brieber and Hoy, 2019; Haacke and Paton, 2021). This scarcity of attention so far on the
large-scale drivers of sub-daily rainfall extremes in Europe is motivation to investigate this
relationship using new rainfall data and a recently developed set of WPs, for a wider geographical

region than previously considered. Additionally, there is a clear opportunity for assessing the
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connections of sub-daily rainfall with hemispheric scale circulations in the form of Rossby waves,
which have previously been found to influence extreme rainfall events at daily and longer time
scales (e.g. Martius et al., 2008; Barton et al., 2016; Kornhuber et al., 2019; de Vries, 2021). This
connection between sub-daily weather extremes and atmospheric circulation at the scale of Rossby
waves represents a new line of research. The utility of identifying links between large-scale
atmospheric dynamics and sub-daily extremes for operational forecasting has been shown, with
strong potential for improving the lead-time of short-duration extreme rainfall forecasts and the

added benefit of advanced warning of pluvial flooding.
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Chapter 3
A gauge-based sub-daily extreme rainfall climatology for western

Europe

The material in this chapter has been published in the following article:
Whitford, A.C., Blenkinsop, S.B., Pritchard, D., Fowler, H.J. (2023). A gauge-based sub-daily

extreme rainfall climatology for western Europe. Weather and Climate Extremes, 41, 100585.

Part of the introduction of this journal article has been moved to Chapter 2 of this thesis. Minor

changes have been made to make the article more coherent in the context of this thesis.

3.1 Introduction

Sub-daily extreme rainfall events can cause significant socioeconomic and physical damage,
alongside loss of life, due to their ability to generate destructive flash floods and debris flows (Doe,
2004; Marchi et al., 2010; Borga et al., 2014; Gaume et al., 2016; Archer and Fowler, 2018). Urban
areas are particularly vulnerable to flash flood events due to outdated drainage infrastructure and

high levels of impermeable surfaces, leading to surface water flooding (Westra et al., 2014; Dale,

2021; Fowler et al., 2021b).

With this expected increase in extreme sub-daily rainfall intensities in a future warmer climate, it
is reasonable to infer that the associated negative impacts will also increase (Sharma et al., 2018).
For example, surface water flooding has been identified as one of the most significant climate
change risks to infrastructure in the UK (Dawson et al., 2016; Jaroszweski ef al., 2021), with the
risk projected to double under a 4°C warming future scenario, resulting in an expected annual
damages increase from the current ~£0.6bn to ~£1.2bn by the 2080s (Sayers et al., 2020).
Improving flood adaptation strategies requires a detailed understanding of where and when
extreme sub-daily rainfall events occur in the current climate, in order to develop robust models
for how these events may evolve in the future (Alexander et al., 2019).

3.1.1 Rainfall Indices

Indices are one of the simplest ways to investigate climatic extremes due to their comparability
across geographical regions and with each other (Donat et al., 2013b; Alexander et al., 2019). They
have been used to examine rainfall characteristics for several decades, since the development of
standardised definitions of daily climate extremes at the beginning of the 21 century (Klein Tank
et al., 2002; Peterson and Manton, 2008). The use of indices has facilitated the characterisation of

daily rainfall extremes and the monitoring of their long-term changes over large areas of the globe,
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providing useful information for climate modellers and hydrologists (Alexander et al., 2006; Donat
et al., 2013b; Lewis et al., 2019). Work by the Expert Team on Climate Change Detection and
Indices (ETCCDI) led to the generation of a set of standard indices, 10 of which can be used to
assess daily rainfall extremes (Alexander et al., 2019). Several studies have used selections of
these indices to investigate daily extreme rainfall, especially since the development of the
European Climate Assessment & Dataset (ECA&D) (Klein Tank et al, 2002) and
HADEX/HADEX2 datasets (Alexander et al., 2006; Donat et al., 2013b), although these studies
have mostly focussed on identifying trends (e.g. Moberg et al. (2006); Donat et al. (2013); Ciofti
et al. (2015)), rather than developing climatologies.

However, indices based solely on daily data may mask some of the most intense short-duration
events that can lead to flash flooding, especially in the case of convective extremes, which have
been found to be significantly underestimated by operational rain gauge networks (Schroeer et al.,
2018; Alexander et al., 2019; Lengfeld et al., 2020). A lack of long-term records of high quality
observations has so far prevented similar analyses at the sub-daily scale (Zhang et al., 2017,
Alexander et al., 2019) and there remains an incomplete understanding of the variability of these
events under the current climate (Westra et al., 2014; Barbero et al., 2019a; Lewis et al., 2019;
Fowler et al., 2021b). However, the INTENSE (INTElligent use of climate models for adaptation
to non-Stationary hydrological Extremes) project has led the collection and assessment of sub-
daily rainfall observations from around the globe, forming the first comprehensive global-scale

sub-daily rainfall dataset (GSDR; Lewis et al., 2019, 2021).

Several studies have already used the GSDR dataset to investigate regional and continental
changes to the frequency and intensity of sub-daily extremes, particularly in Australia (Guerreiro
et al., 2018) and North America (Barbero ef al., 2017). Barbero ef al. (2019a) used the GSDR
dataset to look at the seasonal and diurnal distribution of an index of 1-hour annual maximum
rainfall (AMP-1hr) for the US, Australia, the British Isles, Japan, India and Malaysia to compare
regions of varying climate which have good data availability. Beck et al. (2020) used the GSDR
data and other sources to develop a global climatology dataset based on a suite of occurrence and
intensity indices for daily and sub-daily rainfall. The occurrence indices were based on threshold
values and the intensity indices on return periods and were calculated using neural networks. On
a more local scale, Blenkinsop ef al. (2017) and Darwish et al. (2018) both investigated sub-daily
rainfall extremes in the UK, focussing on the spatial and temporal distribution of the events.
However, there remain very few studies investigating sub-daily rainfall in detail over the wider
European region, despite the significant impacts associated with flash floods across Europe

(Gaume et al., 2009; Marchi et al., 2010).
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To provide a more comprehensive analysis of continental-scale extremes, a set of indices for
extreme sub-daily rainfall (GSDR-I) has been derived from the GSDR dataset (Pritchard et al.,
2023). These indices are listed in Table 3.1 and further details on the methods used to calculate

them are provided in Section 3.2 and in Pritchard et al. (2023).
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Index Group | Abbreviation | Explanation | Units
GSDR-I indices and summary statistics

Intensity RxHhr Annual maxima based on rolling window | mm

(Maxima) H can be 1, 3 or 24 | aggregations. Provided here as the mean of the
to denote the time | annual maxima timeseries for each gauge.
aggregation of the
index
e.g. Rx3hr

Intensity Rmed The median value of the seasonal RxHhr series at | mm

Summary each gauge.

(Maxima)

Intensity RQpHhr Wet hour percentiles (99" and 99.9"). The | mm

Summary Q indicates the | specified percentile value based on the full record

(Percentile) percentile (99" or | period for wet hours only (hours with >0.1mm).
99.9™)

e.g. RR99.9p3hr

Contribution RQpHhrP Percentage contribution to seasonal or annual | %

(Percentile) e.g. R99.9p3hrP rainfall totals by H-hour intervals exceeding the
Qth (991/99.9") wet-hour percentile. E.g. if the
sum of rainfall in Jan 2000 for hours exceeding
the (Jan) 99th percentile is 20 mm and the Jan
2000 month total is 200 mm, this index would
have a value of 10%. While this index is a time
series, the wet hour percentile thresholds are
calculated based on the full record period.

Contribution RxHhrP Percentage contribution of RxHhr to the total | %

(Percentile) e.g. Rx3hrP rainfall on that day.

Frequency RHrTmm Count of hours (or multi-hour intervals) greater | Hours
T indicates the | than the chosen threshold. Provided here as the
threshold value mean count in each year/season.

e.g. R3hr20mm
General NWH Number of wet hours. Annual or seasonal count | Hours
of the hours with >0.1 mm rainfall
Summary statistics developed for this paper
Diurnal Cycle | RxHhrDC Proportional frequency of occurrence of the time | Hours
Summary e.g. Rx3hrDC window associated with the H-hour annual
maxima at each gauge. The time associated with
RxHhr annual maxima marks the end of the H
hour accumulation interval.

Contribution RATmmHhrP Contribution to days with rainfall >T mm from | %

Summary e.g. Rd20mm3hrP | the maximum H-hour period on that day. If the

(Percentile) daily total is 24mm and the maximum 3-hour

rainfall on that day is 12mm then this index has a
value of 50%. The contribution values are
averaged across the period being examined.

Table 3.1: descriptions of the GSDR-I indices and summary statistics analysed in this paper. Details of the
diurnal cycle and contribution summary statistics developed specifically for this work are also provided.

The code to calculate these sub-daily indices was developed as part of the INTENSE project and
performs quality-control checks on the data before calculating the index values (The code is

available at https://doi.org/10.5281/zenodo.7492877). The GSDR-I python library has already been
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https://eur03.safelinks.protection.outlook.com/?url=https%3A%2F%2Fdoi.org%2F10.5281%2Fzenodo.7492877&data=05%7C01%7CA.Whitford2%40newcastle.ac.uk%7C63f3f67a47de446db17608daf7bbd2bd%7C9c5012c9b61644c2a91766814fbe3e87%7C1%7C0%7C638094683311972278%7CUnknown%7CTWFpbGZsb3d8eyJWIjoiMC4wLjAwMDAiLCJQIjoiV2luMzIiLCJBTiI6Ik1haWwiLCJXVCI6Mn0%3D%7C3000%7C%7C%7C&sdata=3%2BVOK4lbJEY0G3voj3rMqWipwZ2xk7QFJ68T1za0Fss%3D&reserved=0

used by Lakatos ef al. (2021) to calculate sub-daily indices for the Pannonian Basin region between
central and southeast Europe. Their results reveal large spatial variability across the region for both
the mean and maximum annual 1-hour rainfall maxima, with the highest maxima values occurring

mostly towards the centre of the region, while the most intense rainfall occurred in summer.

While the above studies all provide valuable information on sub-daily rainfall (extremes), they
mostly focus on individual countries or regions and on trends rather than climatology. In this paper,
we provide the first extreme sub-daily rainfall climatology for large regions within western
Europe, generated from a new set of rainfall indices (Pritchard ef al., 2023). In doing so we provide
information for a region that has so far (with the exception of the UK) been largely neglected by
sub-daily rainfall analyses, despite having a good coverage of observational data, and we
demonstrate the kind of detailed analysis that can be undertaken with the high-quality GSDR-I
data. The rest of this chapter is structured as follows: section 3.2 describes the data and methods
used in the analysis while section 3.3 provides the climatology results followed by the discussion

and conclusions in section 3.4.

3.2 Data and Methods

The GSDR dataset is the first single repository of global sub-daily rainfall data with the same units
of measurement and temporal resolution, with all data quality-controlled to the same standard
(Lewis ef al., 2019, 2021). This dataset goes a long way towards resolving the issues of rainfall
data availability and processing differences between different countries and meteorological
agencies. However, there is significant variation in record length and completeness between
participating countries and the number of gauges varies over time. These limitations mean that
while the climatology presented here covers a substantial part of western Europe, it does not cover
the whole region and data-sharing restrictions prevent the involvement of some countries
completely, resulting in several areas lacking data. However, with the code to calculate the indices
freely available we are hopeful that these gaps could be filled by data licence holders. It should
also be noted that there are several inherent shortcomings associated with observation based
rainfall datasets, from systematic rain gauge under-catch due to wind (especially in winter) to
evaporation losses (especially in summer) (Paulat ef al., 2008). The GSDR data has been used to
develop a set of global rainfall indices — GSDR-I. Full details on the development and calculation
of the GSDR-I dataset is available in (Pritchard et al., 2023). The indices in the GSDR-I dataset
were chosen following discussions with climate observation and modelling experts, to provide a
suite of the most useful indices for the community (Pritchard et al., 2023). Of the GSDR data
available for Europe, only a small percentage of the gauge records are of a suitable length for trend

analysis (>30 years), with the majority of gauges having record lengths of 10-20 years (Table 3.2).
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Therefore, we do not investigate trends in the indices. A final point to be made here is the difficulty
of developing a traditional climatology from sub-daily rainfall records which are almost all shorter
than the 30-years minimum length usually required. To have the spatial coverage required for a
useful climatology of rainfall we have retained gauges with short records, but this invokes the
caveat of using records of varying length in this analysis, which may cause biases at individual
gauges. Consequently, whilst the overall picture drawn from this data is a credible representation
of the climatological distribution of extreme events in western Europe, the available sub-daily data

cannot provide as precise a climatology as one created from daily rainfall data.

The geographical coverage of this data is extensive; however, the variation in density of gauges
between regions makes inferring spatial patterns for some regions much easier than others. For
example, whilst the data presented covers large parts of central and western Europe, the dense
gauge coverage in the UK makes identifying spatial patterns here more effective than for the sparse
coverage in France. A map of the locations of GSDR gauges in Europe is presented in Figure 3.1.
Data sharing restrictions differ between European nations, resulting in different levels of
participation in the INTENSE project. However, the development of the indices using open-access
code means it is possible for meteorological agencies to run the code on their data themselves and

share the index results e.g. Lakatos et al. (2021).
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Figure 3.1: Map of GSDR gauge locations in Europe (black dots). Koppen-Geiger climate zones (colours)
are also shown.

The GSDR dataset provides hourly data, which is then aggregated to 3-hours and 24-hours, using
rolling windows for calculating annual/seasonal maxima indices and fixed windows for the
remaining indices. The indices are available at monthly, seasonal and annual resolution, with

publicly available gauge data accessible at https://doi.org/10.5281/zenodo.7492812. Seasons are

defined as winter (December to February), spring (March to May), summer (June to August) and
autumn (September to November). Most indices are available as a timeseries, e.g. annual maxima
(RxHhr, Table 3.1); however, for some statistics it is only possible to calculate a single summary
climatological value from the entire record period, e.g. wet hour percentiles (R YpHhr, Table 3.1),
referred to as a supplementary statistic in Pritchard et al. (2023). For simplicity all values are
referred to as indices here, but the summary statistics are specified in Table 3.1. For the time-series
indices, a percentage completeness is calculated for the index values at each timestep. In this case
the 80% completeness threshold (i.e. less than 20% missing data per temporal resolution) is used
to filter gauge records that are suitable to use for index analysis. This strikes a balance between
retaining enough data to develop a reliable index assessment and having consistent records, whilst
matching the completeness level of the supplementary statistics (only available as calculated from

either all available data or only data where 80% completeness is reached). When analysing the

38


https://doi.org/10.5281/zenodo.7492812

results, only gauges with more than 2 complete years of record are included. Relevant indices are
available for both all-hour (including hours with 0 mm rain) and wet-hour only (hours with >= 0.1
mm rain, acknowledging that not all instruments measure to this precision) intervals, but only the
wet-hour results are shown here in order to highlight the magnitude of extreme rainfall values that
can be reached. Here, the 3-hour intervals are defined as wet if the total rainfall over the period is
>=0.1 mm. As our aim is to produce a present-day climatology, using wet-hour indices will not
incur the problems associated with changes in the frequency of wet days when analysing trends in
heavy rainfall events over time, as discussed in Schér et al. (2016) . The diurnal cycle based on
the timing of the RxHhr event has been calculated specifically for this paper, to provide greater
understanding of the extreme rainfall climatology (and is not available as part of the GSDR-I

dataset). The full list of indices used in this paper is provided in Table 3.1.

Country Time period | Number of | Region the
covered by | gauges with >2 | country isin
gauge records | complete years

of data

Austria 1998-2019 35 Central

Belgium 2002-2015 83 Central

Catalonia 1990-2015 205 Southern

France 1991-2010 45 Southern

Germany 1996-2015 993 Central

Ireland 1940-2018 36 Northern

Netherlands 1951-2016 33 Central

Norway 1979-2016 200 Northern

Portugal 1958-2015 100 Southern

Sweden 1987-2016 120 Northern

Switzerland 1981-2015 149 Central

UK 1949-2014 1706 Northern

Pannonian Basin Region

Czechia 1995-2020 51 Pannonian

Slovakia 1998-2019 17 Pannonian

Slovenia 1948-2018 29 Pannonian

Croatia 1981-2018 12 Pannonian

Hungary 1998-2020 29 Pannonian

Romania 2008-2020 44 Pannonian

Table 3.2: Data available for each country from the GSDR-I dataset, including countries that are part
of the PannEx Region Project (Lakatos et al., 2021). Complete years have 80% of data for that year
available. The locations of these gauges are shown in Figure 1
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Each index in GSDR-I dataset has been developed to relate as closely to the ETCCDI indices as
possible, providing sub-daily equivalents to the existing daily indices. It is worth noting however,
that the ETCCDI indices describe the R10mm index (daily rainfall of 10 mm) as being a heavy
rainfall day, whereas the GSDR indices identify hourly events with the same rainfall totals (e.g.
R1hr10mm). The GSDR-I dataset therefore provides a climatology of much more intense events

than the ETCCDI indices permit.

Assessing extreme weather events naturally generates the difficulty of obtaining a sufficient event
sample as the detection probability decreases as the events become rarer (Klein Tank and Kénnen,
2003; Moberg et al., 2006). To ensure we have enough data to develop a consistent and spatially
coherent extreme event climatology, all available gauge records are used regardless of the time-
period they cover, provided they meet the data completeness and length criteria discussed above.

The results of analysis of the indices are presented here on annual and seasonal timescales.

3.3 Results

While it would be possible to carry out smaller scale assessments with the GSDR-I data, the
purpose of this paper is to provide an overview of the climatology of extreme sub-daily rainfall
across western Europe. Therefore, for brevity and to reduce the effect of arbitrary country
boundaries, the results are discussed within the context of a simplified geography consisting of
four regions. Sweden, Norway, the UK and Ireland form the ‘Northern region’; Belgium, the
Netherlands, Germany, Switzerland and Austria form the ‘Central region” and Portugal, Catalonia
and France form the ‘Southern region’. These three regions were designated based on areas that
had similar rainfall characteristics during initial analysis of the indices. The fourth ‘Pannonian
Basin region’ (comprising parts of the Czech Republic, Slovakia, Slovenia, Croatia, Hungary and
Romania) is included where possible, as data for this region are not available for all the indices
presented here and only on an annual rather than seasonal level. A detailed analysis of sub-daily
indices for the Pannonian Basin region has already been carried out by Lakatos et al. (2021). The

countries associated with each region defined above are outlined in Figure 3.2.
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Figure 3.2: The four regions used for analysis of the GSDR-I results in this chapter.

Initial analysis of the number of wet hours (NWH) index was carried out to determine the general
characteristics of sub-daily rainfall in Europe, with clear spatial and temporal patterns identified
across the region. The mean annual NWH index (not shown) indicates the most frequent wet hours
occur in the Northern region, particularly along western coastlines (up to 3000 hours per year) and
in the Central region, particularly in Alpine areas. This agrees with the findings of Dietzsch et al.
(2017) for consecutive wet days in Europe. The least frequent wet hours occur in the Southern
region (just 500 hours per year in Southern Portugal) and the eastern Pannonian Basin. The
seasonal NWH index (Figure 3.3) shows the lowest number of wet hours occurs in all regions in
summer, while the highest values occur in winter in the Northern region (up to 1000 hours) and

over the Alps.

The extreme indices were examined at both 1hr, 3hr and 24hr durations, although only 3hr and
24hr results are shown here as the spatial and temporal patterns between the 1hr and 3hr durations
are very similar. This similarity between durations was also noted by Darwish et al. (2018) for the
UK. In central western Europe, for events with rainfall intensities >40mm h™!', (Meyer et al., 2022)
showed the duration of events which subsequently caused flash floods was around 90-120 minutes.
The authors also point out that events above the 40mm h! threshold which caused flash flooding

were generally longer duration than those which did not cause flooding.
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NWH Seasonal Summary
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Figure 3.3: Number of wet hours (NWH) index seasonal mean values. Grey background denotes
countries contributing data to the GSDR-I dataset (data for the Pannonian Basin region is only
available at annual level).

3.3.1 Intensity Indices

Overall, the most intense 3hr annual maxima (Rx3hr) occur in the Southern region (Figure 3.4),
with mean values of 20-40 mm, while the most extreme individual events occur in locations around
the North-West Mediterranean and the Southern Alps. There are also notably high values in the
Pannonian Basin region, while the Central and Northern regions generally have lower intensities,
just 10-20 mm in 3 hours in the Northern regions (although with high individual outlier values,

Appendix Figure Al).

Seasonal 3hr Rmed (median seasonal maxima, Appendix Figure A2) values are lowest across

Europe in winter and spring and highest in summer and autumn. Northern and Central regions
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have highest median intensities (10-30 mm, up to 40 mm in a few locations) in the summer, while
the Southern region shows highest intensities (up to 50 mm) in the autumn. There is a general west
to east pattern of orographic influence to the 3hr Rmed results in the UK and Norway in winter
and spring (Appendix Figure A2). This is consistent with the patterns identified for UK 1hr Rmed
by Blenkinsop et al. (2017). The 3hr 99.9'" percentile (R99.9p3hr) seasonal index shows similar
spatial patterns to the 3hr Rmed index, with the highest threshold intensities in summer in Northern
and Central regions (40-60 mm) and in autumn in the Southern region (up to 100 mm in areas

around the NW Mediterranean) (Figure 3.5).
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Figure 3.4: Annual maxima (Rx3hr) mean value at each gauge.
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Figure 3.5: 3-hour 99.9th percentile seasonal values for each gauge (R99.9p3hr)

3.3.2 Frequency Index

The frequency of 3hr durations with rainfall exceeding 20 mm (R3hr20mm) is highest in summer
in the Northern and Central regions and in autumn in the Southern region (Figure 3.6). In summer
particularly high frequencies occur over the Alps (mean of 3-5 events), while in autumn high
frequencies occur over the NW Mediterranean (up to mean of 6 events). The UK west coast also
shows high frequencies in autumn, likely due to orographic enhancement of longer duration storms
(Blenkinsop et al., 2017). Across all regions there are very few 3hr events above the 20 mm
threshold in winter and spring. The 30 mm threshold (not shown) has very similar temporal and
spatial patterns albeit with lower frequencies, with highest mean values of 2 events (per season) in
the Southern region in autumn. Comparison with the Rx3hr results in Figure 3.4 shows the fixed
threshold value (20 mm) represents different portions of the rainfall distribution in different

regions; hence we would expect higher R3hr20mm frequencies in the Southern region. The
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generally low values for the frequency index are in part due to the small chance that individual
gauges will be within the footprint of an extreme event of this intensity, given the rarity of such an

event and the small surface coverage of the gauge networks.

R3hr20mm Seasonal Summary
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Figure 3.6: Seasonal mean frequency of 3-hour events above 20 mm (R3hr30mm)

3.3.3 Contribution Indices
The mean percentage of the daily rainfall total contributed by the 3hr annual maximum event
(Rx3hrP) is highest in Central Europe and the Pannonian Basin, with values up to 95%, and lowest

in the Northern region (and Portugal) with contributions of 50-60% (Figure 3.7).

Seasonally, the R99.9p3hrP index (Appendix Figure A3) shows the highest contribution in all
regions in summer, with a mean contribution of around 5% in the Northern and Central regions
and up to 8% in the Southern region. The other seasons (especially winter) have significantly lower
contribution values in all regions. The contribution to the daily total from the maximum 3hr rainfall

on days with >20 mm total rainfall (Rd20mm3hrP, not shown) is also highest in all regions in
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summer, with the greatest mean contributions reaching 60-70% in Central and Southern regions

(albeit Portugal has highest values in autumn).

The different contribution index values in different regions and seasons are due to a variety of
factors. The very low values in most of the Northern and Central regions in autumn and winter is
largely due to the high NWH index values and lower intensities in these seasons, meaning the
majority of rainfall is delivered in longer lasting, low intensity events. In contrast, the high
contribution values in summer in all regions are due to the lower NWH values combined with
higher intensities, indicating a few hours with high intensity rainfall can provide a large proportion

of the daily (or even monthly) rainfall.

Rx3hrP Annual Summary

60+

&6 mean value

. 40 (%)

e —
‘N{_”\' "\ 90

® ~ i

3 gf? | ¥ y 80
E Foo~ i 4 70
50 it 4 4 % 60
; _3\,: . 50
L4 40
( o —— 30

40+

. . .
10 20 30
longitude

Figure 3.7: The mean percentage of the corresponding daily rainfall total contributed by the 3-
hour annual maxima event (Rx3hrP)

3.3.4 Diurnal cycle index
We developed a diurnal cycle index for extremes by taking the time window of the Rx3hr events

in each year of record at each gauge in the region and calculating the proportional frequency of
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occurrence for each 3hr period per season. Figure 3.8 shows a strong seasonal signal in the diurnal
cycle in all regions. The Northern and Southern region both show a strong afternoon peak in event
timing in summer, while the Central region has a slightly later peak. In spring there is a main late
afternoon peak in all regions, with an additional evening peak in the Central region. None of the
regions have a strong diurnal cycle in 3hr extremes in autumn or winter. Interestingly, despite the
highest intensities occurring in autumn in the Southern region this is not accompanied by a strong

diurnal cycle.

The general late afternoon to late evening peak found for all regions in summer agrees with the
results of the global study of Barbero et al. (2019a). The seasonally-varying diurnal cycle observed
here for the Northern region is consistent with the findings of Blenkinsop ef al. (2017) and Darwish
et al. (2018) for the UK, while the early evening peak in summer in the Central region agrees with
previous results for the Czech Republic (Beranova et al., 2018) and for continental European

stations in general (Jeong et al., 2011; Xiao et al., 2018; Barbero et al., 2019a).
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Figure 3.8: The seasonal diurnal cycle for the 3-hour annual maxima events in each region
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3.3.5 24-hour indices comparison

To investigate the differences between daily and sub-daily indices, we now compare the 3-hour
and 24-hour indices. While the same general spatial and temporal patterns remain, the R99.9p24hr
index shows much weaker seasonality than the R99.9p3hr index, displaying similar values
between the seasons with only a slight increase in summer (Figure 3.9). The R24hr30mm index
shows a stronger seasonality than the intensity index, with a clear peak in summer in most regions,

indicating an increased frequency of heavy events over 30 mm (Appendix Figure A4).

There is a strong signal of higher intensity and frequency of 24hr events along the western
coastlines of the UK and Norway and over the Alps in autumn and winter (and to a lesser extent
spring). This orographic effect is less obvious in the 3hr indices. This difference in orographic
influence at different durations is also observed by (Barbero et al., 2019a), who propose this
indicates that the short duration extremes are mostly influenced by the moisture content of storms
and are less susceptible to orographic enhancement effects. However, as seen from Figure 9, there
remains some orographic influence of 3hr accumulations, likely part of longer duration storms,
especially in the western UK and over the Alps in autumn and winter. An orographic influence on
sub-daily extremes in the UK during these seasons was also identified by both Blenkinsop et al.
(2017) and Darwish et al. (2018). Marra et al. (2021) identified an increasing intensity with
duration for accumulations of longer than 1-hour over the SE Mediterranean mountains. This
enhancement is likely due to the triggering and modification of convection by the local topography,
due to rapid height variations over small horizontal scales resulting in atmospheric instability and
the lifting of moist air (Wilkinson and Neal, 2021), which at these durations can evolve towards
sequences of convective and stratiform-like processes, causing the well-known orographic
enhancement (Marra et al., 2021). However, the role of orography in the enhancement or
generation of sub-daily extremes cannot be taken as a given. As shown in other studies on the
[talian peninsula and Italian Alps there is not always a consistent relationship between topography
and sub-daily rainfall intensity and local factors play a large role in varying this relationship
(Formetta et al., 2022; Mazzoglio et al., 2022). At durations below 1-hour a reverse-orographic
effect of decreasing intensity with elevation is well documented (Avanzi et al., 2015; Marra et al.,
2021) but for durations between 2 and 6-hours the effect is less clear, with intensity sometimes
enhanced but not consistently (Formetta et al., 2022; Mazzoglio et al., 2022). Coastal effects may
also be important for short-duration extremes (Marra ef al., 2022) but this effect is not obvious

here. This may be due to the sparse coverage of the rain gauge network relative to these effects.

The strong seasonality of the short-duration extremes compared to the weaker seasonal cycle in

the 24-hour extremes reflects the difference in mechanisms causing the extreme rainfall. The short-
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duration extremes are strongly locked into the seasonal convective cycle while the longer-duration
extremes are more strongly tied to large-scale circulations which occur throughout the year but
particularly in autumn and winter (Blenkinsop et al., 2017; Beranova et al., 2018; Darwish et al.,
2018; Barbero et al., 2019a). The Northern region, along with the western coastlines of France and
Portugal, are areas where extreme rainfall in winter can often be influenced by atmospheric rivers,
which could explain the high 24-hour winter index values in these areas (Lavers and Villarini,

2013; Champion et al., 2015).
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Figure 3.9: Seasonal 99.9th percentile values (R99.9pHhr) for a) 3-hour and b) 24-hour durations. For
each duration the R99.9pHhr values for all gauges are ranked to give a distribution of all the values.
The colour scales represent where each gauge lies within five equally distributed percentile bins for
that season, enabling comparison of the relative intensity between different regions. For example, dark
blue indicates that the index value at that gauge lies between the 80™ and 100" percentile of all results
across the study region for that season. Seasonal rainfall values associated with selected percentiles
are provided (values in mm).

| DJF MAM

7 (a) 2

20% =9
40% =11
60% =13
80% =18

-

20% =12
40% = 14
60% = 16
80% =19

60 4

504

40

JJA SON

Latitude

- -

~
(=]
'

20% =19 20% =14
40% = 22 40% = 16
60% = 26 60% = 18

80% =22
60 4

504

404

10 0 10 20 30 10 0 10 20 30
Longitude
ki |
Percentile

Level (%) 0 20 40 60 80 100

50



DJF MAM

-

by

20% =24
40% = 29
60% = 35
80% =47

20% =27
40% = 32
60% =37
80% =47

60 4

504

404

JJA SON

Latitude

-

70 4

20% = 37
40% = 43
60% = 50
80% = 58

20% = 34
40% = 40
60% =47
80% = 58

60 4

50 4

404

T T T T T T T T T T
-10 0 10 20 30 -10 0 10 20 30

Longitude
o .

Percentile
Level (%) O 20 40 60 80 100

3.3.6 Influence of Latitude Band and Climate Zone

Given the influence temperature has on short duration rainfall extremes through convection and
the Clausius-Clapeyron relationship (e.g. Trenberth et al., 2003; Westra et al., 2014; Fowler et al.,
2021b) we initially chose to analyse the influence of latitude on the GSDR-I. As the mean
temperature decreases with increasing latitude, this provides some quantification of the extent to
which the change in temperature through Europe affects the sub-daily rainfall climatology.
Additionally, changes in the mean elevation at different latitudes can also contribute to the change
in rainfall climatology, with areas of higher elevation expected to receive more rainfall (Jaagus et

al., 2010; Formetta et al., 2022). A summary of annual results for the R3hr99.9p and R3hr20mm
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indices plotted in latitude bins is provided in Figure 3.10 (see Figure 1 for detail on the gauge
locations within the latitude bands). Our analysis indicates that the highest intensities and
frequencies of extreme events occur in more southerly latitudes, corresponding to the areas with
the highest temperatures and lower numbers of wet hours. However, both the intensity and
frequency index mean values are highest in the 40-45° latitude band (Figure 3.10 A&B) rather than
the 35-40° band. This is likely due to the lack of rainfall in the Iberian Peninsula in summer (gauges
in the 35-40° latitude band are limited to Southern Portugal here), which reduces the overall annual
intensity and frequency of extremes. Northwards of 45°N there is a consistent decrease in both the
intensity and frequency indices, although long tails in some latitude bands reflect individual
locations with much higher intensities than the average for that latitude. The contribution index

(Rx3hrP) also peaks in the 45-50° band then decreases beyond this (Appendix Figure AS5).

A B
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Figure 3.10: A) R99.9p3hr mean values by latitude band. B) R3hr20mm annual mean values by latitude
band. Blue numbers in A are the number of gauges in each latitude band.

While latitude is only a rough proxy for temperature, the correlation between increase in latitude
and decrease in extreme rainfall intensity and frequency reflects the strong air temperature
influence on sub-daily rainfall extremes, with the generally higher temperatures in the lower

latitudes leading to higher intensity rainfall, due to the increased atmospheric water holding
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capacity (Trenberth et al., 2003; Fowler et al., 2021c). However, the long tails to the distributions
show that other factors, such as orography, atmospheric dynamics, and moisture availability still
have a substantial effect on the individual gauge climatology (Pizarro ef al., 2012; Champion et

al., 2019).

To further investigate potential drivers of the spatial patterns and long distribution tails seen in our
analysis of the indices we examined the influence of local climate on sub-daily extreme events
using the Koppen-Geiger (K-G) climate zone classification system. The K-G climate classification
is based on seasonal rainfall and temperature patterns (Beck et al., 2018). We used the 1-km scale
K-G climate zone map created by Beck et al. (2018) to assign each gauge to a climate zone with a

high degree of accuracy.

The GSDR data available for Europe have a range of different climate zones (Figure 3.2) and for
each zone the mean value of the intensity and frequency indices was calculated (Table 3.3). The
BSk, Cfa, Csa and Csb zones are Mediterranean zones, the Cfb and Dfb are Temperate zones and
Dfc and ET are Sub-polar zones. Note that although there is large variation in the number of

gauges within each climate zone, all zones have at least 50 gauges providing results.

Climate Zone No. of Rx3hr Rx3hr R99.9p3hr R3hr20mm R99.9p3hrP

Gauges mean maximum mean mean mean
(Intensity) (Intensity) (Intensity) (Frequency) (Contributi-
on)

BSk 65 32.2mm 169.6mm  39.8mm 2.1hrs 2.8%
cold semi-arid
Cfa 52 34.4mm 155.5mm  40.7mm 2.8hrs 2.3%
humid sub-
tropical
Cfb 2270 19.5mm 145mm 19mm 0.6hrs 1.7%
temperate
oceanic
Csa 105 30.4mm 144.6mm  36.2mm 2.2hrs 2.2%
hot-summer
Mediterranean
Csb 50 28.6mm 108.8mm  30.4mm 2.3hrs 1.9%
warm-summer
Mediterranean
Dfb 1045 24.3mm 186.4mm  24mm 1.2hrs 2.1%
humid
continental
mild summer
Dfc 201 19.5mm 146.3mm  18mm 0.8hrs 1.9%
subarctic with
cool summers
ET 57 20.5mm 70.2mm 19.8mm 1.4hrs 1.6%

tundra climate

Table 3.3: Summary of GSDR-I indices by climate zone, including the number of gauges in each zone and
the annual mean index values for each zone. The climate zone names follow the convention of the first letter
indicating the main group, the second letter the seasonal precipitation category and the third letter the
temperature category.



We find that the lowest intensities (Rx3hr, R99.9p3hr) and frequencies (R3hr20mm) of 3hr rainfall
extremes occur in the Northern subarctic (Dfc) and temperate (Cfb) zones (Figure 3.11 & Table
3.3). The low intensities in the Cfb zone suggest the temperature buffering effect of the oceanic
influence helps prevent the generation of strong summertime convection compared to continental
climate regions (UK Met Office, 2022), while cool temperatures even in summer in the Dfc regions
likely reduce the convective rainfall intensities here. The tundra (ET) zone shows higher intensities
and frequencies than the Dfc zone despite being a polar climate classification (Figure 3.11, Table
3.3). This may be due to orographic enhancement of rainfall by the Alps and highland areas of
Norway. The Dfb zone (covering a significant proportion of the Central and Pannonian Basin
regions) has high Rx3hr intensities with a long positive tail, indicating outlier gauges with values
much higher than the main distribution (Figure 3.11). Being a warm-summer humid continental
climate, this zone is predisposed towards having strong convection during summer months when
high temperatures can be reached, resulting in more intense rainfall due to higher convective
available potential energy (CAPE) (Riemann-Campe et al., 2009; Barbero et al., 2019a). The
Mediterranean climate zones (BSk, Cfa, Csa, Csb) show the highest mean values for all 3hr
indices, supporting previous results for the Southern region. This also agrees with Lakatos et al.
(2021) who determined that areas of the Pannonian Basin with a Mediterranean climate had higher
frequency of extreme events (R3hr20mm) than in areas with Continental climate. Pizarro et al.
(2012) also found the highest intensities of 1hr rainfall occurred in Mediterranean climate zones

in a study of sub-daily rainfall in Chile.

The seasonal patterns seen in the Mediterranean climate zones of the Southern region, with the
highest intensity and frequency of 3hr extremes being in autumn, is typical of this climate type
(Insua-Costa et al., 2021; Mastrantonas et al., 2021). Additionally, the higher intensities of 3hr
extremes seen in SE France are likely influenced by this area having a Mediterranean (Csa) climate
compared to the oceanic Cfb climate in the rest of Southern France. However, the slight difference
in timing and intensities of 3hr extremes between Portugal and the rest of the Southern region must
be due to other influences outside of the climate zone, e.g. the influence of the Azores high
inhibiting summertime thunderstorm activity over the Iberian peninsula (Taszarek et al., 2019).
Although there is a clear difference in the average intensity of 3hr extremes between the
Mediterranean and all other climate zones, Figure 3.11 shows individual gauges within different
zones can still reach similar values of maximum rainfall intensity despite climatic differences.
Similar results of gauges in different climate zones reaching comparable maximum sub-daily

rainfall intensities were also obtained by Pizarro et al. (2012) in Chile. The outlier values in each
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zone may partly be due to the method of dividing land areas into K-G zones. This division is based
on monthly threshold values for temperature and rainfall, with the aim to map biome distributions
(Beck et al., 2018), so it is to be expected that these pre-defined climate zones will not provide
perfectly homogenous sub-daily extreme rainfall zones. However, the clear pattern of higher
intensity and frequency of 3hr extreme events in the climate zones around the Mediterranean and
the lower intensity and frequency of the extremes in the more northerly climate zones echoes the
patterns already seen in the regional analysis.
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Figure 3.11: Distribution of 3-hour annual maxima (Rx3hr) gauge values by climate zone. The number
of gauges in each zone is given in blue.

3.4 Discussion and Conclusions

This study has provided the first large-scale climatology of sub-daily rainfall extremes in Europe,
taking advantage of a newly created indices dataset (GSDR-I) to examine the intensity, frequency
and diurnal cycle of 3-hour extremes, as well as their contribution to the overall rainfall received
by each region. The influence of latitudinal and climatic variations across Europe on the extremes

has also been considered.

The timing of peak intensity and frequency of extreme events both occur in the same season in

each region (Figures 3.5 & 3.6), indicating these aspects are affected by similar processes. The
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high proportion of intense sub-daily events occurring in summer across most of western Europe is
in line with other sub-daily rainfall studies (Lenderink and Van Meijgaard, 2008; Blenkinsop et
al., 2017; Darwish et al., 2018; Barbero et al., 2019a). Barbero et al. (2019a) showed that 1-hour
annual maxima are correlated to CAPE, with the event intensity increasing with CAPE until a
threshold of 1500 Jkg™!, above which the event intensity plateaus. The annual cycle of CAPE peaks
in summer in the Northern hemisphere (Riemann-Campe et al., 2009), hence the peak in sub-daily

events in summer shown in the index results for most regions.

The predominance of extreme rainfall events in autumn around the western Mediterranean and
Portugal agrees with findings from previous studies at daily timescales (Taszarek et al., 2019;
Insua-Costa et al., 2021; Mastrantonas et al., 2021). Annual thunderstorm activity peaks in July
and August in northern, eastern and central Europe whereas in the western and central parts of the
Mediterranean, thunderstorms occur mostly in October and November (Taszarek et al., 2019).
Taszarek et al. (2019) also noted the strong influence of the Azores High on the Iberian peninsula,
reducing summertime convective activity in this region. These findings suggest the later seasonal
peak in extreme events in the Southern region is due to both a later peak in the annual convective
cycle and the influence of large-scale circulation drivers. In a study of flash flood events in Europe,
Gaume et al. (2009) identified the most extreme flash floods in Catalonia and Mediterranean
France occurred without exception in autumn, while in central Europe extreme floods occurred
only in spring and summer. This seasonality in flash flood events was also noted by Marchi et al.
(2010) who additionally identified the flash flood regime was more intense in Mediterranean
regions than in inland continental areas. This indicates there is a strong link between the
climatological timing and intensity of sub-daily rainfall and the risk of flash flooding,
demonstrating the benefit of this kind of climatological analysis for impact assessments.
Deviations from these large-scale temporal and spatial patterns across Europe are generally due to
local influences such as a coastal location and orography (Darwish et al., 2018; Champion et al.,
2019; Marra et al., 2021). Additionally, climate oscillations, such as the North Atlantic Oscillation
and Azores-Scandinavia Oscillation, can cause decadal cycles within the rainfall regimes; hence
individual extremes could be much stronger or weaker than the mean values (Willems, 2013;

Forster and Thiele, 2020). Some of this variability can be seen in Appendix Figure Al.

There are two possible explanations for the high contributions from 3hr annual maxima events to
the daily rainfall total (Figure 3.7). Firstly, that when these intense events occur they are often
isolated short-duration events and thus contribute the majority of the rainfall recorded on that day.
Barbero et al. (2019a) noted that a majority of 1hr annual maxima occur during short-duration

storms with convective origins. Secondly, they are part of longer storms with a very ‘peaked’
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profile (the majority of rain falls in a small proportion of the storm) (Villalobos-Herrera et al.,
2024). This agrees with the findings of Barbero et al. (2019a) that 1hr extremes can provide a large
proportion of daily extremes. The lower percentage contribution of 3hr annual maxima in the
Northern region suggests that these events are more often embedded within longer-duration
storms. Overall, these results indicate that intense short-duration events could be a major source

of flash flood risk, especially in summer in the Central region and in autumn in the Southern region.

The strong late afternoon to early evening peak for spring and summer Rx3hr events in all regions
provides further evidence for these events being strongly tied to the convective cycle (Figure 3.8)
and agrees with the findings by Barbero et al. (2019a) for several regions globally. Moist
convection generally begins in the mid-afternoon due to solar heating creating atmospheric
instability, and the resultant convective systems reach their peak a few hours later (Barbero ef al.,
2019a). The smaller amplitude of the autumn and winter diurnal cycle is likely related to
differences in the generating mechanism between seasons; in cooler seasons more mixed processes
occur and convection becomes less dominant, so the diurnal cycle becomes weaker (Trenberth et

al., 2003; Darwish et al., 2018; Barbero et al., 2019a).

The difference in seasonal timing and location of 3hr and 24hr extremes indicates this should be
an important consideration for flood management design, as the different types of flooding these
events produce (especially in urban areas) require different management systems (Hurford et al.,
2012; Dale, 2021). Figure 3.9 indicates some locations have high rainfall intensities regardless of
the duration and season, for example Catalonia, SE France and southern Austria have high values
year-round for both 3hr and 24hr intensities. However, much of the Central region has intensities
in the upper quantiles in summer for 3hr intensities but is in the lower quantiles in summer for
24hr intensities. This highlights another useful aspect of this index-based analysis, enabling direct
comparison between long- and short-duration extreme events, which can provide further
information as to which type of flooding (fluvial or pluvial) a particular area is most at risk of

during each season.

While latitude provides a broad indication of the expected extreme rainfall characteristics due to
the temperature influence, other factors also play a role. For example, the 45-50° latitude band
contains Ctb, Dfc and ET climate zones, which have different index characteristics when plotted
separately, indicating different driving influences within each climate zone. When examined as a
group, the Mediterranean-type climate zones experience the most intense and most frequent sub-
daily extremes, while the cooler zones have lower intensities and the extreme events are largely
restricted to summer months, as expected from the regional analysis. There are also clear

differences in the rainfall characteristics between the climate zones. Therefore, we propose that
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climate zones provide a readily-available first-order determination of the intensity and frequency
of extreme sub-daily events a particular location can expect. Thus providing information useable
for high-level flood hazard preparation and mitigation activities, especially for regions with sparse
historical rain gauge coverage. Additionally, this information could provide a proxy for how the
sub-daily rainfall characteristics of a region may change under global warming. If an area is known
to be transitioning from one climate zone to another, an understanding of the characteristics of
extreme events in the new climate zone could help in providing an indication of the flood/drought
challenges the region may face in the future (Beck et al., 2018). Finally, the similar maximum
rainfall intensities that are reached in each climate zone are a further indicator of the important

role local conditions play in influencing extreme rainfall intensities.
The main conclusions of this analysis are:

e The highest intensities and frequencies of sub-daily extreme events occur in the Southern
region, with lower intensities and frequencies in the Central and Northern regions.

e The most intense and frequent 3hr rainfall extremes occur in summer in most of Europe
(Figure 3.5 and 3.6) and in autumn in Mediterranean regions and Portugal.

e High contributions from 3hr extreme events to the daily rainfall total, particularly in the
Central and Southern regions, indicate these extremes are often either isolated short-
duration events, or are part of longer duration storms with a very ‘peaked’ profile.

e There are clear seasonal patterns in the diurnal cycle of sub-daily extremes in all regions,
with a dominant late afternoon to early evening peak in summer.

e Comparing extreme event indices of different duration (3hr versus 24hr) reveals different
spatial and temporal patterns, which should be taken into consideration when designing
larger scale water management systems. The 24hr indices show a stronger orographic
influence but lower seasonal variability than the 3hr indices.

e KG climate zones are a relatively good indicator of the general extreme sub-daily rainfall
characteristics that can be expected at a particular location, potentially providing
information for ungauged areas and a proxy for future changes in extremes in regions

transitioning from one climate zone to another.

The climatology presented in this paper provides the first detailed sub-daily rainfall climatology
for western Europe and demonstrates the information that indices of extreme sub-daily rainfall can
provide, including insight into the spatial and temporal distribution of these events and their
potential driving mechanisms. As much of the data and code used to generate the GSDR-I indices
1s open access, constant expansion of the dataset as new gauges are added is eminently feasible.

There is also strong potential for the application of these sub-daily indices in validation of
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European-scale simulations of convection-permitting climate models, such as in the recent study
by Ban ef al. (2021) where hourly indices of observational data were used to assess the
performance of a set of high-resolution (3 km) climate simulations. The GSDR-I dataset will go a
long way towards helping to improve understanding of the extreme event generation processes on

these timescales and provide a clear benchmark against which to validate climate model outputs.
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Chapter 4
Atmospheric patterns associated with sub-daily rainfall extremes in

western Europe

4.1 Introduction

Sub-daily rainfall extremes are responsible for many pluvial and flash floods in Europe, resulting
in significant damage and fatalities (Westra et al., 2014; Archer and Fowler, 2018). These extreme
events are driven by both thermodynamic and dynamic processes (Pfahl ef al., 2017). Recent
studies focussed on thermodynamical drivers have greatly improved understanding of these
processes (Hardwick Jones ef al., 2010; Lenderink and Van Meijgaard, 2010; Wasko et al., 2018;
Ali et al., 2021a). However, the same effort has only recently been extended to dynamical drivers
(e.g. Allan et al., 2019; Barbero et al., 2019b; Brieber and Hoy, 2019; Champion ef al., 2019) due
in large part to lack of available high-quality sub-daily data; this, in most cases, has focussed on
individual countries or regions. Thus, the influence of large-scale dynamical drivers on sub-daily
rainfall extremes is less well understood (Westra et al., 2014; Fowler et al., 2021b). Nonetheless,
as dynamical drivers occur on a wide range of spatial scales and are an essential component in
operational forecasts of extreme rainfall and flooding, improving forecasts of floods by improving
our understanding of these dynamical drivers may provide the most cost-beneficial way of

reducing economic losses from flooding (Pappenberger et al., 2015).

Weather patterns (WPs) characterise one or more large-scale meteorological variables over a
particular geographical domain and time-scale and are derived from average conditions of
atmospheric circulations. Several synoptic-scale WP classifications have been used to investigate
dynamical drivers of daily and longer rainfall events over Europe, with the most commonly-used
being the Lamb Weather Type (LWT) and Grosswetterlagen (GWL) schemes. The LWT scheme
was based on manual identification of basic daily WPs (Lamb, 1972), but was extended into a new
objective classification scheme using reanalysis data, producing 27 WPs centred on the UK (Jones
etal. 2013). The GWL scheme has 29 subjectively-derived large-scale WPs, centred over Germany
but covering Europe (Werner and Gerstengarbe, 2010). They represent regimes which persist for
at least three days before transitioning. These schemes have been used in several studies
investigating links between WPs and extreme rainfall in Europe (e.g., Tu et al., 2005; Planchon e?
al., 2009; Jaagus et al., 2010; Pattison and Lane, 2012; Hoy et al., 2014; Minafova et al., 2017).
More recently, the development of automated classification systems has enabled WPs to be used
to identify periods with increased risk of fluvial flooding up to two weeks ahead (Neal et al., 2016;
Richardson et al., 2020).
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Some studies have created their own WPs using clustering procedures on atmospheric variables
including mean sea level pressure (MSLP) and geopotential height at 500hPa (z500) (Toreti et al.,
2010; Merino et al., 2016; Mastrantonas et al., 2021). Several variables, including potential
vorticity (PV) and total precipitable water, were used by Giannakaki and Martius (2016) to develop
ten upper-level flow classes for conditions associated with daily extreme rainfall events over
northern Switzerland. Additionally, Santos et al. (2017) used a set of WPs defined on clustering of
daily MSLP fields to identify that just 3 WPs were strongly associated with flash flooding for a set
of drainage basins in Portugal, highlighting anomalous features within the WPs on flash flood
days. Similarly, Pattison and Lane (2012) identified that just 5 of the 27 LWTs accounted for 80%
of extreme floods in Carlisle in northwest England. Minafova et al. (2017) used the GWL
classification to determine the WP most frequently associated with multi-day extreme precipitation
over the Ore Mountains (on the Czech-German border) as a trough over central Europe. Also using
GWL, Planchon et al. (2009) identified that winter daily extreme (>20 mm) rainfall in NW France
was predominantly associated with westerly and southerly cyclonic circulations. These examples
demonstrate that regardless of classification system or variable used, only a few circulation types
are associated with extreme rainfall (or floods). This highlights the operational potential for using
large-scale atmospheric circulation patterns to provide advance warning of periods with a higher
risk of extreme rainfall impacts, as forecasters can identify analogs in model predicted fields,
allowing communities to prepare for events with longer warning times (Merino et al., 2016;

Richardson et al., 2020; Wilkinson and Neal, 2021; Flack et al., 2019).

Recently a new set of 30 WPs have been developed by the UK Met Office (MO30) (Neal et al.,
2016). These patterns are based on clustering of daily MSLP fields across western Europe/eastern
North Atlantic and are therefore representative of large-scale MSLP patterns over the British Isles
and Europe. In a recent study, Richardson et al. (2020) assessed links between the MO30 WPs and
UK regional daily rainfall extremes; results showed clear differences in the regional precipitation
percentile exceedance probabilities between individual WPs. This indicates a tangible connection
between the MO30 WPs and conditions leading to enhanced likelihood of extreme precipitation
(on daily timescales) for the UK. This information was subsequently used by the authors to develop
a fluvial forecasting tool based on the UK Flood Forecasting Centre’s Coastal Decider tool (Neal

etal.,2018).

However, there are limited studies assessing links between WPs and sub-daily rainfall extremes.
Although there are several studies investigating atmospheric conditions associated with
summertime thunderstorms in central and western Europe (Sibley, 2012; Piper et al., 2016, 2019;

Mohr et al., 2019, 2020; Wilkinson and Neal, 2021), these generally use lightning data as
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indicators of thunderstorm presence and do not investigate the associated rainfall. There have been
a handful of investigations where composites of atmospheric variables are linked to sub-daily
rainfall extremes in Europe (e.g., Pfahl, 2014; Allan et al., 2019; Champion et al., 2019). Most
studies on the links between WPs and sub-daily rainfall in Europe are for Germany; Haacke and
Paton (2021) and Brieber and Hoy (2019) used the GWL WPs to examine the conditions associated
with sub-daily extremes. Both these studies identified a link between the influx of warm, moist air
from the south or east and sub-daily rainfall extremes, with Brieber and Hoy (2019) also
identifying the presence of an upper-level trough over western Europe as important. Similar results
were obtained by Weder et al. (2017) for Hamburg (Germany), using the objective WPs from the
Deutscher Wetterdienst (DWD). The DWD WPs have also been used to assess the circulation
patterns associated with extreme (>99th percentile) hourly rainfall in Amsterdam (Manola et al.,
2019), again indicating the dominance of south-westerly flow in coincidence with the extreme
events. Mohr ef al. (2020) also found that interactions between a persistent Scandinavian block
and several cut-off lows contributed to a 3-week period of exceptional thunderstorm activity over
central Europe in May-June 2018. There is a single study looking at the relationship between sub-
daily extremes in Sicily and a set of 8 WPs developed by the UK Met Office (Cipolla et al., 2020),
with results showing an NAO negative pattern associated with summer 1-rh and 3hr maxima.
However, to our knowledge there are no studies investigating WPs linked to summertime sub-

daily rainfall extremes over the wider western Europe region.

We use the gauge-based Global Sub-daily Rainfall (GSDR) dataset (Lewis et al., 2019) and the
MO30 WPs to provide the first assessment of links between WPs and summertime sub-daily
rainfall extremes in western Europe. The MO30 WPs were recently used to examine relationships
between the WPs and lightning activity over the UK (Wilkinson and Neal, 2021), demonstrating
the utility of these WPs in diagnosing conditions associated with small-scale weather features. We
focus here on processes that can be readily identified in forecast models and climate models. WPs
provide insights into the atmospheric conditions favourable for convection to occur. Mesoscale
processes are then required for triggering convective activity (Doswell, 1987). We do not examine
small-scale convective processes that often trigger sub-daily rainfall extremes in this chapter. This
analysis is extended by using z500 reanalysis data to identify variations within the WP circulation
that are conducive to the development of extreme events. The chapter is organised as follows:
Section 4.2 describes the data and methods used, Section 4.3 presents the results, followed by

discussion in Section 4.4 and conclusions in Section 4.5.
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4.2 Data and Methods
We focus our analysis on the summer season (JJA) only as the highest frequency of 3-hour events

above 40-mm occur during summer in western Europe (Whitford et al., 2023).

4.2.1 Weather Patterns

We use the MO30 WPs (as described in Neal ef al. 2016) due to their large spatial domain which
covers the majority of western Europe and the fact these patterns can vary daily; we believe that
the 3-day persistence of GWL WPs may not be appropriate for sub-daily rainfall events. In brief,
the MO30 WPs were produced by K-means clustering of daily MSLP anomaly fields taken from
the European and North Atlantic daily to multi-decadal climate variability data set (EMULATE),
for 1850 to 2003, over 30°W=-20°E; 35°-70°N. This large domain gives the MO30 WPs an
advantage over other classification systems such as LWT, as they are applicable for other European
regions (Richardson et al., 2018). However, each WP will deliver different meteorological
conditions to each geographical region, for example WP2 would bring strong westerly winds and
low pressure to Scotland but weak winds and higher pressure to Portugal. For regions on the edge
of the area of definition of the MO30 patterns, e.g. the southern Iberian peninsula or northern
Norway, the WPs are likely to be less informative and more information on patterns centred over
these regions would be required to definitively link the WPs to rainfall here. These differences are
discussed later on in this chapter. The MO30 WPs have a coarse resolution of 5° latitude and
longitude meaning local-scale features are not captured. Daily WP classifications have been
extended from 2004 to present using the ECMWF ERA-Interim dataset (Dee et al., 2011). Before
MSLP fields were clustered, the seasonal cycle was removed by subtracting a smoothed
climatology from each field. The resulting WPs are representative of the long-term climatology
and capture broad-scale circulation types. The final set of 30 WPs (Figure 4.1) was evaluated by
operational meteorologists to ensure a full range of circulation types affecting the UK and Europe
were represented and are designed to be used in medium-range forecasting, out to 15 days (Neal

et al., 2016; Richardson et al., 2020).

The MO30 WPs are ordered based on their historic occurrence from 1850 to 2003, with WP1
having the highest annual frequency and WP30 the lowest. The clustering procedure results in
grouping the days with stronger anomalies together resulting in lower numbered WPs having
smaller magnitude MSLP anomalies and occurring more frequently in summer (Figure 4.2), while

higher numbered WPs have larger magnitude anomalies and occur more often in winter (Neal et

al., 2016; Richardson et al., 2018, 2020).
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Figure 4.1: The set of 30 Met Office weather patterns (MO30), showing mean sea level pressure (MSLP)
anomalies plotted as filled contours (hPa) and MSLP mean values plotted in foreground (2 hPa intervals).
Figure source: reproduced from Neal et al. (2016) Fig. 1.
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Figure 4.2: The MO30 patterns frequency of occurrence in all summer months from 1950 - 2015.

4.2.2 Rainfall data

We use hourly rainfall data from the GSDR (Global Sub-Daily Rainfall) dataset (Lewis et al.,
2019); this is gauge-based and has been subjected to strict quality-control measures (Lewis ef al.,
2021) (Lewis et al., 2021). Gauge data available in Europe are shown in Figure 4.3. There is a
much higher gauge coverage in the UK and Germany than for the rest of Europe, a factor that may
influence some results as discussed later. There are also variations in record length and
completeness. While completeness has been accounted for in the data creation steps, variation in
record length means some countries have >50 years gauge data while others have only 15 years.
To maximise data availability we have used all gauges rather than restricting our analysis to only
those which cover a standard period. This caveat should be kept in mind when examining the

results presented here.

We used a peaks-over-threshold (POT) analysis and extracted 3hr events above a 40 mm threshold
from a rolling window timeseries where months with >15% missing data were removed. The 40
mm threshold was chosen as a compromise, to allow inclusion of only the more extreme events
and to maintain a consistent threshold across the region. This threshold was also chosen based on
results from published literature indicating 40 mm represents an ~10 year return level for 3hr
rainfall across central Europe and a >10 year return level in northern Europe. Beck et al. (2020)
showed a 15-year return-period intensity for 3-hour rainfall of ~16 mm in northern Europe and

~30-40 mm in southern and central Europe, while Poschlod et al. (2021) found 10-yr return levels
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for 3hr rainfall of ~35-45 mm in central Europe and ~20-30 mm in the UK and Scandinavia, using
a high-resolution single-model large ensemble climate model. Figure 3.9 shows that 40mm in 3hrs
is above the 99.9™ percentile level of 3hr rainfall in all of western Europe except Catalonia.
Therefore, this 40 mm threshold represents potentially impactful events across the region under

investigation.

The Flood Forecasting Centre in the UK uses extreme rainfall alert thresholds of 30 mm in lhr
and 40 mm in 3hr. Given the very rare occurrence of 30 mm rainfall in Thr in most of northern
Europe (see Appendix B.1) using the 3hr totals provides a larger dataset to use for this analysis
and is still an indicator of potential flash flood inducing rainfall. Additionally, extreme 3hr rainfall
events can often include a lhr extreme, therefore using 3hr rainfall here is also ensuring a large
proportion of lhr extreme events are captured (Barbero et al., 2019; Villalobos-Herrera et al.,
2023). Short duration (<3hr) rainfall events tend to be front loaded and therefore using a full 3hr
duration allows for 1hr and 2hr extremes to be included in the dataset (Villalobos-Herrera et al.,
2024). Several studies including Darwish ef al. (2018) and Barbero et al. (2019) have noted the
strong similarity in behaviour between lhr and 3hr extremes, but 1hr extremes are more strongly
tied into the diurnal convective cycle, indicating their reliance on local (small-scale) drivers, while
3hr extremes are more influenced by larger-scale drivers. Finally, 3hr totals are most commonly
used as indicators for flash flooding by practitioners (in the UK) (Hurford et al., 2012). The
variation in rainfall distribution between northern and southern Europe (Whitford et al., 2023)
means some regions have many more events over the threshold than others, a factor which should
also be taken into consideration when examining the results. Finally, events above the threshold
are declustered by keeping only the largest 3hr event per gauge per day. There may be more than
one threshold exceedance in a region in a day, as multiple gauges may have recorded an event in
the same storm. Multiple events per day were retained as an indicator of the influence of each WP,

showing how many extreme rainfall events can be attributed to each WP.
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Figure 4.3: The location and record length of gauges from the GSDR dataset in Europe that have
at least one 3hr >40mm event in summer. Gauges which are part of the dataset but do not have a

recorded 3hr >40mm event shown in grey.

4.2.3 Atmospheric Data

To characterise upper-level atmospheric conditions, we used ERAS daily-averaged geopotential

height data at 500 hPa (z500), with a resolution of 0.25°x 0.25° for the period 1970-2016 over 20

to 80°N and -180 to 180°E. The z500 variable was chosen for this analysis as it represents the level

of non-divergence (level in the atmosphere at which horizontal divergence of air is near zero),
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where vertical ascent can be largest, thereby indicating regions where dynamical ascent may occur.
The importance of z500 in defining the synoptic environment connected to extreme rainfall events
has been shown in several investigations (e.g. Hidalgo-Mufioz et al., 2011; Mastrantonas et al.,
2021; Dorrington et al., 2023) The large domain size was chosen to enable investigation of large-
scale circulations upstream of extreme rainfall locations. z500 anomalies were calculated in
several steps. Firstly, a climatology of daily zS00 was calculated using a 45-day rolling mean. This
rolling window length was chosen as it removed noise and provided a smooth climatology,
meaning further smoothing was not required. Then, for each day, the climatology is subtracted
from the z500 value to calculate the anomaly at each grid point. Daily data is used rather than 6-
hourly to maintain temporal consistency with the MO30 patterns as this study focusses on
atmospheric conditions on the day of, rather than in the hours before, sub-daily rainfall extremes.
We aim to identify synoptic-scale situations that generate conditions conducive to mesoscale

convective processes being triggered.

4.2.4 Methods

To examine the links between weather patterns and extreme sub-daily events, we calculated the
percentage of 3hr >40 mm events which coincide with each WP, where f = 100(Ng% /N&*t)
where N3 denotes the number of 3hr >40 mm events which occur on the same days as the
selected WP, and N¢** is the total number of extremes. This calculation was performed for each
country separately, to allow for the varying number of extreme events and record lengths in each
country. To account for the influence of WP relative frequencies on the coincidence results, the
probability of having a 3hr event >40 mm given a certain WP was calculated, for each WP and
each country. In this case p = Ng% /N"P | where NP represents the total number of summer
(JJA) days with the WP. This was determined for the common time period covered by the gauge

records in each country (1996-2015).

Composites of the z500 anomalies present on days with each WP and extreme rainfall are
generated by taking the mean of the anomalies at each gridpoint on these days. The difference
between days with a certain WP without extreme rainfall and days with the WP and an extreme
event is calculated by subtracting the mean z500 anomaly on all days with the WP and no 3hr
extreme event from the mean z500 anomaly on all days with the WP and a 3hr extreme event. The
statistical signficiance of the z500 anomalies on event days is also assessed. The 5™ and 95™
percentile confidence intervals were determined for each WP using seasonal bootstrap resampling
500 times on all summer dates with the WP (and no 3hr extreme event) for the given country. Areas

with mean z500 anomaly on event days which are above or below these confidence intervals are
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then identified as regions with anomalies which are statistically significant at the 90" percentile

level.

4.3 Results

4.3.1 WZPs associated with 3hr rainfall events over 40 mm threshold

For southern and Mediterranean regions of western Europe (France, Catalonia and Portugal), most
3hr 40 mm events coincide with WPs 1, 2, 5 and 6, while Catalonia and Portugal have a high
proportion from WP10 (Figure 4.4); over 55% of the 40 mm events come from these 5 WPs (see
Table 4.1). Portugal shows a very strong peak for WP29 however, this is likely influenced by the
low number of events over the 40-mm threshold recorded in Portugal in summer. The percentage
of events under each WP in autumn in Portugal is shown in Appendix Figure B1 and this also
shows the strong peak in WP29. Given the strong low pressure anomaly over Ireland in WP29, the
westerly winds reaching Portugal from the Atlantic likely provide the source of moisture for
extremes to occur. The significantly higher number of events recorded in Catalonia is partly due
to the fact 40 mm represents a lower part of the distribution here (Whitford et al., 2023) and also

that the denser gauge network enables more events to be captured.

For central and Alpine regions (Belgium, the Netherlands, Germany, Switzerland, Austria), a
limited number of WPs (1, 2, 5, 6 and 11) are associated with 3hr rainfall extremes (Figure 4.5),
although Belgium also has a high proportion of events under WP7. Each country (except
Switzerland) has >15 % of events above 40 mm coinciding with WP5 and WP6, indicating these
WPs are associated with conditions favouring extreme rainfall development across central Europe.
Interestingly, for Switzerland and Austria the top 5 WPs account for only 56.9% and 48.2% of 3hr
events over 40 mm respectively, whereas for Germany, Belgium and the Netherlands it is near to
or over 60% (60.9%, 69% and 70% respectively — Table 4.1). This suggests that 3hr extreme
rainfalls occur under a wider range of large-scale atmospheric conditions in the Alps than in the
Low Countries, possibly due to the potential for convection initiation through the ‘Alpine
pumping’ mechanism (Graf et al., 2016; Kahraman et al., 2022). This mechanism aids in the
triggering of thunderstorms over mountainous regions where local winds converge (due to
mountain-valley circulations), leading to low-level rising motions and enhanced probability of
convection-driven rainfall, especially during periods where large-scale circulation is weak and
moisture is already present (Giorgi ef al., 2016; Kahraman et al., 2022). The high number of events
in Germany is influenced by the much higher gauge density here, allowing for more occurrences

of threshold exceedance to be recorded.
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Austria 14.8 48.2
Belgium 2 23 7 21 6 9.6 5 77 11 7.7 69
Catalonia 5 159 1 157 6 96 10 7.6 2 74  56.2
France 1 21 2 158 11 105 7 8.7 5 7 63
Germany / 157 2 138 5 1.6 o6 101 11 97 609
Ireland 5 273 3 182 & 182 1I 182 7 9 90.9

Netherlands 11 22 1 18 6 14 2 8 5 8 70

Norway 7 18 3 16 5 16 8 14 2 10 74
Portugal 29 21 4 157 1 105 6 105 10 105 68.2
Sweden 1 18 3 131 5 131 2 82 I1I 82 60.6

Switzerland 1 166 1] 12 5 102 2 9.9 8 82 569

UK 6 20 11 174 1 9.7 5 9.5 2 6.5 63.1

Table 4.1: The top 5 ranked weather patterns with the highest percentage of 3hr periods with >40 mm
rainfall in each country and the total proportion of the events that occur under these weather patterns.

In northern Europe (Ireland, the UK, Norway and Sweden) there is a geographical divide in WPs
associated with extreme 3hr rainfall (Figure 4.6). For the UK, Ireland and Sweden a high
percentage of events occur under WP11 but this strong event coincidence does not appear in
Norway. WP11 shows a west or south-westerly flow, where moisture from the Irish sea is forced
to rise over the Pennines in England and Highlands in Scotland (Wilkinson and Neal, 2021). In
Norway, Sweden, and Ireland WP3 is important in generating 3hr extreme rainfall, but this is not
the case for the UK. WP5 is important across the whole region, while WP6 is most strongly
associated with UK 3hr rainfall but is not important elsewhere in northern Europe (see discussion
on Spanish Plumes in section 4.3.2). Disparity in results between the UK and Ireland is likely due
to only 11 events above the 40 mm threshold being recorded in Ireland. Northern European
countries all have over 60% of recorded 3hr 40 mm events occurring under the top 5 WPs (Table

4.1).
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Figure 4.4: The frequency f (%) of 3hr >40 mm events coinciding with each of the MO30 weather
patterns in southern European regions, a) Portugal, b) France, and c) Catalonia. The number of events
and the number of days with events over the threshold are given in the top right corner of each panel.
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Figure 4.5: The frequency f (%) of 3hr >40 mm events coinciding with each of the MO30 weather
patterns in central European regions, a) Austria, b) Belgium, c) Germany, d) Netherlands, e)
Switzerland. The number of events and the number of days with events over the threshold are given in
the top right corner of each panel.
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Figure 4.6: The frequency f (%) of 3hr >40 mm events coinciding with each of the MO30 weather patterns
in northern European regions, a) Ireland, b) Norway, c) Sweden, d) UK. The number of events and the
number of days with events over the threshold are given in the top right corner of each panel.

For all regions examined, some WPs never contribute substantially to the occurrence of summer
3hr extreme rainfall events. These include WP4 and WP9, and most of the patterns between WP12
and WP30. The small number of WPs responsible for most 3hr extreme rainfall events in each
country indicates that a relatively small set of synoptic-scale atmospheric conditions cause summer
sub-daily rainfall extremes in western Europe. Table 4.1 shows that in all countries, 25% of all 3hr,
40 mm events occur in just two WPs, and up to 35% in several cases. WPs associated with
summertime 3hr rainfall extremes here are nearly all lower numbered patterns, which as discussed
in Section 2 and shown in Figure 2, means they occur more frequently in summer. There is a
significant decrease in the frequency of events associated with the WPs beyond pattern 13, which

would be expected based on WP frequencies in summer.

To account for the influence of WP relative frequencies on the results, the probability p of having
a 3hr event > 40 mm given a certain WP was calculated, for each WP and each country. This also
provides useful information for forecasting, providing the probability of a certain region

experiencing at least one extreme event for any given WP (Wilkinson and Neal, 2021). Figure 4.7
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shows the probability of a 3hr >40 mm event for each WP for a selection of countries within
western Europe (Germany, Switzerland, UK, Catalonia). The binomial proportion confidence
intervals of the probabilities (black lines) were calculated using the method of Wilson (1927). The
dashed line in each plot represents the probability of an event over the threshold, regardless of the
WP (number of days with events/number of days in record). The confidence intervals in each case
become much larger towards the higher numbered weather patterns. This is due to the low
frequency of these patterns, which increases the uncertainty in probability estimates due to the
very small sample size, meaning the probability is strongly influenced by just one or two days with
an event under the WP. Therefore, in this analysis we focus on the WPs with a probability of >0.1

and confidence interval <0.2, shown in red in Figure 4.7.
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Figure 4.7: Probability (p) of experiencing a 3hr >40 mm rainfall event under each WP for a) Catalonia,
b) Germany, c) Switzerland and d) UK. Lines indicate the Wilson confidence interval score. Red lines for
WP that meet criteria of probability > 0.1 and confidence interval <0. Dashed line indicates probability of
having a 3hr 240 mm event regardless of the WP,

Figure 4.7 shows that the WPs most strongly associated with 3hr >40 mm events (Figs. 4-6) nearly
all have a probability higher than would be expected if the events were evenly distributed across
all WPs, as shown by the dashed line (Figure 4.7). In Germany, Switzerland and Catalonia, WPs
1,5, 6 and 11 all have a probability above the ‘random chance’ line, with the same for Catalonia
except with WP10 instead of WP11. This indicates that despite the relatively frequent occurrence

of these WPs there is still an unusually high associated probability of experiencing a 3hr extreme
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rainfall event. For the UK and Switzerland, WP11 has the highest probability of 3hr rainfall
extremes with a probability of around 0.2. In Germany and Catalonia, WP6 has the highest
probability of 3hr extreme rainfall (0.26 and 0.19 respectively). These results indicate that WPs
associated with the highest proportions of extreme events also (except WP2) have the highest
probability of an event occurring under that WP. This result holds for the rest of the countries
analysed (not shown). The probabilities of 3hr events under the most important WPs are very high
considering these are local-scale, short-duration rainfall events. In a similar study investigating the
relationship between the MO30 WPs and significant thunderstorm days in the UK, Wilkinson and
Neal (2021) found probabilities of 0.7-0.8 for the most strongly correlated WPs in summer. To
have a 20% chance of an extreme sub-daily rainfall event in a given region under a specific WP is
high, given the likelihood of missing individual extremes in the dataset. Especially considering the
difficulties of measuring and forecasting relationships between the extreme rainfall events and
atmospheric circulations, this is a significant result (Pfahl and Wernli, 2012b; Pfahl, 2014).
Looking at the WP present on the day before the extreme event occurred may increase the
probabilities of extreme event occurrence, as it may be the conditions from the day before, or even
the longer term persistence of particular WPs, that influence the development of extreme rainfall

in the following 24 hours. This would be an interesting feature for future research to investigate.

However, for lower numbered WPs, there is still only a small fraction of days on which WPs occur
that have extreme rainfall. In most cases, over 80% of WP days do not have extreme rain events
(Figure 4.7). Therefore, there must be a mesoscale feature(s) on days with extreme 3hr events that
favours the triggering of convective processes, or at least processes where a high rainfall rate may
be sustained for a significant amount of time (Doswell et al., 1996). This theory is examined further

in the next section using composites of z500 anomaly patterns on days with extreme 3hr events.

4.3.2 Comparison of 7500 anomalies to WPs on days with 3hr >40 mm event

To examine the large-scale conditions associated with 3hr rainfall extreme in more detail, we
examine the geopotential height anomalies at 500hPa (z500) for summer days with a given WP
and 3hr events >40 mm in each region. These results are then compared to the z500 anomaly
pattern composite for all days with the given WP. This enables a comparison between WP
climatological atmospheric conditions and WP atmospheric conditions on days with a 3hr rainfall
extreme, allowing identification of variations in large-scale flow potentially related to the
occurrence of extremes. For brevity only the WPs most strongly associated with extreme 3hr

events over western Europe are examined here —-WPs 1, 2, 5, 6 and 11.

The z500 anomaly composites for all JJA days with each WP (Appendix Figure B.3) are very
similar to the MSLP patterns (Figure 4.1). The anomalies appear stronger in the z500 patterns but
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otherwise the same features are highlighted in the same locations as they appear in the MO30

patterns.

For days with WP1 and 3hr events > 40 mm, each region shows the same pattern of a negative
z500 anomaly over the UK to Bay of Biscay, accompanied by a positive z500 anomaly to the east
and another to the west (Figure 4.8). The orientation axis of this trough varies from N-S to NE-
SW to NW-SE depending on the region examined, but each would enable southerly or south-
westerly flow over most of western Europe. On the forward side of an upper-level trough, positive
vorticity advection (PVA) can occur, which in this case would lead to PVA enhancing divergence
at 500hPa or higher. This upper level divergence would subsequently lead to convergence at low
levels, with ascent on the forward side of the trough leading to conditions prone to triggering of
convective activity (Weder ef al., 2017). This low-level convergence could also lead to an increase
in moisture near to the surface and increase the chance of triggering thunderstorms where there is
instability aloft. The ‘ingredients’ theory of Doswell et al.(1996) indicates that flash-flood
producing storms require a combination of three key ingredients, namely; a conditionally unstable
air parcel, sufficient low-level moisture and a process to lift the moist air parcel to its level of free
convection. The PVA enhanced divergence associated with an upper level trough could therefore
help to trigger ascent that leads to rainfall extremes through horizontal convergence in the lower
troposphere increasing available moisture and lifting motion in the mid-troposphere (Champion et
al., 2019). Therefore, there appears to be a combination of factors driving the extremes on days
with WP1. For Germany, Switzerland, and inland Catalonia the aforementioned Alpine pumping
mechanism may play a role (due to weaker z500 gradients here), alongside increased PVA in front
of the trough, while the UK lies under a strong negative anomaly which may be connected to a

shortwave trough.
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Figure 4.8: z500 composite anomaly maps on days with WP1 and 3hr >40 mm rainfall in a) Catalonia,
b) Germany, ¢) Switzerland and d) UK. The z500 anomalies are shown on colour scale and mean z500
in black contours (m).

For days with WP2 and 3hr extreme rainfall events, the zZ500 anomaly composites are more varied
between regions. Whilst still roughly resembling the standard WP2 configuration, the negative
anomaly to the NW of Ireland is stronger, as is the positive anomaly over Scandinavia (Figure 4.9).
The orientation of the ridge and trough are aligned in each case, with an approximately NW-SE
orientation (N-S in the UK) which would favour southerly or south-westerly flow over each of the
study regions. This negatively-tilted trough orientation is relatively rare and is often associated
with severe weather due to the deepening low pressure at the surface and increasing vertical wind
shear (Clark and Webb, 2013). Large-scale forcing for ascent can also occur ahead of a strong
upper-level trough, triggering deep convection (Grams and Blumer, 2015; Giannakaki and

Martius, 2016).
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The N-S orientation of the trough in most cases suggests it may potentially be conducive to the
development of a ‘Spanish plume’, where unstable, moist air is drawn up from the Iberian
Peninsula along the leading edge of the trough, towards the UK (Morris, 1986; Wilkinson and
Neal, 2021). Lewis and Gray (2010) describe a N-S oriented trough in this location as a ‘classical’
Spanish plume, allowing the transport of unstable, moist air from France/Iberia capped by warm,
dry air from the Spanish plateau towards more northerly or north-eastern regions. This transport
of an elevated mixed-layer northwards from Iberia leads to a large-scale environment favourable
to thunderstorm development by mesoscale processes (Lewis and Gray, 2010). For Catalonia, the
localised negative anomaly over the region suggests the extreme 3hr rainfall is associated with this
feature, as an extension of the larger trough to the north. On reaching the highland areas of

Catalonia, lifting of unstable, moist airmasses around the low’s centre could result in extreme

precipitation (Doswell et al., 1996; Merino ef al., 2016).
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Figure 4.9:2500 composite anomaly maps on days with WP2 and 3hr >40 mm rainfall in a) Catalonia,
b) Germany, c¢) Switzerland and d) UK. The z500 anomalies in colours and the mean z500 in black
contours (m).
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For days with WP5 and extremes, the z500 anomaly composites for each region are similar to the
standard WPS5 day, except for Catalonia which shows a much stronger and smaller negative
anomaly over the western Mediterranean. For other regions the main change is an increase in high
pressure area over Scandinavia and a shift in trough location to the west of this (Figure 4.10). The
trough to the north-west again has a negatively (NW-SE) tilted orientation in each case and may
extend as far south as Iberia, leading to south or south-easterly flow over much of western Europe.
The forward-tilted trough (NW-SE) here, and cut-off formation in the case of Catalonia, indicates
a ‘modified’ Spanish plume type (as defined by Lewis and Gray 2010). This synoptic setup has
been linked to severe convective storms across many parts of western and central Europe (Delden,
2001; Piper and Kunz, 2017; Wilkinson and Neal, 2021). Relatively weak upper-level circulation
in the composites for Germany and Switzerland suggest the Alpine pumping mechanism may also
contribute to rainfall extremes here. Additionally, the increased strength of the ridge over
Scandinavia may result in blocking of the low to the west, particularly for the UK and Catalonia,

resulting in longer lasting rainfall events in these regions.
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Figure 4.10: z500 composite anomaly maps on days with WP5 and 3hr >40 mm rainfall in a) Catalonia,
b) Germany, c¢) Switzerland and d) UK. The z500 anomalies in colours and the mean z500 in black
contours (m).

On days with WP6 and extreme events, for all regions where this WP is important, the most
significant difference to the standard WP6 z500 anomaly pattern is the development of a spatially
restricted, strong negative anomaly over Iberia/southern France, located to the south of a strong,
zonally elongated ridge across the UK and southern Scandinavia (Figure 4.11). The negative z500
anomaly over, or to the east of, Iberia has the appearance of a cut-oft low (COL). COLs are often
associated with extreme rainfall along their north-east flank and the presence of the strong ridge
to the north would reduce the movement of the COL, potentially stalling it over a region for some
time, allowing substantial rainfall to occur over the affected area (Mohr ef al., 2020; Prein et al.,
submitted). Ascent along the fronts associated with the cyclone can also induce lifting, leading to
heavy rainfall (Pfahl, 2014). A strong connection between COLs and sub-daily extreme rainfall
has already been identified for the US (Barbero et al., 2019b). The high proportion of 3hr extremes
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associated with WP6 suggests this may also be the case in western Europe; however, further

investigation of this connection is outside the scope of this study.
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Figure 4.11: z500 composite anomaly maps on
days with WP6 and 3hr >40 mm rainfall in a)
Catalonia, b) Germany and c) UK. The z500
anomalies in colours and the mean z500 in
black contours (m).

Finally, the z500 anomaly spatial pattern on days with WP11 and extreme events is spatially very
similar to the standard WP11 z500 pattern (Figure 4.12). There is a strong increase in the intensity
of the negative anomaly, but the positioning remains consistently to the NW of Brittany. An intense
low pressure centre in this location would lead to strong southerly flow, with the potential to bring
unstable, moist air up from Iberia/Bay of Biscay over the study region with divergence aloft,
resulting in deep moist convection where local features cause lifting to occur (Doswell et al.,
1996). For Switzerland the orientation of these features results in a strong southerly flow towards
the Alps, indicating lifting of moist, warm air could occur here (Giannakaki and Martius, 2016). It

is interesting to note the slight change in orientation of the low and resultant flow for each country,
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with a change to a position allowing more southerly or south-westerly flow over the affected area

each time.

Figure 4.12: z500 composite anomaly
maps on days with WP11 and 3hr >40
mm rainfall in a) Germany, b)
Switzerland and c¢) UK. The z500
anomalies in colours and the mean
2500 in black contours (m).

The difference in z5S00 anomalies between WP + event days and WP non-event days and the
statistical significance of the anomalies on WP + event days were investigated for each country for
each of the 5 WPs. This is useful information from a forecasting perspective as it provides insight
on how the intra-WP conditions associated with extremes differ from those not associated with the
extremes. The results of this analysis for WP6 in the UK are shown in Figure 4.13 and for the
remaining WPs in Appendix B. These results clearly indicate the differences in the z500 anomalies
on WP6 days with a 3hr extreme event compared to days without a 3hr extreme (Figure 4.13a, b)
and shows the z500 anomalies on event days are statistically significant at the 90" percentile level

(Figure 4.13c). This therefore supports the previous discussion of WP6 by showing how the
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development of the low pressure anomaly over Iberia is significantly different to a standard WP6

day, indicating this is connected to the occurrence of extreme rainfall events.

Figure 4.13: Results of significance testing of the z500 anomalies on event days. a) the mean z500
anomalies on days with WP6 + 3hr >40 mm event in the UK. B) mean z500 anomalies on days with WP6
and no extreme even in the UK. The colours are z500 anomaly (m) and black contours mean z500 (m).
¢) The difference between a) and b). Colours are the mean z500 anomaly difference between (a) and (b)
and the stippling shows areas where the mean z500 anomaly on event days (from (a)) are above the 95"
percentile (dots) and below the 5" percentile (hashes) limits from the bootstrap of all WP6 days without
an event (b).

4.4 Discussion

We have examined 3hr rainfall extremes at rain gauges across western Europe and determined
spatio-temporal relationships between these and large-scale WPs. Variations in available gauge
density mean results for some regions are more robust than others (e.g. the UK compared to

France) and the localised nature of 3hr rainfall extremes, being mainly from convective systems,
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means many events will be unrecorded by gauges (see, e.g. Lengfeld et al., 2020, Flack et al.,

2019), meaning there may be more events associated with each WP than we are able to show here.

The analysis of WPs associated with 3hr rainfall events above a 40 mm threshold has shown that
from 30 WPs, just 5 account for the vast majority of 3hr extremes across western Europe. These
are all low-numbered WPs which occur more frequently in summer and have generally weak
MSLP anomalies. The high proportion of 3hr events occurring under a small number of WPs
suggests strong links between particular large-scale atmospheric circulations and triggering of sub-
daily rainfall extremes. Richardson ef al. (2020) also identified a small number of lower-numbered
WPs as important for UK extreme daily rainfall events in summer. They found that typical winter
WPs 19, 21, 22 and 29 had the highest probability of being associated with an extreme daily event
in summer, while WPs 7, 8 and 11 were also strongly associated with daily extremes above the
90" and 95" percentile. However, as noted earlier and in Richardson et al. (2020), these winter
patterns occur very rarely in summer and so the high probabilities associated with these patterns
should be treated with caution. Richardson et al. (2020) agree with our assessment that WP11 is
important for summer daily rainfall extremes; but not WPs 1, 2, 5 and 6, which are shown to be
very important for the UK for 3hr extremes here. This suggests the 3hr extremes occurring under
WP11 may be part of longer rainfall events, while the extremes under the lower numbered patterns
are likely shorter, convection-driven events, highlighting the importance of investigating the
drivers of sub-daily extreme rainfall events separately from driers of longer-duration extremes. A
final specific point of interest is that WP6 is here shown to be associated with a high frequency of
sub-daily rainfall extremes in the UK, while Richardson et al. (2018) found this WP to be
associated with droughts in the UK.

Wilkinson and Neal (2021) investigated relationships between MO30 WPs and thunderstorm days
over the UK. They found WPs 5, 8, 11, 16, 21 and 22 had high thunderstorm probability in summer.
While WP5 and WP11 also have high extreme rainfall probability here, the other patterns are not
strongly associated with 3hr extremes in the UK, although WP8 has high proportions of events in
Norway and Ireland, which may be linked to thunderstorm occurrence under WP8. The Wilkinson
and Neal (2021) study did not identify WP6 as being important for thunderstorms over the UK.
This may be related to the convective available potential energy (CAPE) and upper-level wind
conditions associated with the weather patterns. While strong CAPE and strong winds aloft
(associated with the higher numbered patterns 16-22) are conducive to lighting/hail these
conditions may then propagate quickly, reducing the rain falling at a specific location. The lower
numbered patterns (5-11) with weaker MSLP gradients are more likely to be associated with

weaker winds aloft, with the resulting slower propagation allowing more rain to fall over a specific

84



location leading to increased rainfall depth (Doswell et al., 1996; Pucik et al., 2015; Mohr et al.,
2020). This comparison indicates that different WPs are associated with different hazards, and
therefore investigation of the relationship between individual hazards and WPs is beneficial to

improving understanding of the large-scale conditions that may lead to different types of extremes

(PUcik et al., 2015).

The investigation of the z500 anomalies associated with extreme sub-daily rainfall days for each
WP has revealed the presence of distinct variations in the large-scale flow on these days. The WPs
represent a mean state of a multitude of possible atmospheric configurations, so it is expected that
within each WP there is variability in the intensity and location of features and in their spatial
extent (Neal et al., 2016; Wilkinson and Neal, 2021). However, despite this, we find that triggering
of 3hr extreme rainfall under each WP is linked to a distinct z500 anomaly pattern. The presence
of an anomalous southerly or south-westerly flow along the eastern side of a trough positioned
over the western European coast is particularly prevalent in connection with 3hr rainfall extremes
across much of western Europe. This pattern has been observed in numerous studies investigating
thunderstorm activity (Sibley, 2012; Piper ef al., 2016, 2019; Mohr et al., 2019; Wilkinson and
Neal, 2021) and extreme rainfall in central and western Europe (Pfahl, 2014; Giannakaki and
Martius, 2016; Merino et al., 2016, Brieber and Hoy, 2019). This flow pattern supports the
advection of convection-favouring (and often conditionally unstable) air masses originating in the
subtropics into Europe along the eastern flank of an upper level trough (Mohr ef al., 2019; Piper
et al., 2019). The shifts in the positioning of the upper-level trough when examining the z500
composites for different countries highlights the importance of this southerly or south-westerly
flow, with (potential) lifting along the leading edge of the trough (or low-pressure centre) to
generate conditions favourable to 3hr rainfall extremes. As the short-duration rainfall events
investigated here are mostly convective in origin, the similarity between large-scale conditions
associated with thunderstorms is expected. However, these thunderstorm studies generally focus
on identifying periods of enhanced lightning activity and thus storms resulting in heavy rainfall
without accompanying lightning are not included in these datasets. Therefore, our study provides
more comprehensive understanding of large-scale atmospheric conditions associated with

summertime extreme rainfall and subsequently has greater relevance for flash flood forecasting.

While most studies of summertime convective phenomena in Europe have focussed on
thunderstorms, a few have explicitly examined daily and shorter (e.g. 1-hour) rainfall extremes.
Champion ef al. (2019) found 3hr extremes in SE England were associated with a negative MSLP
anomaly over Iberia and France and a positive MSLP anomaly over the northern UK, reminiscent

of MO30 WP5. For extremes in NW England, a positive MSLP anomaly was present over the UK
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accompanied by a negative anomaly in relative humidity and westerly winds, a situation the
authors took as being indicative of orographically-enhanced rainfall occurring — this resembles
MO30 WP6. Similarly, Allan et al. (2019) found that one to four days day prior to the heaviest
200 3hr events in 6 regions across the UK, a negative MSLP and z200 anomaly was present to the
west or southwest of the UK. These anomalies were associated with anomalous cyclonic southerly
airflow, transporting moisture from the south/southwest, as seen in many cases in this study. The
study of hourly rainfall extremes in 22 cities in German by Haacke and Paton (2021) also found a
high proportion of events (34%) were associated with southerly flow related to a trough over
western Europe, with a further 14% associated with south-westerly airflow. Brieber and Hoy
(2019) found, for a region in central Germany, 15-min rainfall extremes were most common under
southerly or easterly inflow from warm continental air and when there was a trough over western
Europe. Weder et al. (2017) looked at the MSLP and z500 composites for the days with DWD
weather types most frequently associated with summertime hourly extreme rainfall at the Hamburg
weather mast. Their results indicated an upper-air trough just to the west of Hamburg, with
southerly airflow and vertical lifting occurring ahead of the trough. On many days there is also a
ridge over Scandinavia leading to increased upper-level cyclonic motions above northern
Germany. The authors also mention that a strong jet stream over Germany, with weak near surface
wind on these days, could result in even stronger convective activity. Finally, Mohr et al. (2020)
show that the flash flood producing extreme thunderstorms in the May-June 2018 period occurred
under a synoptic situation very similar to the WP6 z500 analysis shown here. In their case, the
high-pressure ridge over Scandinavia blocked the passage of successive COLs that formed on its
upstream edge, resulting in a ‘locally enclosed geopotential minimum over the Bay of Biscay’.
These results all indicate that our findings of WPs with an upper-level trough over western Europe,
causing large-scale flow transporting moist air masses from the south or southwest (WP1, 2, 5, 6
and 11), being strongly associated with extreme sub-daily events in western Europe are robust and
agree with previous, smaller-scale studies. Additionally the results from Weder ef al. (2017) and
Mohr et al. (2020) support the apparent importance of the high pressure anomaly over Scandinavia
in WP2, WP5 and WP6 causing 3hr rainfall extremes, while the COLs in Mohr et al. (2020) are

reminiscent of the zS00 minima seen in days with 3hr extremes under WP6.

These large-scale flow patterns induce the advection of warm and moist air masses from west and
southwest of the study region, often over the Iberian Peninsula and when this occurs in
combination with an elevated mixed layer, a Spanish plume can develop (Morris, 1986; Lewis and
Gray, 2010), resulting in conditions favourable to development of convective storms across much
of north-western Europe. Lewis and Gray (2010) state their ‘modified’ Spanish plume can often

result in the formation of a cut-off low. Here we have identified that zZS00 anomalies on days with
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WP6 and extreme events feature a COL over Iberia. It is therefore feasible that in some situations
the modified Spanish plume of WP5 may transition into the ridge and COL of WP6. Barbero et
al., (2019b) found that COLs contributed disproportionately (relative to their frequency) to the
occurrence of hourly annual and seasonal maxima in the US. The high proportion of 3-hour events
across Europe associated with WP6 suggests such a connection may also be present in this region.
Indeed, the fatal flash flooding in Germany in July 2021 has been associated with a strong COL in
the region (Kreienkamp ef al., 2021) and the extended period of flash flooding related to
thunderstorms in early summer 2018 has been linked to multiple transitory COLs (Mohr et al.,

2020).

The presence of a wave pattern in the geopotential height anomalies under WP1 and WP2 for many
of the regions studied here indicates a more meandering jet (less zonal), potentially associated with
blocking of the westerly flow. If such blocking occurs in the days before a rainfall event, it could
allow heat to build up in the regions under the high pressure, especially in summer when dry soils
mean the solar radiation is heating the ground rather than evaporating surface water (Allan et al.,
2019; Mohr et al., 2019) The subsequent introduction of warm, moist airflow can create conditions
conducive to the generation of intense rainfall (high energy unstable atmosphere and moisture)
(Allan et al., 2019). Blocking systems have been shown to increase the odds of heavy 1-day and
3-day precipitation in the areas to the southwest and southeast of the blocking anticyclone
(Lenggenhager and Martius, 2019) and Mohr et al. (2019) identified blocking over southern
Sweden and the Baltic Sea in particular leads to an increase in the probability of thunderstorms
over western and central Europe. This is thought to be due to decreased stability and increased
moisture in the area from transport of warm, moist air masses from the southwest along the western
flank of the blocking system, resulting in convection-favouring conditions. Additionally, Sauter
et al. (2023) found extreme hourly rainfall was more likely to occur after a heatwave than for
climatology in mid-latitude regions including Europe. Therefore, this could also be a factor in the

relationship between 3 hour extremes and WPs with a blocking component over Europe.

4.5 Conclusions

We examined the relationship between large-scale atmospheric circulation and summertime 3hr
rainfall events above 40 mm across large parts of western Europe. Large-scale circulation
variability is represented by weather patterns (WPs) based on MSLP and composites of
geopotential height at 500hPa. We found that during summer, a small number of WPs are
repeatedly associated with 3hr extreme rainfall events across western Europe. These WPs typically
occur in summer, according to the ordering system used in their development (Neal et al., 2016).

WPs 1,2, 5, 6 and 11 were found to cause extreme 3hr rainfall events across most of Europe while
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WPs 7 and 8 are also associated with 3hr extremes in Belgium, France, Norway and Ireland. Whilst
MSLP patterns on their own do not provide an obvious mechanism for sub-daily extreme rainfall,
examining their z500 anomalies reveals more information on the large-scale drivers. All WPs
important for 3hr rainfall extremes have a southerly or south-westerly flow component across
western Europe, bringing warm and moist air from regions to the south. In many cases this occurs
along the leading edge of a trough, resulting in increased dynamical ascent due to PVA (Pfahl,
2014). There is often also a blocking ridge present over the Scandinavia/Baltic Sea region. In
summary, 3hr extreme rainfall events in western Europe are connected with WPs that provide at
least two of the three key ingredients for convective rainfall triggering (lifting, instability or
moisture), with the final ingredient being delivered by mesoscale processes (Doswell, 1987;
Doswell et al., 1996). The presence of blocking (e.g. the Baltic sea) may enhance conditions
conducive to development of convective activity as observed by Mohr et al. (2019, 2020). There
is also a propensity for extremes to be associated with patterns which indicate a Spanish plume

moving over western Europe (Morris, 1986; Lewis and Gray, 2010; Wilkinson and Neal, 2021).

Knowing which WPs are likely to be associated with extreme sub-daily rainfall has potentially
beneficial applications for forecasting, as having an initial indication for early-warning of these
events would help to identify periods with increased risk of (flash) flooding (Flack et al., 2019;
Richardson et al., 2020; Wilkinson and Neal, 2021; Mastrantonas ef al., 2022b). While the WPs
alone may not be sufficient as a predictor of extremes, the addition of the z500 anomalies greatly
increases the ability to statistically identify extreme rainfall-producing WPs from non-extreme
patterns. This benefit of the z500 parameter was also identified by Weder et al. (2017) for sub-
daily extremes in Germany. As the current forecast warning time for sub-daily extremes is so short,
a method to extend this lead time using forecasts of large-scale dynamics would be highly
beneficial, enabling greater preparedness and helping to reduce the risk to infrastructure and lives

from associated flash flooding (Flack ef al., 2019).

Richardson ef al. (2020) have already shown the feasibility of using the MO30 patterns to forecast
periods with higher risk of fluvial flooding several weeks ahead using the 30 WPs. Similarly,
Wilkinson and Neal (2021) used ensemble outputs to create forecasts of UK thunderstorm
probability based on the projected probabilities of MO30 WP occurrence. Their single case study
result showed a signal for thunderstorms several days in advance, with the predicted location of
the storms matching the observed occurrence. Based on the relationships found here, a similar
method of forecasting periods with increased risk of sub-daily rainfall extremes (and therefore
flash flooding) would be feasible. While the 3hr 40 mm threshold chosen here may not be

representative of flash flood inducing rainfall everywhere within western Europe, it would be
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possible use local thresholds. This would provide increased confidence in forecasting of sub-daily
rainfall extremes several days ahead, a large improvement on the current several hours ahead
(Flack et al., 2019). Including the z500 anomalies in these forecasts would allow even greater
confidence in the results, as they can provide greater detail on the potential location of the
extremes. As the z500 variable is already included in forecast models this would be an easy step
to take. The inclusion of further variables such as integrated water vapour transport could provide

even greater confidence in the forecasts (Lavers et al., 2016; Wilkinson and Neal, 2021).

Links identified here between MSLP-based WPs (and z500) and sub-daily rainfall extremes could
be used in climate modelling of future changes in these extremes. Climate models are much better
at representing large-scale atmospheric patterns than small-scale rainfall and so these relationships
could be used as a proxy for how the frequency and distribution of rainfall extremes may change
in future climate (Chan et al., 2018a, 2023). An investigation of future changes in the frequency
of MO30 patterns and associated changes in climatological temperature and rainfall in the UK has
already been performed by Pope ef al. (2022), finding an increase in dry and calm weather types
in summer, while Cotterill ez al. (2023) examined the change in frequency of the weather patterns
in autumn, linking this to a reduction in the number of extreme daily rainfall events. The actual
weather patterns themselves will likely change in the future, due to changes in circulation such as
extension of the Azores high driven by global warming (Cresswell-Clay et al., 2022). This would
lead to future changes in the relationships between the weather patterns and extreme rainfall,
however, this phenomenon (within-pattern changes) has not yet been investigated. The
quantification of these relationships between WPs and extreme rainfall could also be used to
improve the statistical downscaling of sub-daily hydrological impacts from future climate

scenarios (Weder et al., 2017; Rau et al., 2020).
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Chapter 5

Rossby Wave Connections to Sub-daily Rainfall Extremes

5.1 Introduction

Having identified in Chapter 4 that links between large-scale dynamical drivers and sub-daily
rainfall extremes in Europe are possible to identify in weather patterns used in forecast models,
this chapter investigates whether these links exist for even larger scale dynamics. As discussed in
Section 1.6, Rossby waves are planetary-scale waves which can be identified through a variety of
different methods and have been shown to contribute to multiple types of extreme weather events
globally (Platzman, 1968; Rothlisberger ef al., 2019; Ali et al., 2021; de Vries, 2021; Xu et al.,
2021). Previous analyses of connections between Rossby waves and extreme weather have
predominantly focussed on the connections with temperature extremes. While several studies have
identified clear links between Rossby wave or jet stream activity and extreme heat or cold events
(Schubert et al., 2011; Petoukhov ef al., 2013; Raéthlisberger et al., 2016b, 2019; Fragkoulidis et
al., 2018; Kornhuber et al., 2020; Xu et al., 2021), only a handful have examined the same
connections for extreme rainfall events. Those that have looked at rainfall have only looked at
daily or longer events and have generally focussed on winter rather than summer events
(Rothlisberger et al., 2016b; Kornhuber et al., 2019; Ali et al., 2021; de Vries, 2021; Barton ef al.,
2022).

Most of the methods used to identify Rossby waves make an assumption that the waves must be
small amplitude and linear. However most observed waves do not conform to these assumptions,
having large amplitude or showing strongly non-linear behaviour such as wave breaking or cutoff
formation (Ghinassi et al., 2018). The finite amplitude wave activity (FAWA) index created by
Nakamura and Zhu (2010) was developed as a solution to this problem as it obeys exact
conservation relations even for large-amplitude waves. The FAWA index can be calculated from
atmospheric data and is defined in terms of the meridional displacement of a potential vorticity
(PV) contour from a suitably defined, zonally symmetric reference contour; it possesses an exact
conservation relation alongside an exact non-acceleration theorem (Nakamura and Zhu, 2010;
Ghinassi et al., 2018). However, the FAWA index is defined by zonally averaged quantities and as
such is not well suited for diagnosing the dynamics of transient synoptic-scale Rossby waves.
Therefore, Huang and Nakamura (2016) created an extension of FAWA, the Local Finite
Amplitude Wave Activity (LWA) metric, which is capable of quantifying regional disturbances in
the atmospheric circulation (Martineau et al., 2017). The LWA is a function of both latitude and

longitude and recovers FAWA upon zonal averaging. This diagnostic provides information on the
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local waviness of the flow whilst remaining valid for finite-amplitude eddies (Huang and

Nakamura, 2016; Ghinassi et al., 2018).

The LWA has a benefit over previous metrics of waviness in that it can be calculated at each latitude
and longitude, allowing regional trends to be examined without having to make arbitrary regional
definitions (Blackport and Screen, 2020). It also takes into account both the meridional
displacement of contours and the strength of the zonal anomalies, providing a more robust measure
of waviness than methods investigating the meridional displacement of contours or measuring the
departures from zonal symmetry (Martineau et al., 2017). Since Huang and Nakamura (2016),
several studies have used LWA on 500hPa geopotential height contours instead of on PV contours.
These include Chen et al. (2015) who used the LWA calculated on z500 to describe four
midlatitude extreme temperature events. Their results indicated that the LWA was a natural
diagnostic of the atmospheric features (namely blocking) associated with these extreme events.
Blackport and Screen (2020) used LWA on z500 to measure the response of waviness in the mid-
latitude circulation to Arctic amplification. Martineau et al. (2017) used the LWA based on z500
to diagnose extreme wave activity events in the troposphere. The wave events were identified as
contiguous areas where the grid points had LWA > median LWA and the maximum value of LWA
over the event and its geographical coordinates were kept, with the LWA divided into its cyclonic
and anticyclonic components. Regional temperature extremes were found to be more likely under

the large-amplitude troughs and ridges of the wave events.

The LWA can be split into cyclonic (LWA-c) and anticyclonic (LWA-a) components, which
highlight regions of anomalous troughs and ridges. Martineau et al. (2017) found that these
components have different climatological behaviour, with anticyclonic LWA having a bigger effect
on wave activity in winter (DJF). The locations of the LWA-a and LWA-c winter activity
correspond to the winter location of stationary waves with a maximum in LWA-a found over the
UK and Alaska and the LWA-c maximum over northern Canada and the Sea of Okhotsk. The
anticyclonic and cyclonic components of Rossby wave activity thus have climatological locations
at longitudes corresponding to the jet stream exit and entrance regions respectively (Martineau et
al., 2017). Both components of wave activity weaken in summer months in the mid-latitudes and
undergo an eastward shift in the location of maximum activity in this season. This overall weaker
wave activity in summer may, in part, be explained by the reduced amplitude of planetary-scale
waves and their weaker baroclinicity (Randel, 1988; Martineau et al., 2017). Martineau et al.
(2017) also investigate the LWA climatology for z500 in both winter (DJF) and summer (JJA). For
winter, they find a European LWA maximum dominated by anticyclonic wave activity, while in

the northwest Atlantic the LWA maximum represents cyclonic wave activity. In summer the LWA
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amplitude is reduced over the Atlantic and Europe, while the European LWA maximum shifts to
the north following the poleward shift of the North Atlantic jet. Similar to Chen ef al. (2015), the
authors find cold and hot extremes are more likely to occur under the large-amplitude troughs and
ridges associated with wave events, suggesting large-scale wave trains may play an important role

in the frequency of these extremes in the northern hemisphere.

The meridional wind at 300 hPa (v300) is also used as a proxy for Rossby waves and has been
utilised in several studies investigating links with extreme weather events. Wolf et al. (2018) used
the v300 to assess the connections between quasi-stationary waves (QSW) and extreme
temperature events in Europe. Using a 7-day running mean to identify more persistent extreme
events, they showed the extremes are connected to very strong contemporaneous QSW amplitudes,
which are zonally elongated, indicating the extremes are connected not just to a local block but
also a strong, zonally extended and long-lived wave train. They also found similar results for
extreme precipitation events which are discussed further in section 5.4. Composites of v300 were
also used by Kornhuber ef al. (2020) to diagnose the presence of Rossby wave patterns with
wavenumbers 5 and 7 in the midlatitude circulation. They found that waves with these
wavenumbers exhibit preferred phase positions. High-amplitude waves with these wavenumbers
were also strongly associated with extreme heat events, particularly for the co-occurrence of these
events simultaneously in multiple regions. Kornhuber ez al. (2019) used spectral decomposition of
v300 to identify the phase and amplitude of Rossby waves, revealing a wavenumber 7 pattern
associated with persistent temperature and rainfall anomalies in the northern hemisphere in

summer 2018.

Quasi-stationary waves are waves with a phase speed close to zero. Such waves have been
identified as being connected to extreme weather events in recent investigations (Hoskins and
Woollings, 2015; Wolf et al., 2018; Kornhuber et al., 2019, 2020). Atmospheric QSWs that
influence extreme weather typically have anomalously high amplitudes that persist for longer than
synoptic timescales and are detectable in e.g. 14-day low-pass filtered data (Wills ef al., 2019).
Wolf et al. (2018) use a 15-day lowpass filter to identify slowly propagating waves in the v300
parameter. These filters mean the wave phase only needs to remain the same for ~7 days. However,
there is no official time related definition of QSW. In this thesis we examine the Rossby wave
activity over the 7 days before and 3 days after an extreme event - given the short timescale of the
rainfall events and the restricted ability of forecast models to provide a skillful forecast beyond 5-
7 days, this provides a time period within which a relationship between sub-daily rainfall and a
relatively slow-moving wave can be identified. Therefore, here we refer to waves which have a

phase speed close to zero for ~5 days as quasi-stationary.
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This chapter investigates the potential relationships between very large-scale dynamical drivers
(in the form of Rossby waves) and sub-daily rainfall extremes. This is done by examining the
large-scale circulation present on days with the 20 strongest 3hr rainfall events in Germany and
the UK using the LWA, z500 and v300 metrics. The data and methods used are in section 5.2, the

results in 5.3 and discussions in 5.4 with conclusions in 5.5.

5.2 Data and Methods

5.2.1 Local Finite Amplitude Wave Activity

While the LWA diagnostic was originally developed for use with PV (Huang and Nakamura, 2016)
it has since been used in association with the 500-hPa geopotential height (z500); as z500 is an
easily obtainable atmospheric metric that has already been widely used to investigate weather
extremes (Chen et al., 2015; Martineau ef al., 2017). This allows comparison with other studies of
extreme weather using geopotential height. The code used to calculate the LWA values used here
was kindly provided by R. Blackport from Blackport and Screen (2020). These values were
calculated following the methods of Chen ef al., (2015) and Martineau et al., (2017).

The calculation of wave activity relies on the determination of the equivalent latitude (¢.) for a

given line of constant geopotential height (z¢) (Eqn 1.)

JI.., cos¢ dAd¢g
2n

Pe(zc) =sin™'| 1-

Equation 1: Calculation of equivalent latitude
Here, z is the geopotential height, ¢ is the latitude and A represents the longitude. This equation
provides the latitude for which the total area enclosed between the latitude and the pole is
equivalent to the area where z is smaller than z.. The equivalent latitudes were calculated
separately each day to avoid any effects from the northward migration of geopotential heights due
to seasonal changes or global warming. The cyclonic (LWA-c) and anticyclonic (LWA-a)
components of LWA were then calculated for each latitude and longitude, where Z =z - zc and a is
the radius of the Earth (Eqn 2 and 3). The total LWA is then the sum of the cyclonic and
anticyclonic components. The total length of the line integrals of LWA-a and LWA-c are equal
when integrated around the northern hemisphere (Chen et al., 2015; Huang and Nakamura, 2016;
Martineau et al., 2017; Blackport and Screen, 2020). An illustration of the calculation of LWA is

provided in Figure 5.1.
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Figure 5.1: a) The displacement of a wavy
2500 contour (z.) with respect to its equivalent
latitude (¢.) (dashed line). In this case the
contour z¢(¢e = 500N) is shown for 13 Feb
1983. The wavy contour z. encloses an
area z500 <z that is equal to the area found
to the north of the equivalent latitude. By
definition, the regions shaded in red and blue,
used for the computation of LWA-a and LWA-c
components of LWA, respectively, are also of
equal surface area.

b) Values of LWA-a and LWA-c calculated at
all equivalent latitudes, with the ¢. for 500N
shown again.

Figure reproduced from Figure I in Martineau
etal. (2017).

The LWA data used in this study was calculated for each day from daily averaged 500-hPa
geopotential height data and is available as daily values at 1°x1° resolution for the period 1979-
2018 (Blackport and Screen, 2020). Here only the data for grid points between 20°N and 80°N
were used as the focus is on extratropical regions. Data above 80°N were excluded to avoid
spurious results due to the spherical nature of the Earth. The LWA at each grid point measures the
extent and magnitude of excursions of geopotential height to the north (ridges) and south (troughs),
including any cutoff lows and highs; this gives the extent/amplitude of waviness within the large-
scale flow (Blackport and Screen, 2020). In this thesis, we consider the LWA-a and LWA-c
separately to investigate the anticyclonic or cyclonic activity of the local anomalies; these highlight
local variations in activity (as Martineau et al. 2017). Large values of LWA-a correspond to

prominent atmospheric ridges while large LWA-c values are associated with troughs or cutoff lows.

A seasonal JJA climatology for the LWA components was calculated by averaging all JJA days

across all years (Figure 5.1). This is very similar to the climatology shown in Martineau et al.
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(2017) (their Figure 5) and therefore we are confident that the method used to calculate the LWA
here is robust. To account for intra-seasonal variation of the LWA climatology a daily climatology
was calculated and smoothed using a 45-day rolling mean. Several different rolling-mean lengths
were tested and 45 days was found to produce the smoothest climatology whilst still capturing
significant variations over time. This climatology is influenced by both the stationary waves and
transient waves. The smoothed LWA climatology was then used to calculate daily anomalies for
LWA-a and LWA-c at each grid point. Composites of the mean anomaly for each LWA component
on days with extreme rainfall events were then created, enabling the average wave activity on these
days to be examined. A climatology of the LWA calculated on the z500 climatology was also

plotted to show the location of stationary waves without the influence of transient waves.

5.2.2 Rainfall data

The rainfall data used in this analysis was taken from the observational gauge-based GSDR dataset
(Lewis et al., 2019, 2021). Only gauges with <15% missing data in the calendar year and at least
2 complete years of record are included. This missing data threshold was used to ensure only
gauges with less than 2 months of data missing were included, so there is a higher chance of having
relatively complete records over the summer months (the focus of this analysis). The 3hr data was
calculated from rolling window aggregations of 1hr data. The 3hr rainfall extremes are examined
using the n-largest approach (Blenkinsop et al., 2017). In this approach the top n .y events are
selected from the gauge record where 7 is the desired number of events and y is the number of
years. Therefore, if the gauge has a record length of 20 years and an » value of 1 is chosen then
the top 1 x 20 = 20 events will be selected. This removes an issue of the block maxima approach
where the maximum event in one year may be lower than several events in another year, but these
larger events are excluded from the analysis. Hence, the n-largest approach produces a more
comprehensive series of extreme events than may be achieved with the block maxima approach
(Blenkinsop et al., 2017). The analysis here uses an n=1 method and focusses on summer, so only
events occurring in June, July or August are selected (giving the largest seasonal events rather than
the largest annual events). The n-largest events were declustered in time to ensure their
independence from each other. Identifying independent rainfall events relies on determining the
minimum time required between events (tb) for them to be considered independent. To this end
the declustering procedure was carried out following the methods from Restrepo-Posada and
Eagleson (1982), who created a statistical method to calculate tb based on the assumption that
independent rainstorms follow a Poisson arrival process. To identify independent 3hr events, the
critical interarrival time (zb) required between wet periods for them to be considered independent
was calculated for each gauge, using the Restrepo-Posada and Eagleson (1982) algorithm. To

obtain independent events, all rainfall that is separated by b < thumin is considered to belong to a
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single storm. The value for th..» was iteratively increased until rainfall arrival times follow an
exponential distribution and are therefore independently distributed. The value of b where this
condition is met was then used as the time period required between events for them to be
considered independent. For each gauge the maximum continuous dry day (CDD) index value for
the closest grid cell of the GHCNDEX (Donat et al., 2013a) and HadEX2 (Donat et al., 2013b)
Climdex datasets was used as the upper bound on the duration of the dry spell between events. We
note here that longer periods without recorded rainfall may be present in the dataset due to missing
data or the removal of suspect data during the QC procedure (Lewis et al., 2021) and their presence
may bias the b estimates (Villalobos-Herrera et al., 2023). The tb value was then used to ensure

that the 3hr n-largest events were temporally independent events.

The n1-largest events were identified and the top 20 largest 3hr events for each country (Germany
and the UK) were then selected from this timeseries. These events are selected from the time period
from 1979-2015 to match the start date of the LWA data, although for Germany data is only
available from 1995, and in both countries GSDR gauge records end in 2015. Only events on
separate days were kept, i.e. if 2 events within the top 20 occur on the same day at different gauges
then only the largest event is kept and the 21 largest event is then chosen. Removing events
occurring on the same day ensures that the atmospheric conditions associated with events affecting
multiple gauges on a single day are not given extra weighting when the atmospheric composites
are computed over multiple events (Allan et al., 2019). The locations and intensity of these events
are shown in Figure 5.2. While examining rainfall by country does not necessarily provide the best
hydrological division, the gauge data is provided by country and trying to determine homogeneous
rainfall regions for several countries was outside the scope of this study. The countries chosen as

case studies are the UK and Germany due to the density and quality of hourly rain gauge coverage
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and their representation of two different rainfall regimes — with the UK having a maritime

influenced regime and Germany a continental regime.
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events in Germany and the UK.

The individual event intensity is

75 given in mm next to the gauge
recording the event (coloured dot).
Note in both cases there is one
gauge which recorded two of the
top 20 events so only 19 gauges are
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5.2.3 Geopotential Height Data

As in Chapter 4 we use ERAS geopotential height data at 500 hPa (z500) with a resolution of 0.25°
x 0.25° and 6-hourly timestamps. Here, the data were converted into daily data by averaging 6-
hourly data across the 24 hour period (0-6hr, 6-12hr, 12-24hr, 18-24hr) . Using the daily average
of 6-hourly data for the z500 maintains temporal consistency of these data with the LWA data. The

z500 anomalies were then calculated in several steps. Firstly, a climatology of the daily z500 was
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determined using a 45-day rolling mean (with the geopotential at 500hPa values divided by
9.80665 to get z500). Then for each day the climatology was subtracted from the z500 value to get
the anomaly at each grid point. This anomaly was then plotted for the desired days. The
standardised z500 anomalies were calculated by taking the standard deviation of the anomalies in
time and then dividing the z500 anomaly on desired days by this standard deviation. This enabled
the identification of areas with very small anomalies in regions which typically have very small

variability, which may otherwise be missed in plotting.

5.2.4 Meridional Wind Data

We used daily mean meridional wind at 300hPa data from ERAS for 1979-2016, to match the LWA
time period, with a resolution of 0.25°x 0.25°. A 45-day rolling mean climatology was calculated
and daily anomalies from this climatology determined. The anomalies on the days of the top 20
3hr rainfall events were extracted and composites of these days were created. The evolution of the
v300 in the days leading up to the extreme rainfall events were then examined using these

composites.

5.2.5 Temperature Data

We used the maximum daily 2m temperature hourly data from ERAS at 1° x 1° resolution. The
climatology of these data was calculated using a 30-day rolling mean and the daily anomalies
determined from this climatology. A shorter rolling mean was used for the temperature data than
for the atmospheric data given the lower variability of the former. To identify and compare the
temperature change at each rain gauge on the days surrounding the extreme rainfall event, the
temperature anomalies from the ERAS grid cell closest to the gauge were extracted. In each case
the composite anomalies were then normalised against the temperature climatology for this grid
cell, by subtracting the mean and dividing by the standard deviation. This allows the temperature

variation at gauges in different parts of Germany/the UK to be compared in anomaly space.

5.3 Results

Results are shown only for summer months, the same as Chapter 4.

5.3.1 Climatology

The climatologies for LWA cyclonic and anticyclonic components are shown in Figure 5.3. The
LWA anticyclonic climatology shows a peak over Scandinavia and much of northern Russia and
Alaska. There is also an extended region of high values over northern Africa. The cyclonic
climatology shows peaks over Greenland and Baffin Bay and also over the Bering Strait. These
climatologies are very similar to those shown in Figure 5 of Martineau et al. (2017). A second
climatology for the LWA was calculated using the climatological z500 values as described in

Section 5.2. This shows the location of the stationary waves only, as it is a LWA climatology of
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the mean z500 (stationary waves), essentially removing the transient waves in this climatology.
These figures show a similar pattern to the cyclonic LWA, but the anticyclonic LWA shows a much
weaker peak over eastern Russia and no extended peak towards Alaska. These differences indicate
that the large peak seen over Scandinavia in Figure 5.3 is mostly driven by transient waves,

suggesting that this is a preferred pathway for the waves.
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Figure 5.3: Climatologies of anticyclonic (column 1) and cyclonic (column 2) components of LWA. a) and
b) climatology of LWA based on daily z500 values (Stationary waves + transient waves). ¢) and d)
climatology of LWA based on climatological z500 (Stationary waves only).

5.3.2 Top 20 3hr Event Composites

The LWA component anomalies for each day with a top 20 3hr event were extracted and a
composite of the anomalies on these days created for each country (Figure 5.4). For Germany the
composite of the 20 most intense 3hr events in summer has a positive LWA-c anomaly extending

from the UK northwest towards Greenland, indicating anomalous cyclonic activity in this region,
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with a negative anomaly over the Labrador Sea. Notably there is also a very strong positive
anomaly over Alaska, and this anomaly is present on most days included in the composite (Figure
5.7). The LWA-a exerts a strong positive anomaly over Scandinavia and a negative anomaly over
the Bay of Biscay with another positive anomaly further south. These results indicate that during
extreme 3hr rainfall events in Germany, the large-scale atmospheric conditions feature
anticyclonic activity to the northeast of Germany and cyclonic activity to the west, potentially
resulting in the transport of moisture from the Mediterranean over Germany. There appears to be
a wave pattern in the LWA-a at lower latitudes, stretching from the Pacific across to the middle of

the Atlantic, where there is another wave stretching north over the UK and Scandinavia.

For events in the UK there is a strong signal of a positive LWA-c anomaly to the west of the UK
and a negative anomaly over the Labrador Sea and over the Bering Strait. The LWA-a shows a
strong positive anomaly over the Low countries and southern Scandinavia and another positive
anomaly over Alaska, with negative anomalies over northern Russia. This large-scale circulation
pattern would potentially lead to transport of moisture from the Bay of Biscay and the English
Channel over the UK. There is an identifiable wave pattern in the LWA-a at lower latitudes,

stretching from the eastern Pacific around to the coast of Portugal.
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Figure 5.4: Composites of the mean LWA cyclonic and anticyclonic component anomalies on days with top
20 3hr rainfall events in a) Germany and b) the UK. LWA-a shown in colour and LWA-c as black contours.

The LWA anomalies from the LWA climatology based on the z500 climatology (Figure 5.3 c&d)
were also calculated. This removes the stationary waves from the everyday flow, with the resulting
anomalies representing the transitory waves present on each day. Composites of LWA anomalies
from the z500-based LWA climatology for the top 20 3hr events were produced and the results
show some small differences (See Appendix Figure C.1). In both case studies the LWA-c shows

much larger anomalies (spatially) and a wave pattern. A positive LWA-a anomaly over the
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Scandinavian region indicates blocking occurs here above the stationary wave effect. The LWA-a
still shows the low latitude wave train, although this is a weaker signal. The composites in Figure
5.4 and Figure C.1 all indicate strong associations between particular Rossby wave patterns and
the location and occurrence of extreme sub-daily rainfall events, with some similarities between

the patterns for the UK and Germany.

5.3.3 Top 20 3hr vs Top 20 24hr Event Composites

To assess the differences between the observed composite wave patterns associated with the 3hr
events and the conditions for longer-duration events, the LWA anomalies for the top 20 24hr events
were also calculated and used to create a composite plot (Figure 5.5). For both the UK and

Germany this reveals a Rossby wave pattern very different to the 3hr event composite pattern.

For Germany 24hr events (Figure 5.5a) there is a very strong, contained negative LWA-c anomaly
over Germany with a small positive LWA-a anomaly to the north. The negative anomaly here
indicates a strong cyclone associated with the events. The strong positive LWA-c anomaly over
Alaska is not present and the low latitude wave pattern while still present is much weaker. Similarly
for the UK (Figure 5.5b) there is a strong positive LWA-c anomaly directly over the UK and Ireland
and unlike for the 3hr events, there is no accompanying strong positive LWA-a anomaly over
Scandinavia. There is also a positive LWA-c anomaly over Alaska. The wave pattern in the LWA-

a at lower latitudes in the 3hr composite is still present but much weaker in the 24hr composite.

These results indicate that both the UK and Germany 24hr rainfall extremes are reliant on a large
cyclonic anomaly being present, indicating a large-scale trough in the area, whereas 3hr rainfall

extremes originate from a positive anticyclonic anomaly adjacent to a smaller cyclonic anomaly.
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Figure 5.5: Composites of mean LWA cyclonic and anticyclonic component anomalies on days with top
20 24hr events in a) Germany and b) the UK. LWA-a shown in colour and LWA-c in black contours.
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These results indicate a difference in the large-scale atmospheric (Rossby wave) patterns
associated with sub-daily and daily extremes in the UK and Germany, which highlights the need
to examine the dynamical drivers of different duration rainfall events separately. While the LWA
is only capable of showing the large-scale features of midlatitude flow (Martineau et al., 2017),
these results suggest that it can identify variability between the atmospheric patterns associated
with sub-daily extreme rainfall events and those associated with daily extremes, suggesting a large-

scale dynamical influence for both.

5.3.4 Top 20 3hr vs Top 21-40 3h Event Composites
To assess whether the identified LWA patterns are only present for the most intense events, the
LWA anomaly on each of the top 21-40 most intense 3hr events was calculated to create the

composites in Figure 5.6.

For Germany, the top 21-40 3hr events have a visually similar LWA anomaly pattern to the top 20
events (see Figure 5.4a), with a positive LWA-a anomaly over Scandinavia and a positive LWA-c
anomaly over Germany and France. The positive LWA-c anomaly over Alaska disappears for the
weaker extremes but the wave pattern in both the cyclonic and anticyclonic components is still
present, although much weaker. The very strong positive values at low latitudes are likely an
artefact of the methodology and not a physical signal. For weaker 3hr events in the UK, the positive
LWA-c anomaly becomes more centred over the UK and the positive LAW-a anomaly over
Scandinavia disappears, with the pattern more resembling the 24hr event composite. There is still
a wave pattern to the LWA-c components, with a positive anomaly over eastern Canada and Alaska
as well as the UK. However, the wave pattern within the LWA-a is no longer clearly visible. The
lack of positive LWA-a over Alaska and the change in position of the positive LWA-c over the UK

suggests these weaker events are perhaps not as strongly associated with Rossby wave forcing.
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Figure 5.6: Composites of the LWA component anomalies on the top 21-40 3hr rainfall events in a)
Germany and b) the UK

5.3.5 Individual Day LWA Anomalies

To further examine the LWA anomalies present on the days with 3hr extreme rainfall, the anomalies
for each extreme event day were plotted, with results shown in Figure 5.7a and 5.7b. These show
that most days with an extreme event in Germany (Figure 5.7a) have a similar pattern to the
composite, indicating the composite is not heavily dominated by a small number of the days.
Visually, 15 of the days have a positive cyclonic anomaly to the west of the UK and 15 days have
a positive anticyclonic anomaly over Scandinavia (although a few of these days do not have both).
Additionally, 15 of the 20 days have a positive cyclonic anomaly over or close to Alaska, which
appears to be part of a wave train at high latitudes. Some of the individual days also have a wave

train reaching from the Atlantic up to Europe, although this is only clear in ~9 or 10 of the days.

For the UK (Figure 5.7b), a smaller proportion of the individual days show a pattern clearly similar
to the composite plot. Only 11 of the 20 days have both a positive anticyclonic anomaly over
Scandinavia and a positive cyclonic anomaly to the west of the UK. 10 of the days show a positive
anticyclonic anomaly over Alaska and 12 days appear to have a wave train around the pole from
Russia towards Europe. The fact these patterns show up in the composite is therefore an indication

that when these patterns are present, they are particularly high magnitude.

We note that these individual day plots are relatively noisy and we do not expect every extreme
event to be related to a particular large-scale pattern. Some will certainly be triggered simply by
mesoscale processes. However, the individual day plots provide evidence that the wave patterns

seen in the composites are genuine and are not artefacts from taking the composite mean.
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To further investigate the level of variability across the composites from Fig 5.4, the standard
deviation across the 20 days was calculated for each country. These plots are in Appendix Figure
C.2 (a, b) and show there is greater variation across the composite in the LWA-c anomalies, which
is likely due to the fact the smaller (spatially) cyclonic anomaly can occur in different locations to
produce the conditions for extreme rainfall. There is less variability in the LWA-a anomalies as the
blocking anticyclonic anomaly occurs more consistently over the Baltic region. This is true of the
results for both countries. The standard error on the mean for each composite was also determined
with the results shown in Figure C.3 (a, b). This again shows the largest signals occur over
Scandinavia for the anticyclonic anomalies indicating this mean anomaly is significant, while the
cyclonic anomalies have large signals in a variety of locations indicating despite the variable
location of the mean cyclonic anomalies associated with the extreme events they are still

significant.
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Figure 5.7a: LWA component anomalies on each of the top 20 3hr rainfall event days, Germany.
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Figure 5.7b: LWA component anomalies on each of the top 20 3hr rainfall event days, UK
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5.3.6 Significance of LWA Anomalies

To assess whether large-scale patterns seen in the top 20 3hr event composites are robust, we now
assess the statistical significance of the anomalies using bootstrapping. This indicates whether the
observed composite anomaly patterns are significantly different in their spatial location and
amplitude compared to a bootstrapped composite of 20 randomly selected ‘standard’ days. We
bootstrap resample 500 times for JJA days with randomised years to determine the 5 and 95
percentiles of the LWA-a and LWA-c anomaly composites on summer days, with the mean of 20
random days taken each time. In the bootstrapped composites, we keep the day-of-year of the 20
extreme events to account for any effects due to the seasonal cycle and randomise only the years.

The results of this analysis are shown in Figure 5.8.

The results for the UK show the positive LWA-a anomaly over Scandinavia on these days is above
the bootstrap 95" percentile, as is the anomaly over Alaska. The LWA-c positive anomaly to the
west of the UK is also above the 95" percentile. Therefore, the anomalies associated with the 3hr
extreme events are significant at the 90% confidence interval. The results for Germany indicate
the positive LWA-a anomaly over Scandinavia is significant, as are the negative anomalies on
either side of this and the positive LWA-c anomaly over the UK. These results suggest that the
wave pattern is not noise and that the anomalies linked to rainfall are significant as the stippling
occurs in the regions which have 3hr rainfall extremes, as well as in much of the upstream Rossby

wave pattern.
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Figure 5.2: Bootstrapped significance of the mean LWA anomalies on top 20 3hr event days in Germany
(top row) and the UK (bottom row). The first column shows anticyclonic anomalies, the second column
cyclonic anomalies. Stippling shows regions with anomalies above the 95" percentile level. Hashes
show regions with anomalies below the 5" percentile.

To further investigate whether the magnitude of LWA anomalies on the 3hr extreme event days
were unusual, histograms of the daily mean LWA anomalies at certain locations were constructed.
Bounding boxes were determined, which covered regions of one whole wavelength where the
LWA component anomalies on the top 20 days were particularly strong. Then for each JJA day of
the LWA record (1979 — 2020) the mean absolute cyclonic and anticyclonic anomalies within these
boxes was calculated. The results of this analysis for Germany are shown as a 2d histogram in
Figure 5.9 (See Appendix Figure C.4 for UK results). The individual anomaly values for the top
20 event days are also shown (red crosses), as is the mean value for all JJA days (pink circle) and

the top 20 days (red circle). Figure 5.9 indicates that anomalies on the top 20 3hr rainfall days are
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not generally any higher in amplitude than anomalies on non-extreme days. Therefore, the driver

for extreme rainfall is unlikely to be the increased amplitude of the LWA anomalies alone.
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5.3.7 Development of LWA on Days Prior to Extreme Events

The results from the previous sections demonstrate that the phase of the Rossby wave over Europe
is important for extreme events, and much more so than the amplitude. Thus, we now investigate
the timescale of the waves, by analysing development of the LWA anomalies in days before the
extreme 3hr events. We calculate the mean of the LWA-a and LWA-c values on each of the 5 days

prior to the 3hr events to provide a single composite of LWA-a and LWA-c for preceding day.

LWA anomaly evolution on days leading up to the top 20 3h events over Germany are presented
in Figure 5.10. The composite indicates that from 5 days before a 3hr event, a high-latitude wave

train is present in the LWA-c, while a wave train from the central Atlantic is visible in the LWA -a.
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By 3 days prior to the event, the positive LWA-c anomaly to the west of the UK is present and
there is a strong positive LWA-a anomaly over central Europe. At 1 day prior to the event, the
positive LWA-c anomaly over Alaska has appeared and the anomaly to the west of the UK has
strengthened. The positive LWA-a anomaly in Europe has moved north over Scandinavia and has
increased in size and strength. Over the 5 days before the 3hr event, wave energy appears to move
through the LWA-a wave; initially (at 5 days before), the positive anomaly in the central Atlantic
is strongest; by 3 days before, this has decreased slightly and the positive anomaly over Europe
has increased; by 1 day before, the Atlantic anomaly has greatly decreased in strength and size,
while the anomaly over Scandinavia is much larger. This evolution indicates an element of
stationarity in the wave, with the phase speed remaining at approximately 0, while the group
velocity moves downstream. This is consistent with the concept of the downstream development

of Rossby waves (Wirth et al., 2018).

The evolution of LWA anomalies in the 5-days leading up to the top 20 3hr events in the UK is
shown in Figure 5.11. Five days before the 3hr event, the signal is quite noisy with no clear pattern,
except for the spatially-extended positive LWA-a anomaly over Scandinavia and a positive LWA-
c anomaly over southern Greenland. At 4 days before, the wave patterns visible on the day of 3hr
event composite start to appear, with higher latitude LWA-c anomalies forming a wave train from
eastern Canada to the north of the UK. The LWA-a anomaly over Scandinavia has become more
concentrated and there appears to be a wave train reaching up from the central Atlantic. From 4
days before until the day of 3hr event, the positive LWA-c to the west of the UK and the positive
LWA-a over Scandinavia are present, as is the higher latitude wave train associated with LWA-c
and the lower latitude wave in the LWA-a. This indicates there is again an element of stationarity
to waves causing these 3hr events over the UK, with the anomalies remaining in roughly the same
locations from 4 days before the 3hr extreme event. In both Figures 5.10 and 5.11 there appear to
be two wave trains, one in the anticyclonic anomalies at a lower latitude and another in the cyclonic
anomalies at a higher latitude. This possible ‘double wave’ is investigated further in the next

section.
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Figure 5.4: Composites of LWA component anomalies on the days prior to the top 20 3hr events in Germany.
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Figure 5.5: Composites of LWA component anomalies on days prior to the top 20 3hr events in the UK.
5.3.8 Comparison of 7500 and LWA Composites on top 20 3hr Rainfall Event Days

The z500 anomalies on the days with top20 3hr events in the UK and Germany were calculated to
compare to the LWA results and to examine if the possible ‘double wave’ seen in the LWA plots

were visible in the z500 too, and thus more likely to be a physical signal and not an artefact of the
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LWA methodology. The standardised z500 anomalies were used to make it easier to see areas

where anomalies are climatologically weaker (Figure 5.12).

The standardised z500 anomaly composite of the top 20 events in Germany has a strong positive
anomaly over Scandinavia and the Baltics, with an extended negative anomaly just to the west of
the UK. These anomalies are part of a wave train which stretches NE from the mid Atlantic to
northern Russia. There is also a strong negative anomaly over Alaska, which appears to be part of
a second wave train, reaching from central Russia around the pole towards Greenland. For days
with extremes in the UK the z500 anomalies show a similar spatial pattern to the LWA, with a
strong positive geopotential height anomaly over Scandinavia and a negative anomaly to the west
of the UK (Figure 5.12). There is also a positive z500 anomaly over Alaska. There is a clear wave
train in the z500 stretching from south of Alaska, across America and around to the UK. There also

appears to be a second, higher latitude wave stretching from eastern Russia around the pole to the

UK.

In both the Germany and UK composites in Figure 5.12 there is a strong positive anomaly over
Scandinavia and a negative anomaly to the west of the UK, and these anomalies appear to be part
of a wave train, however, the way in which these anomalies end up in these locations appears to
be different — as shown by the opposite sign of the anomalies over Alaska. Additionally, in both
cases there are potentially two Rossby waves that converge over Europe. Therefore, does the
positive-negative pair over Europe occur due to this being a preferred phase for Rossby waves at
this latitude? Or does the potential second wave in each case meet the first wave and interact with
it to force the waves to be in the same phase over Europe? These are questions that are outside the

scope of this thesis but would be very interesting for future research to consider.

The LWA analysis has a slight advantage over using z500 as these plots show more detail around
the cyclonic and anticyclonic anomalies associated with the extreme rainfall events. However, the
fact that both methods show such similar results is supportive of our hypothesis that there is a
large-scale circulation link to (at least some of) the extreme sub-daily events, and that the positive
and negative anomalies over Europe that were linked to the events in Chapter 4 are part of a much

larger wave train, rather than just being individual anomalies.
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Figure 5.6: Composites of the z500 standardised anomalies on the top 20 3hr rainfall event days in a)
Germany and b) the UK

5.3.9 Meridional wind anomalies on event days

There are many different ways to examine Rossby waves, so to further investigate the wave trains
seen in the LWA results, the v300 has been used as a third method to look at the Rossby wave
patterns on days with extreme 3hr events. The v300 anomaly indicates locations with anomalous

northerly or southerly winds, showing regions with cyclonic or anticyclonic activity.

The v300 anomalies composite for the top20 3hr event days in Germany and the UK are presented

in Figure 5.13. The v300 anomaly composite for the top20 events in Germany has a clear wave
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train that stretches from Alaska to central Russia. There is a strong southerly wind anomaly over
the North Sea and northern Germany, with a northerly anomaly to the east and another to the west,
creating an anticyclonic flow anomaly over Scandinavia and a cyclonic flow anomaly to the west
of the UK. The UK v300 composite also has a very clear wave train, stretching from the west
Pacific across the USA and Atlantic to Scandinavia. The resultant pattern produces a southerly
wind anomaly over the UK, with a northerly anomaly over the Baltic Sea. This indicates
anticyclonic motion to the east of the UK and cyclonic motion to the west. These locations of the
anticyclonic and cyclonic activity agree with the patterns seen in the LWA and z500 anomalies.
The composites of v300 on event days for the UK and Germany show a very similar large-scale
pattern to the LWA composites, further indicating that these patterns are a legitimate feature
associated with the sub-daily rainfall extremes. The only discrepancy between the two methods is
that the strong anticyclonic anomaly over Alaska in the UK LWA composite does not appear in the

v300 composite for the UK, instead there is a cyclonic anomaly just to the south of Alaska.

The significance of anomalies in the v300 composite plots was tested using a 1000 run seasonal
bootstrap against all summer days from 1979-2016 for the UK and 1996-2016 for Germany, taking
the mean of 20 days each time, to determine the 95" and 5 percentile levels. For both case studies
the wave train is significant at the 90% confidence interval, particularly the southerly anomaly
over the UK and the northerly anomalies either side of this (see Appendix Figure C.5). This result
indicates the wave train is not a common pattern and that there is an association between this

pattern and the occurrence of 3hr rainfall extremes.

Each day from the composite was also plotted individually as for the LWA results (Figures 5.6 and
5.7). The v300 anomalies consistently show the presence of a wave train for 3hr extreme rainfall
events in both Germany (Figure 5.14) and the UK (Figure 5.15). For Germany, 16 of the 20 days
have a southerly v300 anomaly over or just to the north of the country and 14 of these days have
a wave train reaching from the US to Europe. For the UK, 15 of 20 days have a wave train and
~10 days have a southerly anomaly over the UK with a northerly anomaly over the Baltic. Based
on these results there is perhaps a slightly stronger link between this ridge-trough pairing and the

wave train for sub-daily rainfall extremes in Germany than for those in in the UK.

The standard deviation of the composites was also plotted and is shown in Figure C.6. The
variability within the composite in locations which are related to the wave train is high, but this is
to be expected as the wave train will not occur in the exact same location for each event and not

all of the extreme events are associated with a wave train. Figures 5.6 and 5.7 show this.
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Figure 5.8: Individual day composites of the v300 anomalies present on top 20 3hr event days in Germany.
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Figure 5.9: Individual day composites of the v300 anomalies present on top 20 3hr event days in the UK.

5.3.10 Evolution of meridional wind anomalies on days before the extreme events

Examining the evolution of the v300 anomalies composites on the days leading up to the extreme
events further indicates a level of stationarity to the Rossby waves, supporting the result from
Section 5.3.9 and extending this further temporally. The LWA anomalies did not show a clear wave
train beyond 5 days before the 3hr events, however the v300 anomalies do. The v300 anomalies
on days surrounding Germany top 20 3hr events are shown in Figure 5.16. From 7 days before the
3hr event there is a wave train which stretches from Alaska to Europe, which continues to
strengthen from 6 days before the 3hr events. From 5 days before, there is a southerly wind
anomaly over the UK and a northerly anomaly to the west, with a strong southerly anomaly over
eastern Canada. This wave train remains very stationary until 2 days before the 3hr event, with the
ridges and troughs staying in approximately the same location while the wave energy moves

downstream towards the UK. Over this time a northerly wind anomaly develops over eastern
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Europe, indicating the development of a ridge here. The day before the 3hr event, the wave trains
appear to move slightly eastwards, with the negative v300 anomaly previously far to the west of
the UK moving to just off the coast of Portugal, while the positive anomaly that was over the UK
is now slightly further east over the North Sea and increased in strength. On the day of the 3hr
event, the anomalies are in approximately the same position as they were on the day before.
However, on the day after the events these anomalies begin to weaken, with the anomalies
upstream decreasing in both size and amplitude and by 3 days after the 3hr event the composite
indicates only a southerly anomaly over the UK remaining. Again, these results indicate a strong
level of stationarity to the waves associated with these 3hr rainfall extremes, with the phases
remaining in consistent locations from 6 days before the extreme event until 2 days afterwards, as

the group velocity moves downstream.

The evolution of v300 anomalies on days before the top20 3hr events over the UK show a very
similar pattern of development (Figure 5.17). From 7 days before, a wave train reaching from
Alaska towards Europe can be identified, although it is very weak over the Atlantic. At 4 days
before, this wave train extends to just west of Ireland with a strong southerly wind anomaly there,
and a northerly anomaly to the west. By 2 days before the 3hr event, the composite anomaly
between Canada and the UK has again strengthened but remains in the same location, and a
northerly wind anomaly has developed over Scandinavia. At 1 day before the 3hr event, the
anomalies remain in roughly the same location having travelled slightly eastwards, with a small
increase in strength. On the day of the 3hr extreme, the southerly wind anomaly that was just west
of the UK is now over the UK, as the whole wave train has shifted slightly to the east. The day
after the 3hr event, the anomalies are still present in the same locations but have already weakened
and by 3 days after, the wave train over the Atlantic has broken down and only a very weak
southerly anomaly remains near the UK. Through the plots of the v300 anomalies on days before
the 3hr events, it is possible to see the wave train developing and the phases then becoming
relatively stationary around 5 and 4 days before the events in the Germany and the UK respectively.
The phase velocity remains approximately zero while the group velocity moves downstream,
increasing the amplitude of the anomalies over the UK and Scandinavia. The wave then breaks
down rapidly after the day with 3hr extremes. The wave associated with the 3hr events in Germany
appears to build earlier and break down more slowly than the wave associated with 3hr events in

the UK.

The 3hr extreme rainfall in both Germany and the UK appears to be associated with waves which
remain relatively stationary for ~6 days and develop an anomalous ridge (block) over Scandinavia

and a trough to the west. Six days is similar to the time period required by Wills et al. (2019) and
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Wolf et al. (2018) in their studies of QSWs. It is interesting to note that the wave train present on
the days leading up to the 3hr extremes in the UK has 3 whole waves (peak and trough) in 180°
while for Germany there are ~2.5/3 waves in 180°, indicating the presence of a wavenumber 6 and
wavenumber 5/6 pattern respectively on these days. The wavenumber 5 and wavenumber 6
patterns has previously been linked with heatwaves and rainfall extremes in Europe in several
studies (Blackburn et al., 2008; Petoukhov et al., 2013; Kornhuber et al., 2020; Tuel and Martius,
2022). This will be discussed further in Section 5.4.
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Figure 5.10: Evolution of mean
v300 anomalies on days prior to
and after the top 20 3hr rainfall

events in Germany
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Figure 5.11: Evolution of mean
v300 anomalies on days prior to
and after the top 20 3hr rainfall
events in the UK.

16
2z
E
°§
" ¥
° 3
-3
-4 2
&
£
g

-16

- Day 0 composite




5.3.11 Temperature anomalies, Rossby waves and extreme rainfall events

The discovery in Sauter et al. (2022) that heatwaves in Australia are often broken with a period of
short-duration intense rainfall was rapidly followed by the finding that this sequence of events
occurs more often in the mid-latitudes than elsewhere (Sauter ez al., 2023). It has also been shown
that a substantial portion of (sub-daily) temperature extremes in Europe are related to atmospheric
blocking (Pfahl and Wernli, 2012a). Therefore, given the presence of a strong blocking anomaly
on a high proportion of the days leading up to the extreme rainfall events investigated here, it
seems plausible there may be a link between the blocking anomaly and extreme rainfall
relationship observed here and high temperatures due to the persistent blocking anomaly remaining

over the region for several days prior to the events (Figure 5.16 & 5.17).

The normalised temperature anomaly at the gauge recoding a top20 3hr rainfall event was
calculated for the 6 days prior to and the 3 days after the event. The results of this analysis for
Germany are shown in Figure 5.18. The mean normalised anomaly shows an increase in
temperature from 3 days before the event, which peaks on the day before the event and then rapidly
decreases to be close to 0 by the day after the event. The individual events (grey lines) show a lot
of variation around the mean, however, there is in most cases an increase in the normalised
temperature from ~3 days before the event, with a sharp decrease in temperature from the day
before or the day of the 3hr rainfall event. The composite maps in Appendix Figure C.7 show the
mean change in temperature across Europe on the days surrounding the 3hr rainfall event. These
maps show there is a positive temperature anomaly over Germany (and to the north and west) 4
days before the 3hr extreme rainfall, which increases in strength over the following days, up to a
maximum of 6K the day before the rainfall event. On the day of the 3hr event there is a decrease
in the temperature anomaly over Germany and the day after the events the anomaly is <IK and

continues to decrease in the following days.

The graph of normalised temperature change at gauges with 3hr events in the UK (Figure 5.19)
show a similar trend of increasing temperatures on the days before the extreme rainfall, followed
by a sharp decrease from the day before or the day of the event. The mean normalised temperature
anomaly remains above 1 standard deviation for 2 days before the event. There is more variation
in the individual event temperature changes for the UK than for Germany, which agrees with the
previous findings that fewer events in the UK showed the wave train and strong southerly v300
wind anomaly on the day of event (Section 5.3.9). We would therefore expect a less strong
blocking-high temperature-rainfall link here. The composite maps in this case (Appendix Figure
C.8) again show a positive temperature anomaly over the UK and for areas to the west and south

from 4 days before the 3hr rainfall event, with the anomaly increasing to a maximum of 4K on the
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day before the event. In this case, the highest temperature anomaly is reached on the day of the
3hr events, with a 5K anomaly over the Low Countries and a 4K anomaly over the southern UK.
The day after event the temperature anomaly over the UK drops to 2K and continues to decrease

in the days after this.

We are not looking to define a heatwave in this instance, only to identify whether there is a
temperature change on the days surrounding the extreme rainfall and therefore a plausible link
between the dynamical and thermodynamical drivers of these events. The composite normalised
temperature anomaly for 3 days before (Germany) and 2 days before (UK) a top20 3hr event is
more than 1 standard deviation above the mean, indicating that temperatures are unusually high
for several days before the 3hr extreme rainfall events. These high temperatures are followed by a
sharp drop in temperature on the day before or the day of the 3hr rainfall event in most cases,
indicating that the extreme rainfall occurs at the end of the ‘heatwave’, as expected from Sauter et
al. (2022, 2023). In both cases, the composite maps of the temperature anomaly (Appendix Figure
C.7 and C.8) show that the highest temperatures are co-located with the area of blocking anomalies
identified in Figures 5.16 and 5.17, thereby following the conclusions in Pfahl and Wernli (2012)

that atmospheric blocking is the main cause of the temperature anomalies.

Hourly Maximum 2m Temperature Change at Each Gauge on Days Before/After
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Figure 5.12 Change in normalised daily maximum hourly 2m Temperature anomaly on days before and
after extreme rainfall event at each gauge recording a 3hr top 20 rainfall event in Germany (grey). The

mean temperature change is shown in red. Dashed line indicates day of event.



Hourly Maximum 2m Temperature Change at Each Gauge on Days Before/After
Extreme Rainfall Event (UK)
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Figure 5.13: Change in normalised daily maximum hourly 2m Temperature anomaly on days before and
after extreme rainfall event at each gauge recording a 3hr top20 rainfall event in the UK (grey). The mean
temperature change is shown in red. Dashed line indicates day of event.

5.4 Discussion

This chapter has identified connections between large-scale Rossby wave activity and conditions
associated with sub-daily rainfall extremes in Germany and the UK. While the metrics used here
are not capable of showing the local-scale conditions leading to the extreme rainfall, they provide
an indication of the large-scale flow features which may be associated with conditions conducive
to extreme sub-daily rainfall events. These large-scale circulation features have previously only
been used to look at connections with long-duration weather extremes (days to weeks time-scale).
Studying the connections between these very large-scale features and extreme weather on short

timescales is a novel way of looking at the potential dynamical drivers of these sub-daily extremes.

5.4.1 Using the LWA as an indicator of dynamical drivers of sub-daily rainfall extremes

An investigation into Rossby wave patterns on days with top20 3hr events in Germany and the UK
using the LWA has revealed a relatively consistent wave pattern occurring on event days. Using
the cyclonic and anticyclonic components of the LWA separately has provided a clearer picture of
the location and amplitude of different activity anomalies and highlighted the presence of a strong
anticyclonic anomaly to the east and cyclonic anomaly to the west in both cases, which echoes the
results from the z500 analysis in Chapter 4. This indicates that the LWA is capable of diagnosing
the large-scale conditions associated with high impact events not just at daily and longer timescales

(Chen et al., 2015; Huang and Nakamura, 2016) but also at sub-daily timescales. As seen in Figure

124



5.4, there is a stronger association between LWA anomalies and 3hr rainfall extremes than for 24hr
rainfall extremes, which are produced from a simple strong positive cyclonic anomaly over the
rainfall region, compared to the complex and hemispheric wave pattern associated with 3hr

extremes.

The appearance of wave structures within the LWA anomalies for 3hr extremes is a key feature of
interest. There is a clear wave train within the cyclonic anomaly in each case study, with this wave
train appearing to be confined to higher latitudes. The anticyclonic anomalies display a wave
pattern at lower latitudes in each case, which then appears to then couple with the cyclonic wave
train over western Europe. However, this apparent ‘double wave’ is very hard to quantify for
several reasons. Firstly, the LWA is calculated on the z500 contours. The z500 gradient changes
with latitude, essentially reflecting the location of the jet stream. Due to the way LWA is calculated
this means that if the point of interest is to the south of a jet, the cyclonic activity will be stronger
as the z500 gradient is stronger to the north. If the point of interest is to the north of a jet, the
anticyclonic activty will be stronger as the z500 gradient is stronger to the south. Therefore, the
location of the LWA-a and LWA-c anomalies on each day with top 20 3hr extreme events depends
on where the jets were located on those days. Thus the ‘double wave’ may be just an artefact of
the method for calculating the LWA or it may in fact be reflecting the presence of a wave on each
of the polar and subtropical jets on these days. Secondly, when examining the composite plots of
the LWA based on the z500 climatology (Appendix Figure C.1) there is less clear evidence of the
lower latitude cyclonic wave. There is also no sign of a second wave in the v300 plots (Figure
5.13). A double wave is harder to spot in the standardised z500 composite plots (Figure 5.12)
however, in the UK plot a very high latitude wave and a lower latitude wave are visible and it is
feasible that the Germany plot shows a wave originating in the sub-tropics reaching to Europe and

meeting with a separate high latitude wave.

Therefore, there are several possible explanations; firstly, the double wave may be representative
of the fact the LWA picks up wave activity at different latitudes depending on the jets and is
therefore simply showing different pathways for the waves on the day of events, indicating that
different pathways can lead to the same outcome of having an increased likelihood of a 3hr
extreme. Using lagged composites means it is not possible to identify distinct dynamical pathways
which lead to an event, instead creating a composite of multiple possible outcomes (Dorrington et
al.,2023). Secondly, using the LWA, the overall peaks/troughs of the Rossby wave pattern appear
in the same locations as in the v300 plots. Therefore, the LWA may be showing areas with
anomalies which have a large latitudinal extent, appearing in both the cyclonic and anticyclonic

activity as the negative phase of the opposite activity. Finally, it is possible that the presence of

125



two waves is a legitimate feature that is most strongly picked up in the LWA and only weakly
observed in the z500 parameter. It would be of great interest to further investigate this phenomenon
and try to diagnose the presence of two waves on the days leading up to the 3hr extreme rainfall
events which then meet over the region of interest just before the events occur, not least due to the
increased predictability this would provide for the rainfall extremes. However, such an in-depth
analysis is outside the scope of this thesis and therefore the ‘double wave’ remains as an open

question.

The weaker climatological LWA activity in summer months suggests the stationary wave over
Scandinavia at this time is weaker (Martineau et al., 2017). Martineau et al. (2017) identified that
extreme LWA-a and LWA-c wave events were characterised by transient geopotential height
anomalies aligning with stationary waves, with constructive interference leading to enhanced wave
activity. Therefore, it would require even greater constructive interference between the stationary
wave and the transient wave to produce a large-amplitude positive anomaly in summer, as seen in
the event composites here. This further indicates the significance of the wave pattern present on

the 3hr extreme rainfall event days.

The key features of the large-scale circulation on the extreme rainfall days are found in results
from all the methods of investigating Rossby waves used here, namely anticyclonic activity over
Scandinavia and cyclonic activity to the west of the UK and the presence of an upstream wave
train. Using the LWA allowed for the initial identification of a wave train associated with the 3hr
rainfall extremes and comparison with the z500 anomalies, while the v300 parameter also indicates
there is a level of stationarity to the wave train. The fact these waves are apparent in multiple
metrics of Rossby wave activity shows this result is not sensitive to the exact diagnostic used.
Some of these features have already been linked to sub-daily rainfall extremes and some have
previously only been associated with long-duration weather extremes. This will be discussed

further in the following sections.

5.4.2 Blocking over Scandinavia

Both the LWA composites and the v300 composites indicate a clear anticyclonic anomaly over
Scandinavia/the North Sea, which increases in strength in the days leading up to the 3hr extreme
events (Figures 5.10/5.11 and Figures 5.17/5.18). This is accompanied by a cyclonic anomaly to
the west, which appears to strengthen over time in the v300 but the LWA plots do not show the

strengthening as clearly.

The anticyclonic anomaly over Scandinavia has appeared in every method of looking at the large-

scale atmospheric circulation associated with sub-daily rainfall extremes used in this thesis. As
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identified in other studies investigating links between extreme short-duration rainfall and large-
scale circulations in Europe, the presence of a blocking ridge over the Scandinavian region has
been linked to extreme short-duration (daily and sub-daily) rainfall in western Europe due to
decreased stability and increased moisture in the area from the advection of warm and moist air
masses from the south and southwest along the western side of the block (Piper et al., 2016; Weder
et al., 2017; Lenggenhager and Martius, 2019; Mohr et al., 2019, 2020; Barton et al., 2022). The
blocking can result in increased odds of precipitation in the areas to the north and south of the
block due to the increased atmospheric instability and the increased likelihood of formation of cut-
off low systems upstream of the block, as happened over central Europe in July 2021 contributing
to the devastating floods there (Lenggenhager and Martius, 2019; Kreienkamp et al., 2021; Barton
et al., 2022). The results here indicate that this blocking anomaly is in fact part of a much larger
wave train. Strong, localised blocking regimes are frequently associated with persistent periods of
extreme weather (e.g. heatwaves) and these blocking anticyclones can often be part of a much
larger pattern (Kautz et al., 2022), which may be associated with a longitudinally extended QSW
(Wolf et al., 2018). However, here the results show a strong association between the blocking
regime and associated wave train and sub-daily rainfall extremes, which has not previously been

found in the literature.

5.4.3 The quasi-stationary wave train in v300

The apparent stationarity of the wave train seen in the wave metrics on the days leading up to 3hr
extreme rainfall in the UK and Germany is a very interesting feature. Quasi-stationary waves have
received an increasing amount of attention in recent years, particularly in connection to extreme
weather events (Coumou ef al., 2014; Screen and Simmonds, 2014; Wolf ef al., 2018). Screen and
Simmonds (2014) found a strong link between highly amplified planetary waves and temperature
extremes which was strongest on 5 to 14 day timescales. They also found a strong link between
these waves and long-duration rainfall extremes, however, their results showed this relationship
weakened for timescales of less than 12 days. The authors suggest this is due to rainfall variability
being more closely related to synoptic- or local-scale drivers on short timescales while rainfall on
longer timescales has a stronger link to the large-scale circulation. The results shown here appear
to refute this, indicating there is a strong link between anomalous wave amplitudes and short-
duration extreme rainfall events. It is also worth noting that Allan ef al. (2019) identified a slow
eastward movement of large-scale weather patterns in the days preceding 3hr rainfall extremes in
the UK, with extremes in northwest England and Wales in particular associated with slow eastward
movement of negative pressure anomalies to the west and positive anomalies to the northeast.

While the authors do not diagnose this as being connected to a much larger-scale pattern, this
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pattern has cyclonic/anticyclonic anomalies in positions similar to the slow-moving wave

1dentified as associated with extreme events over the UK in Sections 5.3.7 and 5.3.10.

Wolf et al. (2018) show that the 30 most extreme 7-day total precipitation events in Europe in JJA
are connected with a very strong QSW (exceeding the 99™ percentile), with a large-scale trough
over central Europe, indicating connection between these waves, similar in location and phase
speed to the ones identified in this thesis, and longer-duration extreme rainfall in Europe. When
looking at the QSWs associated with extreme temperature events, Wolf et al. (2018) note that
strong QSW amplitudes develop around 5 days before the 7-day extreme events, which agrees
with the wave evolution time period observed here. They also show that the amplitude of QSWs
tends to peak in the storm track exit regions over Europe, which is where Tuel and Martius (2022)
found temporally compounding daily rainfall extremes were associated with hemispheric wave-
like patterns (although they could not diagnose if these patterns were due to QSWs or recurrent
Rossby wave packets). Finally, Blackburn et al. (2008) found that for each of the June-July 2007
extreme daily rainfall events in England, there was a persistent upper-level trough over the region
which barely moved from the two days preceding each rainfall event. These troughs were all part
of an almost stationary hemispheric wave pattern with wavenumber ~6. These studies provide
evidence of a link between QSWs and extreme rainfall events in Europe of daily and longer
duration. Therefore, it is not unreasonable for the apparent link between a quasi-stationary wave

and sub-daily extreme rainfall shown here to be a potential dynamical driver of these extremes.

5.4.4 The wave 5/7 pattern

Rossby waves with a wavenumber of 5 or 7 have been increasingly identified as being associated
with extreme weather events in recent years (Petoukhov et al., 2013; Kornhuber et al., 2019, 2020;
Tuel and Martius, 2022). This may in part be due to the discovery of Coumou et al. (2014) that
there has been a statistically significant increase in the frequency of high-amplitude QSWs with
the wave numbers 7 and 8 since 2000. However, as mentioned above, Screen and Simmonds
(2014) showed that extreme temperature events in particular are strongly connected to highly
amplified Rossby waves, with the additional proviso of wavenumbers 5 and 7 having the greatest

number of strongly positive wave amplitude anomalies.

Kornhuber et al. (2019) identified the concurrent extreme heat and rainfall events (lasting for >=
2 days) that occurred in summer 2018 across the northern hemisphere were associated with a
recurrent wave-7 pattern in the upper atmosphere. They go on to show that this pattern was also
present during several past extreme weather events including the extreme heatwaves of 2003 and
2015. Similarly, Kornhuber et al. (2020) found that Rossby waves with wavenumber 5 and 7 have

a preferred phase position and produce recurrent circulation patterns in summer, which are
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associated with increased probability of simultaneous heat extremes across the northern
midlatitudes. Additionally, Petoukhov et al. (2013) showed that northern hemisphere midlatitude
quasistationary meridional velocity during several heatwaves was characterised by unusual high-
amplitude wave patterns with wave numbers 6, 7 or 8. Tuel and Martius (2022) found a trough
over western Europe with a ridge to the east and amplified flow over Europe with a hemispheric
wave pattern of ~5 was associated with temporally clustered daily rainfall extremes in autumn.
Therefore, our results from the v300 anomalies composites on days with 3hr rainfall extremes of
a wavenumber ~ 5 or 6 pattern on the days with top20 3hr extremes in Germany (Figure 5.13a)
and a wavenumber ~6 pattern on days with top20 3hr extremes in the UK (Figure 5.13b) appears
consistent with previous findings for longer duration extremes. Comparison of these plots with
Figure 2 in Kornhuber et al. (2020) indicates the v300 anomalies on the Germany events composite
occur in roughly the same locations as the anomalies in the Wave 5 plot (Figure 2a), while the
v300 anomalies in the UK composite occur in similar locations to the Wave 7 plot (Figure 2¢). The
difference in the wavenumber despite the similar location of the waves peaks/troughs in the UK
composite may be due to the wave in our plot breaking down downstream of Europe while the
wave in the Kornhuber et al. (2020) plot remains consistent. However, the finding that
wavenumbers 5-7 appear to be related to sub-daily rainfall extremes is still of great interest given
the aforementioned results showing these high wave numbers are strongly associated with extreme
weather. This result indicates that there may be a dynamical link between this large-scale pattern

and the development of local scale conditions which are conducive to sub-daily rainfall extremes.

5.4.5 Large-scale circulation links to sub-daily rainfall extremes

The results here are based on just 20 extreme rainfall events. This is a very limited sample of
events, however, we wanted to investigate just the most intense events as these have the most
potential for impact. Adding more events will mean that less extreme periods are included and the
consistent connection to the large-scale circulation decreases (as in Figure 5.5). Despite selecting
the two regions with most dense gauge coverage, there is still an inherent issue with using gauge
data, as short-duration extreme events on small spatial scales can be missed (Lengfeld et al., 2020).
Additionally, the short record period in Germany (1996-2015) means there is a smaller sample of
extreme events there, although this is to some extent moderated by the dense gauge network in
Germany. However, gauge-data provides more reliable estimates of extreme event intensity
compared to gridded or reanalysis data (Reder ef al., 2022) and gave us a limited number of events

to work with in this initial investigation.

We have shown in this chapter and in Chapter 4 that the presence of a blocking high over

Scandinavia/the Baltic Sea is very important for sub-daily rainfall extremes over Europe. This
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result could have significant implications for the forecasting of these short-duration events. The
connection of blocking to hemispheric dynamics in this chapter could help provide more skillful
predictions of blocking variability, and subsequently more skillful probabilistic forecasts of the
associated impacts on varying timescales (Kautz et al., 2022). However, there is currently a lack
of studies investigating the predictability of rainfall extremes in connection with blocking (Kautz
et al.,2022). Additionally, blocking is still a challenge for numerical weather prediction models to
accurately forecast and the blocking frequency in European regions is often underestimated
(Ferranti et al., 2015; Quinting and Vitart, 2019). There is also the potential for projected
weakening of the zonal flow to result in an increase in the wave number that becomes stationary
in the future i.e. making stationary waves with wavenumber >5 more likely (Hoskins and

Woollings, 2015).

The analysis of temperature changes on the days surrounding the top20 3hr events revealed what
appears to be a relatively consistent link between (some of) the extreme rainfall events in Germany
and the UK and high surface temperatures generated as a result of upper-level blocking. Sauter et
al., (2023) found the likelihood of hourly extreme rainfall after a heatwave was three to four times
higher than climatological hourly extreme rainfall likelihood in central Europe and one to two
times higher over the UK. The high temperature-extreme rainfall link here also appears to be
stronger for Germany than for the UK. Sauter et al., (2023) also found that hourly extreme rainfall
is more likely compared to climatology even when only considering ‘dry’ heatwaves (<I mm
rainfall in the 3 days preceding heatwave termination) and thus they propose the rainfall is not
solely convection driven but that synoptic-scale drivers such as fronts or cyclones also play a role.
Based on the results in 5.3.11, it is plausible that the eastward movement of the upper-level trough
identified to the west of the region in each case provides a dynamical driving force behind the

generation of extremes (e.g. through initiating upper-level ascent).

Therefore, a potential storyline for these events is proposed whereby: a QSW train develops in the
northern hemisphere and results in a ridge over central/eastern Europe with a trough to the west.
The ridge and trough remain relatively stationary over several days, and as a result heat begins to
build up beneath the (blocking) ridge. During this time the southerly airflow along the western
edge of the ridge draws warm moist air up from the south. Eventually, the block (and associated
subsidence) moves to the east and the trough moves over/close to the region previously occupied
by the block. This could result in further warm-air advection in the lower troposphere, increasing
available moisture and large-scale ascent/lifting motions in the mid-troposphere. Thus, as the wave
train moves east after remaining stationary for several days, this dynamic ascent, combined with

the moist air potentially already in the region from warm-air advection around the block and high
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surface temperatures, gives a conditionally unstable environment with available moisture and
large-scale ascent, ergo a prime environment for intense rainfall generation. This provides a
consistent storyline from the dynamical drivers influencing the thermodynamical drivers which
then trigger the rainfall. The strength of the resulting rainfall likely depends on the level of meso-
scale convective organisation, as well as on the link between the large-scale dynamics and
convective scale dynamics (Qin et al., 2022). This apparent relationship between the Rossby
waves, blocking and rainfall extremes also has implications for understanding future changes in
extreme rainfall. The impact of climate change on both the persistence and strength of the Rossby
waves (Mann et al., 2017), and subsequent related impacts on the persistence and strength of

blocking could both influence the future occurrence of sub-daily rainfall extremes.

While the extreme rainfall events themselves will be triggered by much smaller scale local
conditions, the apparent link with the more forecastable large-scale conditions examined here
would be very useful for longer lead-time forecasting and also in climate modelling of future
changes in extreme event occurrence (Merino et al., 2016; Mastrantonas et al., 2022a; Chan et al.,
2023). This investigation has shown that atmospheric dynamics on hemispheric scales can be
identified as driving forces in the development of local sub-daily rainfall extremes. Knowing that
there is a link between sub-daily extremes and a large-scale block which may be part of a
wavenumber 5 or wavenumber 6 Rossby wave could help to identify periods with increased
likelihood of having extreme events much further in advance. Forecast lead times are generally 10
days for an atmospheric pattern such as blocking (Lavers et al., 2014; Baker et al., 2018), while
for small-scale sub-daily extreme rainfall events they are a maximum of 1 day (P. Davies, Met
Office Chief Meteorologist, Personal Communication). Therefore, knowing that a large-scale
(blocking) pattern conducive to extremes will occur 5 days ahead is very useful for forecasters and
provides a warning for a potential higher risk of extremes with enough time to implement

mitigating action (Flack ef al., 2019).

There is recent evidence that land-atmosphere interactions and increased aridity in mid-latitude
regions such as North America and Europe may result in an enhanced amplification of
circumglobal QSW events during boreal summer (Teng and Branstator, 2019). Combined with
potential future changes in northern hemisphere stationary Rossby waves with climate change
(Wills et al., 2019) and the potential increase in wavenumber of stationary waves (Hoskins and
Woollings, 2015), the large-scale dynamical driving forces of 3hr rainfall extremes identified here
are likely to undergo changes with global warming. Therefore, further research into the links
between these dynamical drivers and the rainfall extremes are required to better understand how

the extreme event characteristics may be affected by climate change.
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5.5 Conclusions

This chapter has investigated the large-scale dynamical drivers of extreme 3hr rainfall events by
using different proxies of Rossby wave activity to assess the conditions on days with the most
extreme observed events in the UK and Germany. This analysis has found a surprisingly strong
and consistent spatiotemporal connection between Rossby waves and the occurrence of sub-daily

rainfall extremes in Europe. The key results of this analysis are as follows:

e The LWA provides more detail than z500 on the spatial location and amplitude of the
Rossby wave activity and has indicated that the anomalies identified over Europe are
associated with wave trains. However, the v300 anomalies show most clearly how the wave
train develops on the days leading up to the 3hr extreme rainfall events.

e All the methods of examining Rossby waves show a strong anticyclonic anomaly over
Scandinavia and a strong cyclonic anomaly to the west of the UK on the days with extreme
sub-daily rainfall in both Germany and the UK. This pattern supports the findings in
Chapter 4 of a trough over western Europe and a ridge over Scandinavia being key large-
scale circulation patterns linked to 3hr rainfall extremes.

e Using the Rossby wave proxies has shown that this trough-ridge pattern is part of a large-
scale wave train. The wave train appears to build up beginning from 5/6 days before the
event and then breaks down 1-2 days after the rainfall event has occurred. Additionally,
this wave train has aspects of quasistationary, meaning an increased level of predictability,
which could help to increase the lead time of forecasts of these rainfall events.

e There is a connection between the strongest 3hr rainfall events and high temperatures, with
the rainfall being associated with a sharp decrease in temperature, preceded by several days
with above-average temperatures. This forms a coherent link with the large scale dynamics,
resulting in a persistent high pressure anomaly to the east of the country of interest, and
resulting in a build-up of temperatures there, while strong southerly airflow occurs to the
west. As the wave train moves east, extreme rainfall occurs in an environment conducive

to intense rainfall due to this combination of dynamical and thermodynamical factors.

The discovery of a wave train, and particularly a relatively quasi-stationary wave train, associated
with 3hr rainfall extremes has potentially significant implications for the forecasting of these
events. The v300 parameter is widely used in the analysis of mid-latitude weather extremes and
can also be used in forecast models. The results of this initial investigation suggest addition of the
LWA parameter may provide another tool for identifying large-scale features associated with an
increased risk of sub-daily extremes. As far as we are aware this is the first time the potential links

between Rossby waves and sub-daily rainfall extremes have been investigated in the literature.
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Given the localised nature of these extremes, assuming the majority are convective in origin, it is
surprising to find any link to the large-scale dynamics, let alone a potential QSW connection. The
next steps in this research would be to repeat this analysis using a dataset with a longer record of
sub-daily rainfall (especially in Germany) to determine if there are other cases where this wave
train is associated with the most intense short-duration rainfall extremes to give a more robust
indication of the extent to which having this wave train increases the likelihood of sub-daily

rainfall extremes.
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Chapter 6

Conclusions

6.1 Summary of Results

This thesis has explored the climatology and dynamical drivers of sub-daily rainfall extremes in
western Europe. The research aims and objectives set out in Chapter 1 were justified by the review
of literature surrounding existing climatologies of extreme rainfall in Europe and the current state
of knowledge regarding the dynamical drivers of mid-latitude sub-daily rainfall extremes
presented in Chapter 2. This literature review showed the need for a set of rainfall indices
specifically for sub-daily timescales, to allow the creation of a climatology of sub-daily rainfall
extremes on a continental scale. The recent development of the GSDR-I dataset of sub-daily
extreme rainfall indices meant that it was possible to do this for the first time (Pritchard et al.,
2023). The literature review also highlighted the comparative lack of knowledge around the large-
scale dynamical drivers of sub-daily rainfall extremes, despite this being a crucial component of

forecasts of these events.

Chapter 3 introduced the rainfall data used throughout the thesis. The observational gauge-based
GSDR dataset (Lewis ef al., 2019) provides a robust timeseries that has undergone multiple quality
control checks. However, the use of this dataset does come with the large caveat of spatial
coverage. Even in the most densely gauged areas (e.g. the UK with 1900 gauges recording hourly
rainfall), the gauges only provide point coverage and therefore it is possible that short-duration
extremes will be missed by the gauge network. For example the rainfall associated with the
Coverack Flood in Cornwall in July 2017 was entirely missed by rain gauges (Flack et al., 2019).
This limitation must therefore be taken into account when drawing conclusions from gauge-based
results with the understanding that many localised extreme events may be missed (Lengfeld et al.,
2020). However, the use of long gauge records, combined with the likelihood of storms moving
across a region and thereby reaching at least one gauge in regions with higher spatial coverage,

increases the probability of having a representative record of events.

The GSDR data was the basis for the GSDR-I dataset, which was calculated as part of the
INTENSE project, with the seasonal indices being developed specifically for this climatology,
alongside an additional diurnal cycle index. This chapter represents the first time the GSDR-I has
been analysed for western Europe, with the resulting climatology being the first of its kind for this
region. An earlier study by Lakatos et al. (2021) using an early version of the GSDR-I focussed

on the Pannonian basin region in the east.
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The climatological analysis revealed that the most intense and frequent 3hr extremes occur in
southern Europe, with the strongest of these occurring in autumn, while northern and central
regions have lower intensity events that occur most frequently in summer. The 3hr extremes were
often the main source of rainfall on that day, indicating they occur either as individual storms or
as a strong peak in a longer duration storm. The differences in the temporal and spatial patterns of
3hr and 24hr rainfall extremes revealed by the indices provides evidence that these extremes
should be considered separately in design of heavy-rainfall management systems. Finally, the
comparison of indices between different Koppen-Geiger climate zones indicated the potential
utility of a climate-zone-based set of indices for flood risk planning in ungauged areas and for
assessment of future changes in flood risk under climate change. For countries which were either
not part of or only have a small representation in the original GSDR dataset, the discussion of
indices by climate regions in this chapter provides a first order understanding of the sub-daily
rainfall characteristics and flash-flood hazard faced in different areas of Europe. This chapter
therefore satisfactorily resolves the first key objective set out in Chapter 1 by providing a

climatology of sub-daily rainfall extremes for Europe.

Chapter 4 introduced the Met Oftfice MO30 WP classification, which was used as the first order
determination of potential links between large-scale dynamics and sub-daily rainfall extremes. As
this thesis is focussed on large-scale, rather than mesoscale, dynamical drivers of the rainfall
extremes, it made sense to begin the analysis with a set of synoptic-scale weather patterns already
shown to be of use in forecasting periods with increased risk of extreme rainfall in Europe
(Richardson et al., 2020). Analysing the connections between these WPs and 3hr extremes gave
an initial indication of study feasibility. The results from this research identified a link between the
occurrence of certain WPs and the increased frequency of 3hr extremes in several regions of
Europe. For most regions investigated in western Europe, over 50% of 3hr >40 mm events
occurred under just 5 WPs, indicating that a relatively limited set of dynamical conditions are
associated with the 3hr extremes. A small selection of the MO30 patterns were repeatedly
associated with a high proportion of 3hr extremes. These are WPs 1, 2, 5, 6 and 11, with at least
two of these patterns being within the top 5 patterns contributing to 3hr rainfall extremes in each
of the countries investigated. Other WPs never contributed to extreme events, including WPs 4
and 9. The probability of a 3hr extreme event occurring, given a certain WP, was also assessed.
While all WPs most strongly associated with the occurrence of extremes had an extreme event
probability higher than expected from random chance, only a few had a probability above 0.2.
However, given the localised nature of 3hr extremes and their relatively rare occurrence, a 20%
chance of having a 3hr extreme rainfall event given a particular WP is still of significant value to

forecasting. This section of Chapter 4 resolves the third objective from Chapter 1 of assessing the
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relationships between the MO30 WPs and 3hr rainfall extremes. This chapter also expands the
current literature on sub-daily extreme rainfall connections to WPs beyond just Germany (Weder

et al., 2017; Brieber and Hoy, 2019; Haacke and Paton, 2021) and the Netherlands (Manola ef al.,

2019) to now cover the wider western Europe region.

To further investigate the links between large-scale dynamical drivers and 3hr rainfall extremes,
z500 anomalies on days with WPs 1, 2, 5, 6 and 11 and extreme rainfall were calculated. These
results show the tropospheric conditions influencing mesoscale and lower-level conditions, as flow
at 500 hPa may advect warm, moist air into a region and drive dynamical ascent from positive
vorticity advection, providing one or two of the ingredients required for convective activity
(moisture, lifting and instability) (Doswell ef al., 1996). These z500 anomalies indicated that, in
many cases, there was an upper-level trough present over western Europe, which resulted in a
southerly or south-westerly flow over the region of interest. This was often accompanied by a ridge
over eastern Europe, particularly Scandinavia or the Baltic Sea, generating a further southerly flow
component, bringing more warm, moist air to the region along its western flank. Notably, the z500
patterns were very similar between the different regions, indicating that similar large-scale
dynamics favour 3hr rainfall extremes in different regions of Europe, in agreement with results
from Dorrington et al. (2023). Comparison of z500 anomalies on WP days with 3hr extreme
rainfall compared to WP days without extreme rainfall revealed significant differences in the
spatial pattern and amplitude of anomalies. The analysis suggested that identification of these WPs
in forecasts of z500 would provide an indication of an increased risk of the region of interest
experiencing sub-daily extremes. This section of Chapter 4 therefore satisfies objective 4 from
Chapter 1, by analysing how upper-level atmospheric circulation differs between days with and

without extreme sub-daily rainfall.

The results of this chapter have shown that there are strong links between synoptic-scale dynamics
and sub-daily rainfall extremes across Europe. The operational WPs provide some information
about the dynamical drivers of 3hr rainfall extremes; however, the z500 anomalies can be used to
further refine this, providing a clearer understanding of the large-scale circulation patterns that are
associated with conditions which lead to an increased probability of 3hr extreme events. As
previously discussed, Richardson ef al. (2020) showed how the MO30 WPs could be used to
provide advance warning of periods with higher risk of fluvial flooding due to heavy rainfall
occurrence. Wilkinson and Neal (2021) proved the WP methodology could provide a signal of
thunderstorm occurrence several days before the event, based on probabilistic forecasts from
ECMWF ensembles. It is therefore feasible that such a method could be adjusted to work for

probabilistic forecasts of sub-daily rainfall extremes, based on the results shown in this thesis. In
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particular, if the MO30 WPs were used in combination with forecasts of z500 anomalies it would
be possible to identify periods when different regions of western Europe might expect a higher

risk of sub-daily rainfall extremes occurring and thus potential flash flooding.

Chapter 5 extended the investigation of dynamical drivers to the very large-scale, providing an
assessment of the connections between Rossby wave patterns and sub-daily rainfall extremes. The
Local Finite Amplitude Wave Activity (LWA) metric of Huang and Nakamura (2016) was used,
initially as an indicator of the location and amplitude of anomalous Rossby waves on days which
had an extreme 3hr rainfall event. For the purposes of this chapter, a subset of 40 3hr extremes
was used, representing the 20 most intense events recorded in each of the UK and Germany.
Analysis of the LWA pattern composites on these days showed very clearly that a particular
organisation of the waves was strongly associated with events in each country. This pattern
includes a strong positive anticyclonic activity anomaly over Scandinavia in both cases, with a
strong positive cyclonic activity anomaly over the UK for events in Germany and a similar
anomaly to the west of Ireland for events in the UK, echoing the pattern seen in the z500 anomalies
in Chapter 4. This configuration of the anomalies was shown to be (visually) distinct from the
pattern present on days with the top 20 most intense 24hr events in each country, suggesting that
the pattern seen in the 3hr composites is specifically linked to extremes of this shorter duration. A
further feature of interest in these composites is the presence of a wave pattern which appears to
extend from eastern Russia around to Europe at high latitudes, with a possible second wave at
lower latitudes extending from the mid-Pacific towards Europe. Examination of the LWA on each
of the top 20 days individually showed that most days featured a pattern similar to that seen in the
composite, thereby confirming that the pattern was not a result of just one or two days with very
high amplitude anomalies in these locations. The development of the LWA wave pattern on the
days prior to the 3hr extreme rainfall event was then investigated, revealing a signal of wave energy
moving downstream towards Europe. This indicates an element of predictability to the LWA

pattern present on the 3hr extreme rainfall days that could be useful for forecasting.

To further investigate the wave train on days leading up to 3hr rainfall extremes, the v300
parameter was used as a proxy for Rossby wave activity. Composites of v300 on the top 20 event
days for each case study showed a very clear wave train reaching from the western Pacific to
Scandinavia, with southerly wind anomalies over the North Sea/UK and northerly anomalies either
side of this, indicating cyclonic and anticyclonic motion in the same locations as the LWA. The
development of the v300 anomalies on days leading up to the 3hr rainfall extremes showed some
stationarity in the wave, with peaks and troughs remaining in approximately the same locations

while the wave energy moved downstream. After the 3hr rainfall events, the wave rapidly broke
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down and appeared to have dissipated by 2-3 days afterwards. These waves had wavenumbers ~6
and ~5 or 6 for the UK and Germany respectively. The presence of a QSW with a high wavenumber
on the days of and prior to sub-daily rainfall extremes echoes previous findings for longer duration
rainfall events (Wolf et al., 2018; Kornhuber et al., 2019) and strongly suggests the very strongest
3hr rainfall extremes have a connection to these large-scale dynamics which could be utilised in
forecast models. The fifth objective of Chapter 1 is therefore satisfactorily resolved by chapter 5.
The linkage of 3hr rainfall extremes to these QSWs prompted the investigation of the temperatures
on days surrounding the extreme rainfall, resulting in the identification of a rise in temperature
several days before the events followed by a sharp drop in temperature the day before or the day
of the 3hr extremes. This result ties into the observational findings from Sauter ef al. (2023), using
the same GSDR dataset, that sub-daily rainfall extremes are more likely to occur at the end of a

heatwave in midlatitude regions.

The combination of results from Chapter 4 and Chapter 5 provides a range of predictable
atmospheric conditions with a connection to 3hr rainfall extremes. This predictability could have
important implications for the advance warning of flash flooding, not just through using the WPs
as previously mentioned but through identification of hemispheric patterns that are linked to
extreme rainfall. As Oertel et al. (2023) showed for the 2021 Pacific Northwest Heatwave, the
identification of a linked system of dynamical precursors leading up to the extreme weather event
can greatly help in the accurate prediction of such events at longer- lead-times. The connection of
forecasts of these dynamical drivers to potential extreme rainfall events could allow improved
warnings of flash flooding on timescales which allow flood risk management action to be taken

(Pappenberger et al., 2015).

The discovery in Chapter 5 that the atmospheric circulation patterns associated with the most
intense 3hr rainfall extremes in both the UK and Germany had a significant anticyclonic anomaly
over Scandinavia suggests that it is the presence of this ridge in combination with a trough over
western Europe which is important for the very strongest 3hr rainfall extremes. Similarly, the
finding from Chapter 4 that WPs 1, 2, 5 and 6, which the z500 analysis showed all involve a high-
pressure ridge to the east (and a trough to the west), are most strongly associated with 3hr rainfall
extremes across western Europe indicates that this ridge often plays an important role as a
dynamical driver of these extremes. This pattern of a trough to the west and a ridge to the east was
found to be associated with 3hr rainfall extremes for all the different methods used in this thesis.
This consistency therefore provides confidence in the findings here; namely that extreme sub-daily
rainfall in western Europe often occurs when an upstream trough moves towards a blocking system

which has been in place over eastern Europe for several days. This finding links together the
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dynamical (QSW train resulting in blocking and large scale ascent driven by upper-level trough)
and thermodynamical (high surface temperature due to blocking) drivers, which together generate
the conditions required for strong convective activity to take place (Doswell, 1987; Doswell et al.,
1996). While other studies have investigated these atmospheric features individually as important
for the generation of rainfall extremes or thunderstorms, no study has so far (to the author’s

knowledge) focussed on the combination of these features in driving sub-daily extreme rainfall.

The proposed increase in sub-daily rainfall extremes frequency and intensity due to climate change
influences on thermodynamic drivers is well accepted and proven through numerous studies
(Trenberth et al., 2003; Chan et al., 2014; Kendon et al., 2014; O’Gorman, 2015; Lenderink ef al.,
2017a). However, as mentioned in Chapter 2, the influence of climate change on sub-daily
extremes through changes in dynamical drivers has so far received less research attention. It is
currently still unknown how changes to large-scale circulation dynamics will influence the
intensification of short-duration rainfall extremes (Fowler, et al., 2021). A large-scale shift in
circulation patterns might lead to a change in jet stream and storm track positioning over Europe,
or move moisture sources enough to affect the regional-scale response (Cohen et al., 2014; Shaw
et al., 2016) . Changes in the large-scale dynamics could also affect where the rainfall extremes
occur most frequently in mid-latitudes (Shaw et al., 2016). Changes in mean circulation can
influence the mean precipitation change, as shown in de Vries et al., (2022) where change in the
mean circulation over western Europe, with the development of a high pressure centre west of
Ireland results in extensive drying to the east. However, this does not necessarily apply to rainfall

extremes.

Individually, the dynamical drivers investigated in this thesis have been shown to be impacted in
different ways by climate change. It has been suggested that there will be a decrease in blocking
frequency in Europe in the future (Hoskins and Woollings, 2015; Rousi ef al., 2021) but the
confidence in this assertion is limited by the model skill in accurately representing blocking (even
in the present climate) (Ferranti ef al., 2015; Hoskins and Woollings, 2015). This possible decrease
in future blocking frequency may be moderated by the potential increase in the waviness of the jet
streams, as Arctic amplification leads to a weaker jet and therefore stronger waves (Francis and
Vavrus, 2012). However, there is again a lack of confidence in the model representation of this
feature and a general consensus on the impact of Artic amplification on the jet stream has yet to
be reached (Blackport and Screen, 2020; White et al., 2022). It has also recently been suggested
that a warmer Arctic will lead to an increase in double-jet flow regimes over Europe and amplified
circumglobal wave patterns, which have been linked to an increase in heatwaves through the

formation and/or maintenance of blocking anticyclones in the low-wind region between the jets
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(Rousi et al., 2022). The potential future changes in stationary Rossby waves may also play a role
(Hoskins and Woollings, 2015; Wills et al., 2019). Given the links identified in this thesis between
blocking systems, Rossby waves and 3hr rainfall extremes, there are thus many mechanisms
through which climate change may impact the dynamical drivers and therefore lead to changes in
future sub-daily rainfall extremes, although a consistent understanding of the climate change

impacts on these drivers is yet to be reached.

6.2 Results in the context of the existing literature and operational practice

The results presented in this thesis are important steps in the identification of large-scale dynamical
drivers of sub-daily rainfall extremes. The repeated appearance of a blocking ridge over the
Scandinavian region, with an upstream trough or a cut-off low over western Europe, in all methods
used here to examine dynamics associated with 3hr rainfall extremes, is in agreement with several
other studies investigating the large-scale conditions associated with intense rainfall in Europe
(Piper et al., 2016, 2019; Weder et al., 2017; Allan et al., 2019; Champion et al., 2019;
Lenggenhager and Martius, 2019; Mohr et al., 2019, 2020; Haacke and Paton, 2021; Tuel and
Martius, 2022). However, this is the first time such a study has been carried out specifically for
sub-daily rainfall extremes in regions of Europe outside of the UK and Germany. This thesis
thereby provides further evidence of dynamical conditions which could be of benefit to medium
range forecasting of these sub-daily extreme events and the extra insight to be gained from

considering sub-daily extremes from a larger-scale perspective.

The potential for using forecasts of atmospheric variables as precursors to predicting the
occurrence of rainfall extremes beyond the short-range of forecasts associated with weather
conditions has recently become a point of research focus (Lavers ef al., 2014, 2016; Mastrantonas
et al.,2022b; Dorrington et al., 2023). The findings here that using both the MSLP based WPs and
the z500 anomalies together provides a clearer picture of the dynamical drivers than using just the
WPs agrees with Mastrantonas et al. (2021) who showed clustering based on a combination of
SLP and z500 led to the highest association of (daily) extreme rainfall events with the atmospheric
clusters compared with a range of other variables. The benefit of using a combination of several
atmospheric variables including a surface variable and a tropospheric variable in weather patterns
for identifying drivers of short-duration rainfall has been shown in several studies (Weder et al.,
2017; Allan et al., 2019; Champion et al., 2019). Additionally, as Richardson et al. (2020) and
Wilkinson and Neal (2021) have already shown, the MO30 WPs can be used to improve the
medium-range forecasting of fluvial flood risk from intense daily rainfall and the occurrence of

thunderstorms respectively. The analysis here indicates the potential applicability of both WPs and
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tropospheric variables for similar improvements to medium-range forecasting of sub-daily rainfall

extremes and subsequent flash flood warnings.

Several studies have indicated that the predictive skill of rainfall conditioned on large-scale
dynamics is lower in summer, although these studies have only examined daily and longer rainfall
events, and not necessarily the most extreme thresholds (Richardson et al., 2020; Dorrington et
al., 2023). While the predictive skill may be lower in summer, this does not mean that using large-
scale dynamics as predictors of summertime short-duration extremes is without benefit. Indeed,
the results in Chapter 5 for the most intense 3hr events have shown there are dynamical precursors
visible 4 to 6 days before the events. This is similar to Allan ez al. (2019) who found precursor
signals for the heaviest 200 3hr summer rainfall events in the UK were visible in SLP and 200hPa
geopotential height variables 4 days before the events occurred and beyond the 3 days found by
Dorrington et al. (2023) when using geopotential height, wind and vapour transport variables as
precursors for daily extremes in Europe. Given that medium range forecasts have a 3-14 day lead
time (Lavers ef al., 2014), a 5 or 6-day lead time for the dynamical drivers observed here would
still be very useful predictors. A significant proportion of the most intense 3hr events in both
Germany and the UK occur under a persistent Rossby wave pattern, with the wave train developing
several days before the extreme events, then remaining quasistationary, before breaking down in
the days after the rainfall event. To the authors knowledge, such a strong link between Rossby
wave dynamics and sub-daily rainfall in Europe has never been identified before, although several
studies have found a similar situation for longer-duration rainfall extremes (de Vries, 2021; Barton
etal.,2022; Tuel et al., 2022). This analysis therefore builds on previous knowledge and provides
evidence that this is a valid research area requiring more attention from the community. In
particular, the differences in the dynamical situation leading to sub-daily compared to daily rainfall
extremes is an area requiring further investigation to improve forecasts of the former. The potential
link to heatwaves identified at the end of Chapter 5 may play a part in this, as initially identified
in Sauter et al. (2023).

The variables of WPs, z500 anomalies and v300 anomalies examined here have all been used
previously (either individually or in combination) in studies investigating the drivers of, and
potential ways to improve the forecasting of (daily) rainfall extremes in Europe (Blackburn et al.,
2008; Martius et al., 2008; Merino et al., 2016; Toreti et al., 2016; Weder et al., 2017; Richardson
etal.,2020; Grazzini et al., 2021; Barton et al., 2022; Mastrantonas ef al., 2022b; Tuel and Martius,
2022; Dorrington et al., 2023). This thesis therefore provides an initial step towards the same
attention, and potential subsequent improvement in forecasting, being directed towards the

dynamical drivers of sub-daily extremes. This is a highly necessary move for the research
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community to make, as the improvement of medium-range forecasts of flash-flood inducing

rainfall is critical to reducing the economic and social consequences of such events (Pappenberger

etal., 2015).

Finally, Chapter 3 provides the first climatology of sub-daily rainfall extremes for western Europe.
While the methods used here were not novel, the information provided is new and of benefit to
both the hydrological and climate modelling communities and may be easily replicated in other
regions where data becomes available. This gauge-based climatology could be used to validate
satellite or radar-based extreme rainfall climatologies, similar to the evaluation of precipitation
diurnal cycles in model and reanalysis products performed by (Watters et al., 2021) using the
observation based IMERG product. Alternatively, the gauge data could be combined with radar
and/or satellite data to create a merged sub-daily rainfall dataset as has already been done for the
UK (Yu et al., 2020). Additionally, Ban et al. (2021) have already shown how indices of sub-daily
rainfall can be used to validate high-resolution convection-permitting climate model simulations.
The results from Chapter 3, in addition to the open-source portions of the GSDR-I dataset available
online, allow this validation to be performed for climate model simulations across much of western
Europe. Furthermore, having a climatology of sub-daily rainfall extremes against which to
compare projections of future short-duration rainfall would allow flood practitioners to determine
which regions are at risk of experiencing potential flood-inducing weather conditions. The
comparison of 3hr with 24hr extreme rainfall indices possible with this dataset is of particular use
for assessing the type of flood management scheme required in different areas, due to their

differing impacts (Hurford ef al., 2012; Dale, 2021).

6.3 Future work

As part of the investigation of synoptic scale drivers of sub-daily extremes carried out in this thesis,
a preliminary investigation of the influence of Cut-Off Lows (COLs) on 3hr extremes in Germany
and the UK was performed,. This analysis utilised a dataset of COLs kindly provided by Dr
Andreas Prien (NCAR) after discussion with the author and supervisors about the best methods
for calculating COL occurrence. This investigation was inspired by the results of Barbero et al.
(2019b) which showed that COLs contribute substantially to the occurrence of 1hr annual and
seasonal rainfall maxima in the US. The preliminary results showed a variable monthly frequency
of COLs over Europe in summer (JJA), with the highest frequency generally in June. The
proportion of all 3hr n-largest (using an n=1 threshold) events in each country that occurred within
500 km and 12 hours of a COL centre for 1996-2015 in Germany and 1979-2015 in the UK was
calculated (Appendix Figure D.1 and D.2). While both countries show an unexpectedly high

proportion of the events can be associated with a COL (between 10 and 40% for most gauges in
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the UK and 5-30% in Germany), there is no clear spatial pattern to the results. This lack of pattern
is thought to be due to a combination of the short gauge records available and the apparent lack of
consistency between gauges recording the same rainfall events. Therefore, due to time constraints
this analysis was not continued. However, it would be a very useful endeavour to repeat this
analysis using a gridded observational dataset or reanalysis data to increase the spatial and
temporal resolution of the rainfall data. This would allow an assessment of the importance of COLs
for sub-daily rainfall extremes in Europe, which could then be linked to the occurrence of

individual WPs.

In this thesis 3hr rainfall totals are used to investigate the links with large-scale atmospheric
dynamics. An investigation of the dynamical situations associated with 1hr rainfall extremes in the
UK has been performed by P. Davies of the Met Office and has identified a 4-stage process
whereby short-duration extremes are generated due to the interaction of a Rex Vortex (or Cut-off
low) with an Omega block. This work has been accepted for publication and builds on the findings
of Barbero et al. (2019) of the importance of COL and jet stream events for producing lhr
extremes in the US and also supports the initial investigation detailed above, finding COL to be
associated with 3hr extremes in the UK. Another piece of future work in this area would be to
examine the atmospheric conditions present on the day(s) before the recorded rainfall event in
more detail, using both the WPs and z500 analysis. Both the sequencing of the WPs linked with
extremes and the persistence of the WPs over previous days would be useful features to investigate
in more detail. The conditions on the days before the rainfall may prove to be more relevant from

a short-term forecast perspective than the conditions on the day of the event.

Further to this, investigation of case studies of the evolution of Rossby wave patterns for individual
extreme rainfall events would provide further detail on how these patterns develop, grow and then
break down and where exactly in the process the extreme rainfall occurs. Work on this will be
carried out as part of the development of Chapter 5 into a paper, alongside ensuring the extreme
rainfall events used do not occur over midnight and that events are sufficiently far apart temporally

to be part of separate Rossby wave trains.

The UK Flood Forecasting Centre (FFC) provides county-level river, surface water, coastal and
groundwater flood risk information to government and core responders in England and Wales. The
service aims to issue warnings with a lead time of ~3-5 days, supported by a flood outlook service
which provides information on flood risk for 6 to 30 days ahead (Flood Forecasting Centre, 2022).
For medium to long range forecasting of river and coastal flooding the FFC have two WP-based
forecast tools already in operation. Both of these tools use the probabilistic predictions of the daily

MO30 pattern from the Decider tool, which takes forecast daily SLP fields from an ensemble
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forecasting model (such as ECMWF-EPS) and assigns the fields to the closest-matching WP using
the sum-of-squared differences (Neal et al., 2016). The Coastal Decider tool highlights periods
when UK coastal sites may be at increased risk of flooding (Neal ef al., 2018) while the Fluvial
Decider provides regionalised warnings of periods with a higher likelihood of extreme daily
rainfall and hence higher potential fluvial flood risk (Richardson et al, 2020). The recent
development of a new ‘multi-model’ ensemble based version of Decider will help to improve the
flood risk assessment in the outlook (6-30 days) period and aid in the early identification of the
potential for extreme events (Flood Forecasting Centre, 2022). These tools mean the forecasting
team can rapidly assess the predicted WPs and any associated potential hydro-meteorological
impacts which may follow. Based on these current forecast tools, there is arguably space for
another tool which provides longer-term probabilistic projections of periods with potential for
extreme sub-daily rainfall, and therefore flash flooding, in the UK, with the possibility of
development for regions further afield too. Work on developing such an operational tool is on-
going in collaboration with the FFC, funded by a Knowledge Transfer Bursary from Newcastle
University which was awarded to the author. Part of this work will include assessing the ‘hit/miss
rate’ of the flood forecast based on the Decider WP forecast as part of the verification process,
which may lead to the development of a set of WPs more tailored towards short-duration rainfall

extremes.

The GSDR data could potentially be used to develop depth-duration-frequency (DDF) curves for
the UK (and other regions of Europe where this data is available) and fit a DDF model to the sub-
daily extremes to predict extreme values for given return periods. The GSDR records are relatively
short however, so this would not allow for a proper characterisation of the local climatology.
Additionally, due to the short records, regionalisation would likely be required and therefore the
quality of the DDF models would depend on how well the data could be regionalised — which in
the majority of countries with GSDR data would limit the reliability of the model due to the sparse

nature of the gauge networks (Guerreiro et al., 2017).

Another driver of sub-daily extremes which could be utilised as a potential forecasting tool is the
integrated water vapour transport (IVT) associated with the events. This variable has been used in
several studies recently as a feature with greater potential predictability than the rainfall itself
(Lavers et al., 2014). The ECMWF extreme forecast index (EFI) of the IVT was categorically
proven to be more useful in predicting extreme rainfall in western Europe from 2 weeks ahead
during NAO positive phases, providing earlier awareness of upcoming winter rainfall extremes
(Lavers et al., 2016). Grazzini et al. (2021) used IVT to help diagnose daily extremes in northern
Italy and their connection to Rossby wave packets. Similarly, both Tuel and Martius (2022) and
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de Vries (2021) use IVT as part of their assessment of synoptic scale conditions associated with
(temporally clustered) daily extremes. Finally, Champion et al. (2019) and Allan et al. (2019) both
use horizontal water vapour transport variables as indicators of the synoptic scale conditions
associated with extreme 3hr rainfall in the UK. Therefore, it would be useful for both forecasting
applications and improving the understanding of dynamical drivers for future work to study the
water vapour transport associated with the 3hr extremes under each WP, alongside the z500
anomalies. Such analysis could also help in further diagnosing the connections between the sub-

daily rainfall extremes and Rossby waves (de Vries, 2021).

The WP-extreme rainfall connections found here could be used in the analysis of future changes
in the frequency of extremes under climate change. Pope ef al. (2022) examined the future changes
in frequency and persistence of the MO30 WPs under two ensemble climate models and both
RCP2.6 and RCPS8.5 for the period 2071-2099 compared to the historical period. They found for
the summer under both scenarios that WPs 1, 2, 5, 6, 10 and 11 show an increase in frequency,
with a larger increase in the higher emission scenario. These same patterns also all show an
increase in persistence in summer. Therefore, the WPs most strongly associated with a high
frequency of 3hr rainfall extremes across western Europe in this thesis are all projected to increase
in their frequency and persistence under future climate change. This finding indicates that future
work should focus on a more detailed assessment of what these changes in WPs might mean for
future flash flood risk in Europe. Additionally, Rau et al. (2020) used a statistical downscaling
method based on circulation patterns to develop projections of extreme hourly rainfall over the
UK under future climate change. The links identified here between the MO30 and 3hr extremes

could be utilised for such analysis in the UK and western Europe.
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Appendices

Appendix A: Supporting information for Chapter 3
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Figure A.1: Rx3hr boxplots by region. The boxplots consist of the Rx3hr value for each year of record at
each gauge in the region. The number of gauges in each region is given in black.
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Figure A.2: The seasonal Rx3hr median value. Note the Pannonian Basin region does not have seasonal
level data available.
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167



Latitude

Latitude

80

404

604

DJF

MAM

-

median = 0.13

JJA

SON

-10 0 10 20 30 -10 o 10 20 30
Longitude
Theshod 1
Exceed
P 20 40 60 80 100
DJF [ MAM

JUA

[ SON

Threshold
Exceedence
Percentile

30 10 0 10 20 30
Longitude
20 40 60 80 100

168

Figure A.4: Seasonal mean
frequency over threshold for a) 3-
hour 20mm events and b) 24-hour
30mm  events. The colours
represent which percentile the
gauge result lies in for that season.
Eg  Dark blue means the
R99.9pHhr value at that gauge lies
between the 80th and 100"
percentile for that season.



Rx3hrP Summary
100-

75-

50-

contribution mean value (%)

25-

56 268 740 2193 367 123 55

35-40 4045 4550 50-55 55-60 60-65 65-70
Latitude Band

Figure A.5: Mean contribution of the Rx3hr event to rainfall on the day of occurrence by latitude band.
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Count of JUA 1hr 30mm events per gauge

704

60 4

504

404

v
6‘"2."
?ga‘ .

g

, AR

10 20
longitude

170

30

Number
of

Events
30

25
20

N
o



latitude

Count of JJA 3hr 40mm events per gauge

704

604

501

404

Number
of

Events
30

25
20
15
0

N0

0 0 10 20
longitude

30

Figure B.1: Comparison of the total number of a) 1hr >30mm events per gauge and b) 3hr >40mm

events per gauge in summer in western Europe.
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Figure B.4: Results of significance testing of the z500 anomalies on event days. a) the mean z500 anomalies
on days with WP1 + 3hr40mm event in the UK. b) mean z500 anomalies on days with WP6 and no extreme
even in the UK. The colours are z500 anomaly (m) and black contours mean z500(m.) ¢) The difference
between a) and b). Colours are the mean z500 anomaly difference between (a) and (b) and the stippling
shows areas where the mean z500 anomaly on event days (from (a)) are above the 95" percentile (dots) and
below the 5" percentile (hashes) limits from the bootstrap of all WPI days without an event (b).
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Figure B.5: Results of significance testing of the z500 anomalies on event days. a) the mean z500 anomalies
on days with WP2 + 3hr40mm event in the UK. b) mean z500 anomalies on days with WP2 and no extreme
even in the UK. The colours are z500 anomaly (m) and black contours mean z500(m.) c¢) The difference
between a) and b). Colours are the mean z500 anomaly difference between (a) and (b) and the stippling
shows areas where the mean z500 anomaly on event days (from (a)) are above the 95" percentile (dots) and
below the 5™ percentile (hashes) limits from the bootstrap of all WP2 days without an event (b).
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Figure B.6: Results of significance testing of the z500 anomalies on event days. a) the mean z500 anomalies
on days with WP5 + 3hr40mm event in the UK. b) mean z500 anomalies on days with WP5 and no extreme
even in the UK. The colours are z500 anomaly (m) and black contours mean z500(m.) ¢) The difference
between a) and b). Colours are the mean z500 anomaly difference between (a) and (b) and the stippling
shows areas where the mean z500 anomaly on event days (from (a)) are above the 95" percentile (dots) and
below the 5" percentile (hashes) limits from the bootstrap of all WP5 days without an event (b).
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Figure B.7: Results of significance testing of the z500 anomalies on event days. a) the mean z500 anomalies
on days with WPI11 + 3hr40mm event in the UK. b) mean z500 anomalies on days with WPI11 and no
extreme even in the UK. The colours are z500 anomaly (m) and black contours mean z500(m.) c) The
difference between a) and b). Colours are the mean z500 anomaly difference between (a) and (b) and the
stippling shows areas where the mean z500 anomaly on event days (from (a)) are above the 95" percentile
(dots) and below the 5" percentile (hashes) limits from the bootstrap of all WP11 days without an event (b).
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Appendix C: Supporting information for Chapter 5

Figure C.1: Composites of mean LWA cyclonic and anticyclonic anomalies for the LWA calculated on the

z500 climatology. a) top 20 3hr rainfall events in Germany. b) top 20 3hr rainfall events in UK.
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Figure C.2a: Standard deviation of LWA cyclonic and anticyclonic
anomalies on the top 20 3hr event days for Germany
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Std Dev of Anticyclonic LWA Anomaly for UK 3hr top20 events, JJA
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Figure C.2b: Standard deviation of LWA cyclonic and anticyclonic anomalies on
the top 20 3hr event days for the UK
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Std Error on the Mean for Cyclonic LWA Anomaly, Germany 3hr top20 events, JJA
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Figure C.3a: Standard error on the mean for LWA cyclonic and anticyclonic
anomalies on top 20 3hr event days for Germany
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Figure C.3b: Standard error on the mean for LWA cyclonic and anticyclonic
anomalies on top 20 3hr event days for the UK
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Figure C.4: Histogram of the absolute amplitude of anticyclonic and cyclonic activity anomalies on UK
top 20 3hr days (red crosses) compared to all JJIA days. Mean of all JJA days shown by pink circle, mean
of all top20 3hr days shown by red circle. The bounding boxes used to calculate anomalies within are for
cyclonic (box 1) and anticyclonic (box 2) anomalies.
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Figure C.5: Bootstrapped significance of the mean v300 anomalies on top 20 3hr event days in a) Germany
and b) the UK. Stippling shows regions with anomalies above the 95th percentile level. Hashes show regions
with anomalies below the 5th percentile.

183



Std Dev of v300 anomaly, Top20 3hr events, Germany, JJA
0w e [ ) SOE _ 120°E

20N ' , | 1; ' : ; : ! % P
o i o ® \ 7| \\_;tl j : v @ i
o P ’& / \ ¥ ma ¢ A/;H . iyt
180° 120w 0w [ 4 80°E 120°€
Std Dev of v300 anomaly, Top20 3hr events, UK, JJA
180° 120w o'W r B0°E 120°E
70°N 70°N
BN 0N
0N 50°N
AN ; < @ - 0N
H°N - - S e _ad : . 0°N
"'\ .—;‘\?_ i 3 LS N A/; Y E
180° 120w 0w o 80°E 120°€
Figure C.6: Standard deviation of v300 anomalies on top20 3hr event days in Germany and UK
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Figure C.7: Composite maps of mean temperature anomaly on days surrounding top 20 3hr rainfall
events in Germany. Starting from 4 days before the rainfall events.
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Figure C. 8: Composite maps of mean temperature anomaly on days surrounding top 20 3hr rainfall events
in the UK. Starting from 4 days before the rainfall events.
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Figure D.1: Proportion of 3hr n-1
events that occurred within 500km
of a COL centre in Germany
during JJA 1996-2015.For gauges
with >10 years of record only.
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Figure D.2: Proportion of 3hr n-1
events that occurred within 500km of a
COL centre in the UK during JJA 1979-
2015. For gauges with >15 years of
data only.



