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Abstract

Severe wind gusts associated with mid-latitude convective storms contribute to an increasing amount
of natural hazard related losses in Europe. Modifications of the atmosphere associated with anthro-
pogenic climate change are projected to increase the frequency of favorable conditions for convective
storms, and it is absolutely critical to understand the implications of these changes to prepare for
a resilient future. To this end, the fate of convective gusts in Europe in a future warmer climate is
addressed through the output of two high resolution regional climate models (RCMs). One RCM
includes convection permitting (CP) physics, and the other assumes hydrostatic conditions in which
deep convection is parameterized. It is found that the magnitude and characteristics of extreme
straight line gusts from mesoscale convective systems are well resolved in the CP-RCM but not in
the hydrostatic RCM. The RCMs are forced with a high carbon emission scenario for the end of
the 21st century, and the CP-RCM shows an increase in the frequency and magnitude of extreme
convective gusts over mainland Europe. These changes are likely related to an increase in conditions
where strong wind shear (≥ 15 m/s) simultaneously occurs with unstable environments (lifted index
≤ −2). However, the inherent low frequency of extreme convective storms requires continued inves-
tigation to draw more robust conclusions. In addition, the environmental conditions in which the
severe gusts take place indicate the importance of addressing gusts separately from the more com-
monly studied effects of climate change on extreme convective precipitation. This thesis provides an
important bridge to understand the fate of extreme gusts from convective storms in a future warmer
climate and the high potential of CP-RCMs in such studies.
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Chapter 1

Introduction

1.1 Background

Severe convective storms are a major natural hazard as they are commonly paired with strong gusts,
hail, lightning, flooding and tornadoes. Per year, convective storms are responsible for an estimated
5 to 8 billion euros damage for European countries (Munich Re Group, Dotzek et al., 2009). To
this end, it is of major importance to understand how convective storms will change in a warming
climate for the development of adaptation strategies for amongst others the wind energy sector,
transportation links, forestry and coastal protection. Recently, an increasing number of studies have
addressed the implications of warmer temperatures for extreme convective precipitation (for example,
Kendon et al., 2017, Lenderink et al., 2019 and Vanden Broucke et al., 2019). In addition, several
studies have confirmed an increase in favorable conditions for extreme convective weather in a future
warmer climate (Rädler et al., 2019; Púčik et al., 2017 and Diffenbaugh et al., 2013). Such studies,
however, have not been done so far for convective gusts specifically, and their response to elevated
greenhouse forcing remains highly uncertain. One major reason for the lack of understanding is the
local and short-lived nature of convective storms and the associated challenges to represent them
in climate models. Fortunately, increasing computational power has led to the development of high
resolution convection permitting (CP) regional climate models (RCMs) that have the potential of
resolving such phenomena.

1.2 Research objectives

The main objective of this thesis is to address how extreme gusts associated with convective storms
are projected to change in a future warmer climate through a CP-RCM in Europe (objective C, see
section 1.4 and Figure 1.1 for overviews). Before this can be addressed, it is vital to understand
how convective storms form, what the key ingredients are for the development of extreme gusts, how
their environmental conditions are expected to change and how they can be represented in climate
models. To this end, objective A is designed.

In traditional RCMs, the resolution is too coarse to resolve deep convection explicitly, and pa-
rameterization schemes are applied. These schemes are often thought to be a major source of
uncertainty, and hence CP-RCMs have been developed with the capability of resolving deep con-
vection explicitly. This however comes at high computational costs, and it is important to explore
what the actual added value is. The ability CP-RCMs to represent extreme convective precipita-
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Figure 1.1: The four research objectives visualized. The main objective is to investigate how con-
vective gusts are projected to change in a future warmer climate in Europe through a CP-RCM
(objective C). To this end, it is important to first understand the theory behind the formation and
key ingredients of extreme gusts in convective storms and how they can be represented in climate
models (objective A). Objective B addresses the ability of CP-RCMs to resolve extreme convective
gusts. Finally, objective D aims to expose any remaining knowledge gaps and make recommendations
for further research.

tion is addressed extensively in literature (for example, Kendon et al., 2017, Prein et al., 2015 and
Vanden Broucke et al., 2019), and it was found that the benefits lie mainly in statistics related to
deep convection, complex terrain and extreme events (Prein et al., 2015), though the results strongly
depend on timescale and topography (Vanden Broucke et al., 2019). The ability of CP-RCMs to
resolve extreme convective gusts accurately remains largely unaddressed. To this end, objective B
is designed. The results from objectives A, B and C are used to identify remaining knowledge gaps
and to make recommendations for future studies as addressed in objective D.

1.3 Research approach and scope

This thesis commences with an extensive literature overview on the formation, key ingredients and
projections of the environmental conditions in a warmer climate of extreme convective gusts as well
as methods to represent them in regional climate models in chapter 2. In chapters 3 and 4 the data
used and methodology are further discussed. In short, the CP-RCM output for this thesis comes
from the high resolution (app. 2.5 km) model Harmonie Climate (HClim, Belušić et al., 2020). HClim
takes its boundary conditions from the hydrostatic RCM RACMO (ECMWF, 2009), which in turn
is forced by the general circulation model (GCM) EC-Earth (Hazeleger et al., 2012). In addition
to the EC-Earth runs, one evaluation run is forced with the global atmospheric reanalysis product
ERA-interim (Dee et al., 2011) to allow an assessment of the performance of the EC-Earth driven
runs. To evaluate the ability of the CP-RCM to resolve convective gusts, observational data from 22
meteorological stations from the Royal Netherlands Meteorological Institute (KNMI) are utilized.

This study additionally investigates whether it is possible to use the traditional and coarser reso-
lution RACMO output directly to investigate the changes to extreme wind gusts in a future climate.
RACMO data without downscaling by HClim is available for the entire 21st century (Van Meijgaard
et al., 2012). The HClim downscaled runs are available for a historical period, and for the middle
and end of the 21st century for a large part of the European continent. In EC-Earth a high carbon
emission scenario from the Intergovernmental Panel on Climate Change (IPCC) is incorporated to
explore the effects of anthropogenic climate change. The performance of the models for gusts and the
behaviour of extreme convective gusts in a future warmer climate is addressed through two lenses.
The first is a climatological approach, and in the second case studies are selected to investigate the
dynamical aspects of the performance and future changes in more detail. The objectives of this
thesis are addressed through the research questions given on the next page.
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1.4 Research questions

Part A: understand key ingredients for extreme convective gusts, their projections
and how convective storms can be represented in models

A1. How are convection-induced gusts and their environmental indicators expected to change
in a warming climate theoretically?

A2. What methods can be used to parameterize gusts and how do the methods of HClim and
RACMO compare?

Part B: explore whether convection permitting regional climate models are effective
for studying convective gusts

B1. How well are convective gusts represented in HClim compared to observational data in the
Netherlands?

B2. How does the EC-Earth forced historical HClim run perform compared to the HClim ERA-
interim run?

B3. Can the same results of the CP-RCM be obtained using the coarser and hydrostatic RCM
RACMO?

Part C: investigate how convective gusts will change in a future warmer climate

C1. From a climatology standpoint, how are convection-induced wind gusts expected to change
in a warming climate?

C2. From a dynamical perspective, how are convection-induced wind gusts expected to change
in a warming climate?

Part D: recommend further investigation and explore what knowledge gaps remain

D1. Are there important remaining knowledge gaps regarding how convective gusts might re-
spond to climate change?

3



Chapter 2

Convective Gusts

This chapter provides an overview of the theory behind the formation, development and key ingre-
dients for convective storms paired with severe gusts and briefly discusses how the ingredients are
expected to change in a future warmer climate (objective A1). Next, methods to represent con-
vection and convective gusts in weather and climate models through parameterization schemes are
discussed, as well as the effect of model resolution on their representation (objective A2).

2.1 Formation of isolated convective storms

Extreme convective gusts form as result of downdrafts from isolated and organised convective storms.
Extreme convective storms require specific environmental conditions, usually including the presence
of moisture, instability and a source of upward motion. In addition, strong vertical wind shear is
required for a convective structure to become more organised and to produce severe winds. Un-
derstanding the formation and dynamics of isolated storms is important as they form the building
blocks of more complicated mesoscale convective systems producing severe winds, such as squall
lines and mesoscale convective complexes.

In literature, various methods have been proposed to classify storms based on their internal
structure, rainfall intensity, potential severity, longevity and propagation characteristics. This text
adapts the same nomenclature as the books of Lin (2007) and Markowski and Richardson (2011),
where isolated storms are categorized as single-cell, multicell and supercell storms.

Single-cell storms occur in situations with weak wind shear and abundant moisture, and often
have a short lifetime (30-50 minutes). In situations with moderate shear, multiple single-cells at
various stages can form a multicell storm. These storms last longer as new cells continue to develop
along the gust front while older cells dissipate. When shear is even stronger, a much longer lived
supercell can form that consists of a single rotating updraft. This last type often produces the
majority of severe weather. The next sections discuss the three types of isolated storms, as well as
the organization of them into larger systems.

2.1.1 Dynamics of single-cell storms

Of the three isolated storm types, the dynamics of single-cell storms are best understood due to
their less complicated dynamics. The formation of a single-cell storm can be summarized in three
steps. In the developing stage, air parcels rise by latent heat release, resulting in towering cumulus
clouds (Figure 2.1a). The process of air being lifted to saturation, subsequently achieving positive

4



buoyancy and rising to great heights is also referred to as deep moist convection (DMC; Markowski
and Richardson, 2011). In the upward journey rain drops or ice particles form in the upper portion of
the cumulus clouds. In the mature stage (Figure 2.1b) the cloud continues to grow and precipitation
starts to fall below the cloud base. The evaporation from the descending precipitation cools the
unsaturated air underneath the cloud base to form a cold pool. Due to hydrostatics, this in turn
leads to a mesoscale region of high pressure near the surface. The mass of cold air descending is
also known as a cold pool or downdraft, see Figure 2.2 for a visualisation, and can be up to a few
kilometers in size. When the cold air mass hits the Earth’s surface, it is deflected, cutting the inflow
of warm air into the updraft in case of weak shear (often ≤ 10 m/s in the lowest 4 km, Markowski
and Richardson, 2011), resulting in a dissipating stage of the storm (Figure 2.1c). For this reason,
single-cell storms are usually not strong enough and too short-lived to produce severe weather.

Figure 2.1: Schematic overview of the (a) developing (b) mature and (c) dissipating stage of a
single-cell storm. Adapted from Lin (2007), chapter 8.

2.1.2 Downdrafts and downbursts

In case a strong downdraft induces a large area of damaging winds in the proximity of the Earth’s
surface it is referred to as a downburst. To differentiate gust fronts and severe winds associated
with downbursts from the rotating nature of winds associated with tornadoes, they are often named
straight-line winds. According to their size, intensity and characteristics, downbursts can be further
classified into macrobursts and microbursts. Marcobrusts are downbursts with a spatial extent
of more than 4 km and last for 5 to 30 minutes, whereas microbusts are smaller than 4 km and
last anywhere between 2 to 5 minutes. In its turn, microbursts can be further classified into dry
and wet microbursts (Fujita and Wakimoto, 1983). Dry microbursts are paired with little or no
precipitation during their downwards journey, whereas wet microbursts are often accompanied by
heavy precipitation (see Figure 2.2 for an example).

2.1.3 Dynamics of multicell storms

Multicell storms consist of a cluster of convective cells that are at different stages in their life cycles
and can develop in conditions with increased vertical wind shear. See section 2.2.2 for a more
detailed description on the influence of shear on convective storm development. The key for genesis
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Figure 2.2: Photograph of a summer storm taken in the proximity of Tilburg, the Netherlands, on
the 29 th of June 2020, by Jan van Hoof. The descending air paired with precipitation, also known
as a cold pool, downdraft or downburst, is clearly visible. In this case, the spatial extent of the
downburst is less than 4 km and associated with precipitation, and is therefore also referred to as a
wet microburst.

of multicells is the development of new convective cells around the boundary of the cold pool outflow,
also called the gust front. At this location the new cell develops vertically and moves rearward in the
front-to-rear (FTR) jet. The FTR jet is an ascending airflow coming from the surface and residing
above the cold pool and moves towards the rear side of the storm and over the rear-to-front (RTF)
jet. The RTF jet flows from the rear part of a storm towards the rear part of the cold pool. Both jets
are shown with bold stream lines in Figure 2.3. In a process repeating every 10 to 15 minutes, after
the new cells are developed, they are cut off from the gust front updraft. In case of weak shear, the
up- and downdrafts would take place in close proximity, and hence dissipating one another to some
extent. Due to the stronger shear, new cells are able to develop making a more sustained system.

A series of convective cells in various stages of their life cycles is represented by n - 2 to n + 1
as depicted in Figure 2.3. The n - 2 cell is in a decaying stage, and has weak down- and updrafts
at most levels. Cell n - 1 is in a mature stage and has almost reached maximum intensity. Cell n
is in a developing stage, growing from the gust front. The gust front often comes paired with the
horizontally protruding shelf cloud, as captured in Figure 2.4. The newest cell n + 1 is around 15
minutes behind the shelf cloud of the n cell. The life cycle of one cell is around 1 hour.

2.1.4 Dynamics of supercell storms

In case of strong vertical wind shear, a convective storm can possess a persistent, deep, rotating
updraft, and the storm in such case is referred to as a supercell storm. A mesocyclone, a cyclonically
rotating vortex with a diameter of 2 to 10 km, is often embedded in a supercell storm. Supercell
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Figure 2.3: Schematic visualization of a multicell storm, in the vertical plane along the direction
of the storm’s movement. The storm consist of four cells: n − 2 to n + 1 , that were generated at
the gust front and moved to the left as they developed. The front-to-rear and rear-to-front jets are
denoted by FTR and RTF, respectively. Adapted from Lin (2007), chapter 8, and Browning and
Foote (1976).

Figure 2.4: Shelf cloud associated with a convective storm front approaching Utrecht, the Netherlands
in the late afternoon of the 16 th of August 2020. Image taken by Pieter Groot Bramel.

storms often move along the direction of the mean environmental wind, and tend to last for several
hours due to the strong vertical shear. Although similar in size compared to multicell storms, the
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cloud structure, flow structure, flow circulation and formation of precipitation are organized by a
single massive updraft-downdraft pair. Supercells tend to result in the most intense and long-lasting
tornadoes and damaging hail, and are governed by complicated physical processes (Markowski and
Richardson, 2011). The updraft speeds of up to 40 m/s of supercells are significantly higher than
those of single-cell and multicell storms.

2.1.5 Tornadoes and waterspouts

Tornadoes are rapidly rotating columns of air, and often extend downwards from the base of a
cumulonimbus updraft in supercells storms (see Figure 2.5). When a tornado occurs over sea, it
is often referred to as a waterspout. The damage caused by tornadoes locally cannot be found in
the most severe larger scale storms, though their catastrophic footprint typically extends only a few
hundred meters wide and last only around 10 minutes. In Europe, around 170 tornadoes are observed
yearly, and around 300 take place based on estimates (Dotzek, 2003). A significant proportion of
these occur in the Netherlands, with 20 observed and 35 estimated yearly (Dotzek, 2003). This is the
highest amount in Europe after the United Kingdom (Dotzek, 2003). In terms of waterspouts the
Netherlands have by far the highest number in Europe with 60 observed and 100 estimated, mostly
due to the climatology of the North Sea coastal plains (Dotzek, 2003). Tornadoes can be associated
with any form of DMC, though the most violent tornadoes are associated with supercell storms, or
in environments where the 0 to 6 km shear is at minimum 20 m/s and CAPE ≥ 1000 J/kg (Brooks
et al., 2003). Two of the most discriminating proxies for predicting if a supercell produces tornadoes
are large boundary layer relative humidity and the low-level vertical wind shear (Markowski and
Richardson, 2011). The study of Thompson et al. (2003) examined more than 400 soundings of both
tornadic and nontornadic supercells in relation to their environmental conditions. They found that
the most significant discriminator between tornadic and nontornadic supercells is low vertical shear
(0-1 km) and moisture within 1 km from the ground. For distinction between supercell environments
to non-supercell environments, the wind shear between the surface and 6 km is still reported most
powerful (Thompson et al., 2003). Despite the findings of Thompson et al. (2003), tornadoes are
still often thought to be ‘mesoscale accidents’, that is, there is a strong random element to tornado
formation within supercells (Markowski and Richardson, 2011).

2.1.6 Formation of mesoscale convective systems

The isolated convective storms, as discussed in the previous section, form the building blocks for
mesoscale convective systems (MCSs). According to the definition of the American Meteorological
Society, the horizontal scale of MCSs is at least 100 km at midlatitudes and have a lifetime of around
3 hours or more. At these scales, Coriolis acceleration plays a significant role in the dynamics of
MCSs. MCSs can start to form from convection that is somewhat isolated, and can develop in a
process commonly called upscale growth. In this process, outflows from isolated storms tend to
merge into a single, widespread cold pool. This large cold pool is in turn able to grow new cells at
its convection-initiating boundary. Upscale growth is enhanced in environments where deep-layer
wind shear has a major component parallel to the gust front (Markowski and Richardson, 2011).
In other instances, MCSs can develop almost immediately after convective initiation, especially in
environments with low convective inhibition (see section 2.2.1). Most MCSs can be regarded as
multicell storms (see section 2.1.3), as new cells are continuously generated in the gust front. The
structure of many MCSs therefore closely resembles the schematic of 2.3 when extended into and
out of the page.
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Figure 2.5: Tornado in Amsterdam on August 9 th, 2019 (nu.nl, 2019).

Organised MCSs can increase the likelihood of severe surface winds in multiple ways. First,
mesoscale cold pools can be generated when the outflow of multiple isolated storms merge. This
process causes mesoscale pressure gradients, that in turn can result in severe winds without the
presence of downdrafts. Second, the same cold pools can strengthen convective redevelopment in
environments already supportive of intense downdrafts. And third, the internal dynamics of MCSs
can result in local strengthening of gusts when a rear-inflow yet reaches the surface and takes along
large horizontal momentum (Weisman and Klemp, 1982). MCSs can be subclassified in multiple
ways, and a first distinction is often made between squall lines and mesoscale convective complexes
(MCCs) in the midlatitudes, and tropical storms (cyclones) and cloud clusters at tropical latitudes.
Squall lines are MCSs that consist of an organized line of thunderstorms created by deep convective
cells on a scale between 1 to 10 km. In some cases, bow echos are visible as arc-shaped structures
within squall lines. MCCs have a more circular anvil shape compared to squall lines and occur in
environments with low wind shear.

2.2 Key ingredients for severe convective gusts

Many studies, including multiple in-depth textbook on mesoscale atmospheric physics, discuss the
most important ingredients for strong and long-lived deep moist convection. These include insta-
bility, strong wind shear and a lifting mechanism. However, few studies have specifically looked at
convective environments that support damaging wind gusts, with the study of Kuchera and Parker
(2006) as an exception. They used 7000 documented severe convective winds events since 2003 in the
United States and compared them with the RCM Rapid Update Cycle (RUC, horizontal resolution
20 km) to test the ambient conditions associated with these storms. In addition, they looked at
cases where strong convection did occur, but were not paired with widespread damaging winds. In
general they found that atmospheric patterns belonging to strong convective situations with severe
convective gusts (≥ 25 m/s) are closely related to instability and a combination of wind direction
and shear. These two key ingredients are discussed in the next two sections.
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2.2.1 Effect of latent instability and CAPE

The initiation of deep moist convection requires that an air parcel reaches a level where it becomes
warmer than the environmental temperature (level of free convection; LFC) and stays positively
buoyant during its upward journey. A commonly used measure for an air parcel’s ability to do so is
convective available potential energy (CAPE; Moncrieff and Miller, 1976). CAPE is defined as:

CAPE =

∫ EL

LFC

B dz ≈ g
∫ EL

LFC

T ′v
Tv

dz (2.1)

Where EL is the equilibrium level, or the height at which a buoyantly lifted air parcel becomes
neutrally buoyant. Otherwise said, the altitude at which the parcel’s temperature is the same as
the environmental temperature. The B represents buoyancy, g the gravitational constant, T ′v the
virtual temperature perturbation of the air parcel compared to the environment and Tv the virtual
temperature of the parcel itself. A higher CAPE value indicates a higher potential for kinetic energy
gain from the environment as a result of buoyant forces to the vertical acceleration, and ensures that
initiated convective updraft can become strong.

The magnitude of CAPE is not directly related to the severity of the convective event, though
the studies by Groenemeijer and Van Delden (2007) and Cohen et al. (2007) indicate that for the
Netherlands and the US, respectively, instability measured by CAPE has considerable skill in dis-
tinguishing weak from severe convective systems. Kirkpatrick et al. (2011) studied 225 numerical
simulations of convective storms to examine their behaviour in environments with varying CAPE
values. They found that at CAPE values less than 450 J/kg it is very unlikely to generate severe
storms, though one supercell storm was found. CAPE values below this threshold indicate that the
buoyancy of the rising air parcels is not strong enough to reach great heights, and deep convec-
tion is absent. Instead, convection is contained to shallow levels, which rarely results in extreme
weather. At a CAPE of 800 J/kg mature storms are more common and updrafts correlate with
robust low-level lapse rates. At 2000 J/kg and higher, updrafts benefit from increased shear and
higher altitudes of free convection (Kirkpatrick et al., 2011). The relation of CAPE with convective
storm development has been studied for decades, i.e. Weisman and Klemp (1982) also confirmed
that as CAPE increases from 1000 to 2000 J/kg, storm updraft velocity increases. The study of
Kuchera and Parker (2006) specifically into severe gust environments also reports that CAPE is one
of the most skill full parameters in predicting gust severity convective situations.

Some studies use the lifted index (LI) as a measure for latent instability. As an alternative to
CAPE, LI is defined as the temperature difference of the ambient air at 500 hPa and of an air parcel
lifted adiabatically from the surface to that altitude (Galway, 1956). A negative LI value indicates
positive parcel buoyancy and subsequently latent instability at 500 hPa (Normand, 1938). For 0 >
LI ≥ −2 the situation is considered slightly unstable, for −2 > LI ≥ −6 unstable, and for LI < −6
very unstable.

An environmentally high CAPE alone is not sufficient for convective initiation. This is due to
the existence of convection inhibition (CIN) in the atmosphere. The definition of CIN is similar to
CAPE:

CIN =

∫ LFC

SFC

B dz ≈ g
∫ LFC

SFC

T ′v
Tv

dz (2.2)
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Note that the integration of buoyancy now extends from the surface level (SFC) to LFC, instead
of from LFC to EL for CAPE. Convective inhibition is usually the result of a capping stable layer or
inversion. For air parcels to overcome CIN and to initiate deep moist convection, a lifting mechanism
is required. This often is provided by air mass fronts, including outflow boundaries and sea breezes,
synoptic fronts, convective cold pools in addition to orography (i.e. Doswell III, 1987; Johns and
Doswell, 1992). Kuchera and Parker (2006) found that although a reduction of CIN is a necessity
for the initiation of convection, once organized convection is developed, CIN does not substantially
impede the generation of strong surface winds.

Note that both CAPE and CIN are dependent on Tv, which in turn is inherently dependent on
the presence of water vapor in the atmosphere through the effect of moisture on density. When an
air parcel rises it is adiabatically cooled. If the temperature of the parcel drops below the critical
temperature for condensation, phase changes might occur, which in turn leads to latent heat release.
This enhances convection, as the air parcel gains extra buoyancy in this process to ascend to a higher
level.

2.2.2 Effect of wind shear

Several studies indicate that the presence of wind shear strongly affects the organization, devel-
opment and propagation of severe convective storms (for example, Weisman and Klemp, 1982;
Markowski and Richardson, 2011). Vertical wind shear tends to increase the duration and promotes
organisation of the storm, though excessive shear is potentially destructive for weak updrafts in sit-
uations with little instability (Markowski and Richardson, 2011). One commonly used measure for
vertical wind shear is the vector difference between the surface to 6 km wind (often named 0-6 km
shear), though alternative levels are also used for the computation of shear. For example, Bechtold
and Bidlot (2009) instead use shallow shear (between 850 hPa and 950 hPa wind speeds) to estimate
gusts in extreme conditions. Section 2.1.5 on tornadoes and the discussion of the study of Thompson
et al. (2003) indicate that shallow shear might be a better discriminator for distinguishing tornadic
from non-tornadic supercells. More commonly however, including in the textbooks of Lin (2007) and
Markowski and Richardson (2011), the 0-6 km shear is used for separating severe from non-severe
environments, and this convention will be adopted in this study.

The 0-6 km shear magnitudes are classified as:

• weak shear: ≤ 10 m/s.

• moderate shear: 10-20 m/s

• strong shear: ≥ 20 m/s

There are two main theories that explain why vertical shear tends to increase the longevity, organi-
zation, and severity of convective storms. First, as vertical shear over the updraft depth strengthens,
the outflow and precipitation of the downdraft interfere less with the updraft. This is because the
horizontal movement of air influences the position where the downdraft reaches the surface relative
to the updraft. Without shear, there the outflow tends to undercut the updraft (see for example
Figure 2.1c, versus 2.3). Second, vertical shear has an enhancing effect due to the possible genesis of
vertical pressure gradients. This pressure gradient in turn facilitates the lifting along a gust front,
and the development of new convective cells (Markowski and Richardson, 2011).

As a rule of thumb from Markowski and Richardson (2011), gust fronts are able to initiate
new cells repeatedly at a vertical wind shear between 0 to 6 km of around 10 m/s. Below this,
the gust front of single-cells are unable to initiate new cells. With shear between 10 to 20 m/s,
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the system reproduction is dominated by gust-front lifting, allowing for the existence of multicell
storms. Above around 20 m/s, updrafts can be steady and propagation of the system is regulated
by vertical pressure gradients, as opposed to only by gust-front lifting (Markowski and Richardson,
2011).

In addition to the shear magnitude, Kuchera and Parker (2006) found that the ground-relative
velocities have good skill in predicting gust damage occurrences. This is the case when warm wind
blows over a cold air mass such that convection is detached from the surface, and damaging wind
occurrence is diminished. Another case is when wind blows parallel to the convective gust front. In
such situation, the convective system produces less severe gusts, as the descending gusts and system
speed cancel each other to some extent.

2.3 Projections of environmental conditions for severe con-
vective storms

Summarizing the previous sections, the main atmospheric favorable conditions for the development of
severe convective storms are latent instability, a lifting mechanism to overcome convective inhibition
and deep-layer wind shear. If the key ingredients for convective storms are projected to change in
a warmer climate, it is likely that the characteristics and/or frequency of extreme convective gusts
themselves will do so too. Indeed, apart from global temperature increases, climate change is thought
to evoke a number changes in the troposphere. These alternations include widespread higher water
vapor contents in the lowest layers of the atmosphere, as well as both locally increasing and decreasing
mid-tropospheric humidity. In addition, studies suggest that as a result of polar amplification,
the process describing the phenomenon where the Arctic regions are warming quicker than lower
latitudes, that the polar jet stream has started to meander. This has potential consequences for
vertical wind shear in Europe (Petoukhov et al., 2016; Coumou et al., 2018). Amplified low-level
humidity increase convective instability and consequently updraft strength. In contrast, decreased
mid-tropospheric water contents suppresses convective storm genesis. In this section three studies
into the changes of thunderstorm environments in Europe (Rädler et al., 2019; Púčik et al., 2017)
and the United States (Diffenbaugh et al., 2013) are discussed in more detail.

One of the more recent investigations for Europe was done by Rädler et al. (2019). They used
an ensemble of 14 RCM simulations of the EURO-CORDEX initiative (Jacob et al., 2014) to study
the probability of severe convective weather events at the end of the 21st century in Europe, in the
RCP4.5 and RCP8.5 carbon emission scenarios (Stocker et al., 2013, see section 3.1.2). The used
simulations have a horizontal resolution 50 km, at a 6 hour temporal resolution. As the desired
convective hazards addressed are too short-lived and local to be resolved at this resolution, they
developed a collection of statistical models to depict these small-scale hazards (Rädler et al., 2018).
In these statistical schemes parameters representing mid-level water content, instability and deep-
layer shear are used as predictors for convective hazards. The parameters were fitted to observations
of lightning, wind and hail (Rädler et al., 2019). Their results suggest that the frequency of extreme
convective weather phenomena, including hail, severe gusts and lightning, increases by the end of
the 21st century, for most of Europe, except southwestern and southeastern regions. The main
explanation provided is increased convective instability as a consequence of higher humidity close to
the surface. Furthermore, it is argued that even though polar amplification can lead to weakened
jet streams and consequently vertical wind shear, the changes in the stream are minimal and can
actually increase in situations with convective instability (Rädler et al., 2019).

A second study exploring the occurrence of favorable environmental conditions for extreme con-
vective storms using the same data as Rädler et al. (2019) in Europe was performed by Púčik et al.
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(2017). These conditions include the joint presence of strong deep-layer (surface to 500 hPa) shear
and increased latent instability. They report that the model ensembles from the EURO-CORDEX
simulations indicate a robust increase in the prevalence of unstable environments (LI ≤ −2) across
south and central Europe by the end of the 21st century, coinciding with increases in the lower-
tropospheric moisture. Changes in occurrence of strong (≥ 15 m/s) deep-layer shear are projected
to be minimal and not robust except for some areas in northern Europe, where a decline is reported.
However, the frequency of situations where latent instability is high and comes paired with strong
vertical deep-layer shear is expected to increase by up to 100% in the RCP8.5 scenario in central and
eastern Europe (Púčik et al., 2017). The ensemble showed an increase in all models, though a vari-
ation in relative change of the frequency of severe environments persists between 25 to 100%. One
of the models of the EURO-CORDEX ensemble is RACMO forced with EC-Earth with a reported
frequency change of 60% between 1971-2000 to 2071-2100 in the RCP8.5 scenario. The amount of
strongly sheared events is not projected to increase, and the robust change mainly comes from an
increase of unstable events. The spatial variation of the increased occurrence of severe environments
is shown in Figure 2.6.

A third study was performed by Diffenbaugh et al. (2013) who studied potential rises in the
frequency of severe thunderstorm environments in the United States using a GCM ensemble. They
found a robust rise in the amount of days where high CAPE is combined with strong wind shear.
Even though the mean shear is projected to drop, these decreases are concentrated in days with
low CAPE and therefore do not lower the number of severe convective environments. In addition,
they found that the shift towards higher CAPE is most concentrated in days with low convective
inhibition.

To summarize, the studies discussed in this section project that the frequency of favorable con-
ditions for severe storms increases in Europe and the United States by the end of the 21st century.
The resolution of the GCM and RCM ensembles used are, however, too coarse to resolve convective
storms and gusts explicitly, and therefore the extent to which this potential for extreme weather is
used and relating the predictors to hazard probability remains unaddressed. To this end, convection
permitting RCMs can give a way out and will be used in this thesis. Methods to represent convection
and associated gusts in CP-RCMs are discussed in the next section.
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Frequency of convective severe environments

Figure 2.6: The left two figures show the mean yearly count of convective severe environments in
history (1971-2000) in (a) spring (MAM) and in (c) summer (JJA). The right two figures show the
change in the mean annual number of severe environments between the RCP8.5 (in 2071-2100) and
history in (b) spring and (d) summer. Figure adapted from Púčik et al. (2017).

.

2.4 Representation of convection in RCMs, parameterization
schemes and model resolution

The local and short-lived nature of convective storms raises the question whether they can be
resolved in the coarse resolutions of many GCMs and RCMs with horizontal resolutions larger than
10 km. In any model, features smaller than the grid size cannot be resolved explicitly and need to
be translated to resolvable scales of motion. This is approach is named parameterization (Anthes,
1985). Due to computational advances, an increasing amount of regional climate simulations are
downscaled to convection permitting (CP) scales. In CP models, the horizontal grid size is below
4 km allowing them to explicitly resolve deep convection. Note that at this resolution, shallow
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convection and wind gusts are still parameterized. Shallow convective situations rarely result in
severe weather (Markowski and Richardson, 2011), and further discussion of these parameterization
schemes is therefore left out for brevity. For a schematic overview of model resolution compared to
the phenomena studied, see Figure 2.7.

Figure 2.7: The grid sizes of convection permitting RCMs (in this case, the 2.5 km grid of HClim)
and regular RCMs (in this case, 10 km of RACMO). In a classic model, deep convection is smaller
than the grid size and needs to be parameterized, whereas they can be explicitly resolved in CP-RCMs.
Independent of grid size, shallow convection and wind gusts still need to be parameterized, as they
are of smaller scale (motion) than the model’s resolution.

The CP-models are no longer reliant on deep convection parameterization schemes that have been
long identified as a significant source of uncertainty and errors (i.e. Déqué, 2007). Another advantage
is that CP-RCMs follow the orography and surface fields more accurately.

The work of Prein et al. (2015) provides a solid overview of the potential and challenges of
modelling at convection permitting scales. They mention that the largest added value of CP-RCMs
over larger scale models can be found on phenomena that occur on small temporal and spatial scales
(subdaily and ≤ 100 km), processes related to deep-convection, extreme situations, and in complex
terrain (such as coast lines, lakes and mountainous areas). As convective storms are related to at
least these first three, it can be concluded that CP-RCMs provide a promising tool for upcoming
climate research related to extreme convective storms. In fact, the benefits of using CP over regular
RCM models is extensively discussed in literature for extreme precipitation. To the best of our
knowledge, however, there has not been a specific study on the use of CP-RCMs and benefits for
extreme convective gusts. Possibly, the benefits of using CP-RCMs for extreme convective gusts are
similar to those for extreme precipitation.

For extreme precipitation there is general scientific agreement on the added value of using CP-
RCMs over coarser models: CP-RCMs are better able to reproduce the intensity, frequency, and
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location of extreme rainfall. Two examples, one for the United states and one for Europe, are briefly
discussed.

Kendon et al. (2017) studied the advantage of convection permitting modelling for climate change
research at mid-latitudes in Europe. Their study reports that explicit representation of convective
storms is essential for studying alternations in intensity and duration of summertime rain. They
also mention that convection-permitting resolutions are required to capture changes in convective
severe wind gusts, as severe convective squall lines can only be represented on convection-permitting
scales (Kendon et al., 2017). Though their statement makes logical sense, it is not supported by any
scientific data.

Prein et al. (2017) show that simulations using a 4 km convection permitting model in the United
States in summer are able to capture the key features of mesoscale convection events, such as their
size, precipitation rate, lifetime and propagation speed. However, the frequency of the convective
storms in central US regions is significantly underestimated. A similar frequency bias was found by
Liu et al. (2006). Both studies suggest that the discrepancy in frequency is mainly in periods of
weak synoptic forcing.

Systematic deficiencies remain in CP simulations, especially in the representation of the diurnal
cycle of convection (Baldauf et al., 2011; Prein et al., 2015). In addition, sensitivities are reported
with regard to convective cell sizes, intensities and initiation times to the mixing-length parameter
in the subgrid turbulence schemes (Hanley et al., 2015). Likely, a significant part of the deficiencies
are related to inaccurate representation of the initiation of convection and planetary boundary layer
processes (Baldauf et al., 2011; Hirt and Craig, 2020), especially related to convective initiation
related to cold pools. The explosion of the use of models at convection permitting scales for climate
study stimulates the ongoing effort to improve the dynamics of convection permitting models.

2.4.1 Gust parameterization schemes

As visualized in Figure 2.7, the eddies responsible for wind gusts are of subgrid scale and their effects
need to be related to resolvable scales of motion through parameterization. Generally, two groups of
gust parameterisations are defined. In the first group, the methods are based based on the reasoning
that gusts and atmospheric turbulence (and hence turbulent kinetic energy; TKE) are related. The
methods in the second group are based on the assumption that gusts result from air particle deflection
from higher altitudes. Moreover, some models specify different techniques for forecasting gusts in
convective and non-convective situations. The report of Sheridan (2011) provides a good overview
of the techniques used for both convective and non-convective gust parameterization, and which
models at the time used which schemes. In general, gust parameterization schemes can be divided
into four categories, see Figure 2.8 for a summary.

In the first category, parameterizations are based on the relationship of near-surface winds to
the friction velocity u∗ after Panofsky et al. (1977). Methods in the second category use the tactic
of checking upwards, to the first stable layer, the boundary layer top, or another chosen level, to
identify heights from which momentum may be transported downwards. Here, the argument is used
that there is no barrier imposed to downward mixing of momentum below these heights. With
this assumption, the scheme uses an algorithm that searches for the maximum wind encountered
in these heights. The third group is based on the theory that gusts are directly indicative of the
amount of turbulence in the boundary layer. In this category, the gust strength is related to the
turbulent kinetic intensity. In some cases, the boundary layer stability is additionally taken into
account by assuming that turbulence depends on atmospheric instability (Schreur and Geertsema,
2008). In the fourth category the methods are based on the wind gust estimate of Brasseur (2001).
This scheme has similarities with methods in the second category. In this case however, the levels
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from which momentum can be transferred to the surface are selected more delinquently. Namely,
the level in which the maximum wind speed is searched must have a sufficient TKE to overcome
possible buoyant inhibition. In this manner, the scheme in addition has common grounds with the
TKE method of the third group.

Figure 2.8: In general, RCM gust parameterization schemes can be divided into four groups. The
first group (a) uses the relationship of near-surface wind to friction velocity, the second group (b)
uses the maximum wind speed within a particular set of atmospheric levels, the third (c) is based
on TKE and the fourth (d) on downward transport of vertical momentum. See the text for a more
detailed discussion. In addition, some models use a separate scheme (e) for convective situations.

Some models use an alternative or additional parameterization scheme in case of convective
situations. These schemes are based on vertical momentum equations and basic concepts of air
motion within convective cells, see Prein et al. (2015) for a brief overview.

In multiple studies the performance of various gust parameterization schemes in RCMs is ad-
dressed. For example, Kurbatova et al. (2018) assess the performance of various schemes from all four
parameterization categories (Figure 2.8) and combinations thereof for the Russian part of Europe.
In this study, a hybrid model is also proposed: using TKE parameterisation when the Richardson
number is high, and the method of Brasseur (2001) where the energy of particles reaching the sur-
face is taken into account. None of the studied schemes, including the combined algorithms, come
out as the best method, and the report shows the need for further research into the methods for
representing gusts in RCMs.

A second study into the performance of various parameterization schemes was done by Minola
et al. (2020). They improved the mean and wind gust discrepancy between observations and model
for ERA5 (Hersbach et al., 2020) across Sweden. ERA5 is a global reanalysis product with a
horizontal resolution of approximately 30 km. The gust parameterization in ERA5 is similar to
RACMO (see section 3.1.4) where gusts are the sum of the instantaneous wind, and the turbulent and
convective contribution to gustiness. The results of Minola et al. (2020) show that the contribution of
the convective term is minor (below 0.5 m/s) when looking at the mean seasonal cycle across a region
in Sweden, and that the expected seasonal cycle with a higher convective contribution in summer is
absent. Following this, tuning procedures were tested to improve the formulations of the convective
contribution to the total gustiness. First, an elevation-dependent coefficient is incorporated in the
turbulent contribution. Second, the convective mixing parameter was tuned. The tuning methods
and a combination thereof led to a modest improvements of the parameterization of the wind gusts,
especially over mountainous regions, for all hourly, daily, daily max and monthly gusts.

Both the investigations of Kurbatova et al. (2018) and Minola et al. (2020) into improving model
performance for gusts by looking at various gust parameterization schemes were applied to relatively
coarse resolution models. To the best of our knowledge, no formal study so far has looked at the
performance of various gust parameterization schemes in relation to the model resolution, let alone
separately for convective gusts.

The models used for this study are more extensively discussed in chapter 3. To put the discussion
of the gust parameterization in better context to this report, the next two sections describe the
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parameterization schemes of the two RCMs used in this study: Harmonie Climate (HClim) and
RACMO, section 3.1.4 and 3.1.5.

2.4.2 Gust parameterization in RACMO

In the RACMO model, gusts are computed in multiple steps (ECMWF, 2009). These steps are first
undertaken for the separate wind directions, with Ugust representing the east-west component and
Vgust in north-south component. In the following steps the process is only shown for Ugust, though
the same method applies for Vgust.

To start, the standard deviation of the horizontal wind, σU , is computed based on the similarity
relation of Panofsky et al. (1977):

σU = 2.29u∗

(
1− 0.5
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zi
L

)1/3

for L < 0 (2.3)

σU = 2.29u∗ for L ≥ 0 (2.4)

Where u∗ is the friction velocity, L is the Monin-Obukhov length and zi is 1000 m (ECMWF, 2009).
Next, the gust speed is computed with the wind speed at 10 m, U10m, plus a factor proportional to
σU . Consequently, the computation of the wind gust looks as follows:

Ugust = U10m + 7.71u∗ (2.5)

The number 7.71 is based on the work of Beljaars (1987), who studied universal turbulence spectra.
From equation 2.5 it is visible that the effects of both surface friction, through u∗, and stability,
through L, are taken into account. In situations of baroclinicity or gusts originated from strong
convective events, this approach is not adequate. Therefore, in cases when deep convection is active,
an extra contribution is added. This contribution is a function of the vertical wind shear added to
equation, after the work of Bechtold and Bidlot (2009):

Ugust,conv = U10m + 7.71u∗ + Cconv max(0, U850 − U950) (2.6)

Where Cconv = 0.6 represents the convective mixing parameter, and U850 − U950 the difference in
wind speed between 850 and 950 hPa. The gust speed in both directions is computed at every model

time step, and the maximum value of
√
U2
gust + V 2

gust since the last post-processing interval is saved

as output (ECMWF, 2009). For this study, gust data from RACMO alone are available at 3 hour
intervals for the entire 21st century.

2.4.3 Gust parameterization in Harmonie Climate

At a resolution of 2.5 km, HClim is able to resolve deep deep convection roughly resolved and
represented in the model’s non-hydrostatic dynamics. In contrast, shallow convection is still param-
eterized. In HClim gusts are parameterized as (Amodei et al., 2015 and Tijm, 2020: pers. comm.):

Ugust = U10m + 3.5 ∗
√
TKE (2.7)

Where TKE is the turbulent kinetic energy and U10m the average wind speed at 10 m. For every

model time step Ugust and Vgust are kept temporally and when
√
U2
gust + V 2

gust is maximum, Ugust

and Vgust is output hourly.
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2.4.4 Comparing the RACMO and Harmonie Climate parameterizations

In short, the parameterization schemes of RACMO and HClim consist of the sum of the instantaneous
wind and total gustiness. In HClim, the total gustiness is purely based on TKE and falls into the
third parameterization category (Figure 2.8c). The RACMO parameterization belongs to the first
category (Figure 2.8a), with an addition for convective gustiness (2.8e). Note that both schemes are
roughly equal with respect to their first term near the surface.

However, this term is primarily based on TKE, and argued to be only applicable to strong
convective situations when the turbulence is of mechanical origin (Kurbatova et al., 2018). In
RACMO, gustiness is determined as the sum of turbulent and convective gustiness, where the former
in its turn is based on the shear stress as a function of friction velocity, and the latter is proportional
to the low-level wind shear between 950 and 850 hPa, and a tunable convective mixing parameter.

In contrast in HClim, there is no added term in case of deep convection. Possibly, this is not
necessary anymore as deep convection is explicitly resolved in the CP-RCM. In this case, extra
TKE is added automatically when air is disturbed by cold, convective outflows over warm surfaces.
However, the net effect on the performance of convective gust modelling of not adding a term when
deep convection is active, but increasing the resolution to convection-permitting scales, needs to be
addressed in future research.
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Chapter 3

Data, Models and Simulations

The data used for this thesis are extensively discussed in this chapter, and the methodology is
addressed in more detail in chapter 4. Data processing is entirely done with Python and in the
command line through Climate Data Operators; the codes are available on request.

3.1 Modelled data

General circulation models (GCMs) and non-convection permitting regional climate models (RCMs)
can provide background information into climate change processes. Their resolutions are usually
insufficient to resolve the complex dynamics of small-scale convective systems and therefore use
parameterization schemes for convection (see chapter 2). Such simplified schemes are likely not
reliable when studying the effects of climate change (Kendon et al., 2017). Consequently, GCMs
and RCMs are often downscaled using convection-permitting (CP) models. For a broader discussion
on the use of convection-permitting models to investigate climate change effects on gust see section
2.4. The GCM, RCM and CP-RCM output used for this study come from EC-Earth, RACMO
and Harmonie Climate (HClim), respectively. In addition, to assess the performance of HClim, we
use a run that is forced with the global atmospheric reanalysis product ERA-interim. The relation
between the RCMs and forcing data sets is visualized in Figure 3.1, and the models are discussed in
more detail in the next sections.

3.1.1 General circulation model EC-Earth

In this study the effects of climate change are assessed using an ensemble of 21st century climate
projections with the GCM EC-Earth (Hazeleger et al., 2012). The model consists of an atmospheric
component from the Integrated Forecast System (IFS) of the ECMWF and an ocean component
Nucleus for European Modelling of the Ocean (NEMO). For Europe, EC-Earth has a horizontal
resolution of approximately 1◦ or 125 km. The EC-Earth simulations for the 21st century are forced
with higher atmospheric carbon concentrations as based on the RCP8.5 scenario, that is discussed
in the next section.

3.1.2 Climate scenario RCP8.5

In the lead-up to the Fifth Assessment Report (AR5) authored by the International Panel on Climate
Change (IPCC), scientists developed four scenarios of greenhouse-gas emissions by the end of the
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Figure 3.1: The relationship between ERA, EC-Earth, RACMO and HClim visualized schematically.
The GCM and reanalysis data set are regionally downscaled by the non-convection permitting RCM
RACMO, which in turn is used for boundary conditions for the CP-RCM HClim. The pixelation is
for illustrative purposes and does not represent the actual resolution of around 50, 10 and 2.5 km
for EC-Earth and ERA, RACMO, and HClim, respectively (own illustration).

21st century, known as the Representative Concentration Pathways (RCPs) (Stocker et al., 2013).
The mildest of four scenarios portrays a world were global temperature increases remain below
2◦C with respect to pre-industrial temperatures. The most extreme scenario, RCP8.5, sketches a
dystopian future when fossil fuel usage increases and no mitigation measures are taken. The number
8.5 indicates the expected radiative forcing by greenhouse gasses of 8.5 W/m

2
in 2100, equivalent to

an atmospheric CO2 concentration of 1200 ppm. The report projects a global temperature increase
for this scenario of 3.7◦C between 2081-2100 relative to 1986-2005, with a likely range between 2.6◦

to 4.8◦C (Stocker et al., 2013). Some scientist argue this to be a likely pathway, especially for the mid
century analyses (Schreur and Geertsema, 2008). On the other hand, some argue that the RCP8.5
scenario is becoming increasingly implausible for the end of the century (Ho et al., 2019; Hausfather
and Peters, 2020). They mention that in order to follow the RCP8.5 scenario, an unmatched fivefold
increase in coal use by 2100 is assumed. However, some argue that this amount is larger than some
estimates of global coal reserves (Ritchie and Dowlatabadi, 2017). Besides, many energy forecasts
expect the coal use to reach a steady-state in the near future, and the falling costs of renewable
energy is unlikely to reverse (IEA, 2019).

3.1.3 Global reanalysis data set ERA-interim

The performance of the EC-Earth forced runs is validated using the global atmospheric reanalysis
product ERA-interim. This data set is formed from a combination of the weather forecasting model
of the European Centre for Medium-Range Weather Forecasts (ECMWF) and observations (Dee
et al., 2011). In a global atmospheric reanalysis data set, the combination of archived observations
assimilated with forecast models allows for consistent convenient maps without gaps of global his-
torical weather as close to reality as possible. The ERA-interim data set is available between 1979
and 2019 at a resolution of roughly 80 km on 60 vertical levels up until 0.1 hPa (Dee et al., 2011).
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3.1.4 The RACMO model

The GCM and reanalysis set are applied to the lateral boundaries of the RCMs, first to the coarser
RCM RACMO2, which in its turn provides boundary conditions for the CP-RCM HClim, see Figure
3.1. RACMO2 is a hydrostatic model and operates at a resolution of roughly 12 km (Van Meijgaard
et al., 2012), and is from now on referred to as RACMO. The lateral boundary conditions for the
RCM run are taken from the global forcing sets as discussed before, but away from the boundaries
the RCM is free to evolve according to its own physics. The RACMO extent is from −25.3◦ to
27.8◦ east and 39.5◦ to 65◦ north. Note that the RACMO domain is cropped in the southern
domain in post-processing; the RACMO domain therefore extends less to the south than the HClim
domain in the figures depicted in this report. The physics of RACMO are based on the physics of
the HIRLAM semi-Lagrangian dynamics version 5.0.6. More details about the physical processes
embedded in RACMO can be found in ECMWF (2009). Cumulus convection is parameterized
according to the bulk mass flux scheme, that was originally outlined by Tiedtke (1989). In addition
to providing boundary conditions for the CP-RCM, RACMO data are also studied directly without
the downscaling of HClim.

3.1.5 Harmonie Climate

The CP-RCM data used for this study comes from the non-hydrostatic and convection permitting
regional climate model HCLIM-AROME (cycle 38) (Belušić et al. (2020), from now on Harmonie
Climate or HClim). HClim is a collaboration between ALADIN and HIRLAM consortiums in Eu-
rope (Bengtsson et al., 2017). The model is based on the physics and non-hydrostatic dynamics
of AROME (Seity et al., 2011) and includes adjustments in the physics developed by the Hirlam
community (Bengtsson et al., 2017). At a resolution of 2.5 km, deep convection is roughly resolved
and represented in the model’s non-hydrostatic dynamics, whereas shallow convection is still pa-
rameterized. The physics shallow convection parameterization is derived from the eddy diffusivity
mass-flux scheme (De Rooy and Siebesma, 2008; Bengtsson et al., 2017).

The works of Tijm (2018) and Veen (2019) show a severe underestimation in the amount of
modelled shallow showers in Harmonie at a resolution of 2.5 km. They relate this bias to a too
active shallow convection scheme. In an attempt to improve the model, Veen (2019) shows that
increasing the model’s horizontal resolution does not improve the bias. It is suggested that the
biggest gains can be found in the improvement of the microphysics scheme.

The experiment used for this study is centered over central western Europe, between −12.8◦ and
18.8◦ east and 37.0◦ and 58.5◦ north. The HClim variables are available at 1 and 3-hourly intervals.
The instantaneous values presented in this thesis at rounded hours (1 pm , 2 pm etc). Fluxes are
computed from the hourly difference of the cumulative fields, and are therefore average fluxes of the
hour stored every mid hour (1:30 pm etc.). Gusts are written as the maximum over the hour and
are also stored every mid hour.

The CP-RCM runs of HClim come with high computational costs. Therefore, RACMO forced
with EC-Earth is not downscaled for the entire 21st century but instead at three distinct time periods
of 10 years. The first and historical run covers a time span between 1996-2005 (historical; hist). The
second spans the mid of the 21st century (mid of century; MOC) between 2041-2050, and the third
addresses the end of the 21st century (end of century; EOC). The ERA-interim forced RACMO is
downscaled through HClim between 2000-2009. An overview of the model runs used for this study
is summarized in Table 3.1.

22



Acronym Model Forcing Resolution Time span

HClim-ERA HClim ERA-interim, RACMO 2.5 km 2000-2009

HClim-hist HClim EC-Earth, RACMO 2.5 km 1996-2005
HClim-MOC HClim EC-Earth, RACMO 2.5 km 2041-2050
HClim-EOC HClim EC-Earth, RACMO 2.5 km 2090-2099

RACMO-hist RACMO EC-Earth 10 km 1996-2005
RACMO-EOC RACMO EC-Earth 10 km 2090-2099

Table 3.1: Modelled data sets available for this study. Note that the temporal resolution of the
Harmonie Climate (HClim) runs depends on the output variable and ranges between 1-hourly output
to daily output, and for RACMO all variables are available as 3-hourly output. Even though the
HClim sets span 11 years of data, the first year is used as a spin-up year and not used in the data
analysis. The RACMO data are available for the entire 21 st century, but only the years overlapping
with HClim-hist and HClim-EOC are used. One HClim grid cell covers an area of approximately
2 .5 × 2 .5 km2 , one RACMO cell roughly 10 × 10 km2 .

3.2 Observational data

To assess the ability of Harmonie Climate to capture convective storms, observational data from the
Royal Netherlands Meteorological Institute (KNMI) are used. KNMI has a network of 50 operational
observation stations from which data are readily available at hourly intervals. Figure 3.2 shows the
location of these stations. Note that the density of stations is higher near the coast than further
inland. The observational data are taken in the same period as the HClim-ERA forced run (2000-
2009), but some stations have significant missing data (≥ 5% of hourly data missing) in the desired
time period. These are left out of this study, leaving us with 34 stations for the performance
assessment of the models.

Wind climatology strongly depends on the geography and terrain characteristics of a region (for
example, Jiménez and Dudhia, 2012). As a start, stations can be divided into inland and coastal
stations as the physical processes that influence the wind climatology differs for these groups. The
climatology of coastal stations is ruled by variations between land and sea, such as sea breezes,
and step-like changes due to sudden changes in surface roughness and surface temperature. Inland
stations are highly dependent on land-atmosphere interactions and land surface processes. To make
sure that the nearest grid cell of the HClim and RACMO models to the stations does not overlap
with water bodies, a distance of at least 12 km is chosen for a station to classify as inland. The total
number of stations left with sufficient data for this study is 34, of which 22 are inland stations.

To quantify extreme wind conditions it is not sufficient to solely look at the near surface average
wind speed. To take abrupt increases in wind and its turbulent signature into account, the World
Meteorological Organisation (WMO) proposes to additionally record the close to the ground surface
peak or wind gust, defined as the maximum 3 s wind speed (WMO, 1987). Therefore, gust data from
the KNMI stations are used to verify modelled gusts. In addition to gusts this study also compares
the model’s temperature with observational data to validate if the climate is changing in the model
according to the expectations of the IPCC. To this end, the following observed variables are used:
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Locations of KNMI observation stations

Figure 3.2: Locations of the KNMI observation stations in the Netherlands. The red stations are
defined as inland, as they are at least 12 km away from the coast. The grey stations are not used as
they contain too many missing data in the desired time periods (data from KNMI).

• Near-surface wind gust: the highest 3 s wind speed in last hour with a precision of 1 m/s. The
wind is measured at a height of 10 meters. KNMI also provides data at 10 minute intervals at
a higher precision, but unfortunately, this data set commences in 2003. As the historical runs
for this study encompass the years between 1996 and 2009 only, the data of coarser temporal
resolution available for the entire time domain is used.

• Temperature: measured at 1.5 m above the ground, instantaneous value at hourly intervals,
at a precision of 0.1◦C.
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Chapter 4

Methodology

To analyse the projections of gusts in a future warmer climate both climatological and dynamical
approaches are used in this thesis. The methods used for both approaches, as well as those for the
performance assessment of the model, are discussed in more detail in this chapter.

4.1 Performance assessment

The performance of the models for gusts will be assessed by comparing their output with observa-
tional data from the 22 inland KNMI stations discussed in section 3.2. Note that the two historical
runs from HClim span different time periods: 1996-2005 for the ERA-interim forced run and 2000-
2009 for the EC-Earth forced history run. Both periods are considered to be climatologically the
same for gusts in this study. With this assumption, statistics of both historical runs can be com-
pared to the same 2000-2009 observation period. At the 22 observation locations, model data are
extracted at the nearest grid point. The data at every point are compared using several statistics
that are presented in the overview below.

Statistic Description

mean The standard mean of the series: mean = 1
n

∑n
i=1 ai

max The maximum value in the series.
p95 The 95th percentile value of the n ordered values in the series,

as determined by the nearest-rank method,
such that the percentile will always be a member of the original ordered series.

p99 Similar to p95, but then for the 99th percentile.
RL10 The return gust values for a return period of 10 years,

discussed extensively in section 4.4.
RL50 Similar to RL10, but then for the 50 year return period.
f20 Number of summer days with gust ≥ 20 m/s in the total time span of the data set.
f25 Similar to f20, but then for the number of days above 25 m/s.

Note that the RACMO variables are available at 3-hourly output. Therefore, it is more chal-
lenging to compare the data with the hourly observation data directly. As a solution, the daily
maxima for HClim and RACMO and observations are computed first. This is done as we are mainly
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interested in extreme values. These numbers are then used for the computation of the previously
mentioned statistics to compare the models.

As this thesis focuses on convective extremes, the statistics are only applied to summer month
data when the meteorological conditions favor the organization of deep moist convection. For the
Netherlands, this is between May to September. In this way, the statistics are more focused on
convective summer situations without taking winter storms into account as well.

Each performance statistic is computed for every location, and data sets are compared by com-
puting the Root Mean Squared Error (RMSE) and the Mean Bias Error (MBE). The RMSE is
useful to get a general indication of how much the model data differ from the observational data.
The MBE provides an indication of the sign of the error. The formulas used to compute the RMSE
and MBE are:

RMSE =

√√√√ 1

n

n∑
i=1

(mi − oi)2 (4.1)

MBE =
1

n

n∑
i=1

(mi − oi) (4.2)

Where n is the number of locations used, oi the observation statistic at the ith location and mi the
model statistic at the ith location.

4.2 Fuzzy verification

Note that traditional verification methods such as using the RMSE can provide inaccurate uninfor-
mative results for high resolution forecasts of small scale phenomena when compared to observations
(Ebert, 2008). The convective storms are often of small scale, and can easily be missed by observation
stations as well as by a RCM with a high horizontal resolution, at that time and/or space. Using
a spatial window to include data surrounding the event relaxes the conditions for exact matches
between modelled and observed storms in time, intensity and space. See Figure 4.1 for a schematic
representation of the traditional versus the fuzzy verification methods.

Especially in this study, it is challenging to compare the ERA-Interim forced runs with obser-
vations, as the forcing is far away from the boundaries and within the box HClim is allowed to
develop its own physics. Therefore, when examining the performance of the HClim model through a
historical case study, the observed gust values are compared to a larger area surrounding the station.

In studying climatology instead of specific case studies using a fuzzy verification method is still
important for extreme statistics as again, by definition, the rare extreme events can be missed
at particular stations or grid cells. Therefore, when assessing the model’s performance using the
statistics introduced at the beginning of this section, the station wise comparison should be taken
with caution. Instead, the statistics of the 22 stations are aggregated and discussed in more detail.

To assess future changes of a larger region instead of single grid points data are spatially aggre-
gated over a box (3◦ to 8◦ longitude, and 50◦ to 54◦ latitude) surrounding the Netherlands. As an
additional requirement, data have to be at least 25 km away from the sea and large water bodies,
including the sea-attached IJsselmeer and Zeeland lakes. These aggregated data are used to compute
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Figure 4.1: For a particular observation at a station (left), in traditional verification methods mod-
elled results from the same grid box are compared (middle). In fuzzy verification, the neighbourhood
surrounding the observation is taken (right). The dotted lines represent the RCM grid size.

box plots of summer maxima for the various HClim and RACMO model runs. For each day in the
10 years of modelled data, the maximum is calculated and shown in box plots.
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4.3 Case studies for end of century analysis

To examine the projected changes of convective storms in the Netherlands from a dynamical per-
spective, ten case studies are selected from the HClim-EOC, the RACMO-EOC and the HClim-hist
run. This is done by selecting land points only (at least 25 km removed from the coast) in summer
that have a CAPE value of at least 800 J/kg in a six hour time interval before or after the time of
the data point. This instability threshold was chosen after reviewing the study of Kirkpatrick et al.
(2011) on the sensitivity of convective storms to environmental CAPE. A more detailed discussion
on their findings can be found in section 2.2.1. Next, the remaining data points are sorted from high
to low gust values, and the 10 highest values for every model run are kept. The values need to be
separated by at least 24 hours to avoid an investigation of the same event.

For the 10 selected maximum events in terms of gusts additional meteorological variables are
included in the investigations. Note that for RACMO, all variables are written away every three
hours, whereas this varies per variable for HClim, as indicated in Table 4.1. These variables are
selected as they are known to come paired with, or as they are conducive for well-organized convective
storms. Examples of the latter category are the shear between 500 hPa and the surface (see section
2.2.2) and latent instability as indicated by CAPE (see section 2.2.1). Commonly, the 0-6 km shear
is used to predict storm types. As the 6 km wind speed is not available in this study, instead the
wind at 500 hPa is used, roughly equivalent to 5.5 km.

Variable Description Frequency

Gust speed The 10 m surface gust speed. hourly, maximum
Temperature The 2 m surface air temperature. hourly, actual
Dew point temp. The 2 m surface dew point temperature (td2m), hourly, actual

calculated using relative humidity and temperature.
Wind speed The 10 m wind speed. hourly, actual
Precipitation The total precipitation amount in the last hour. hourly, flux
CAPE The convective available potential energy. hourly, actual
Wind shear 500 hPa The wind shear from surface (10 m) to 500 hPa: 3-hourly, actual

where U500 and V500 are the eastward and northward
wind at 500 hPa, respectively, and U10m and V10m the
eastward and northward wind at 10 m, respectively.
Not available for the RACMO run.

Vert. wind 925 hPa The vertical wind velocity at 925 hPa. 3-hourly, actual
Downwards flows are negative, upwards positive.
Not available for the RACMO run.

MSL pressure The air pressure at sea level. hourly, actual

Table 4.1: Overview of variables used for investigation of the case studies in the future runs.

The case studies from every run are analysed for patterns in the general underlying meteorological
conditions. Of these case studies, three are discussed in more detail: two from the HClim-EOC
events, and one from the RACMO maximum events. For all days of the case studies an animation of
all environmental variables is made, which can be found in Appendix B. The figures shown in this
report are from the time when the event is maximum in terms of gust speed. The color scales for
the variables are determined by dividing the values into nine bins of equal length from zero to the
maximum value rounded to the nearest multiple of five. Three exceptions are made for CAPE, MSL
pressure and vertical wind speed. For CAPE, the color scale is capped at 4000 J/kg as very local
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and short-lived values of (in some cases up to 7000 J/kg) would otherwise diminish the visibility of
variation in other regions. As MSL pressure starts from around 980 hPa, the minimum value of the
color bar for this variable was determined by rounding the lowest value to the nearest multiple of five.
Vertical wind speeds can have negative magnitudes (indicating downward flow), and the minimum
and maximum of the color scales are determined by the absolute value of the variable’s maximum
on that day, such that the color scale is symmetric. Because of the relatively small magnitude of the
vertical wind speed compared to other variables, the maximum and minimum values were simply
rounded to the nearest integer, instead of to a nearest multiple of five.

In addition, boxplots of several environmental variables are made to compare the environmental
conditions over land of the maximum case studies. To this end, 95th percentiles for various variables
that are posed to be key indicators for extreme convective gusts (see Chapter 2.2) are computed
over all hours of the event day and coordinates at least 25 km away from the coast (including large
water bodies such as the lake IJsselmeer), over all events. These include surface air temperature
(tas), surface dew point temperature (td2m), CAPE and shear. In addition, the 95th percentile of
the wind speed and the 5th percentile of the MSL pressure (psl), as a measure for the presence of
low pressure systems, are computed to get an indication of the general synoptic situation. Also, the
maximum value of variables associated with convective storms, such as precipitation, CAPE and
vertical wind speeds, are computed over all hours and coordinates of the event day. In the boxplots
the environmental conditions of the extreme cases are also compared to the value of the statistic for
an average summer day in the model run.

4.4 Extreme value theory

Extreme value analysis is a useful tool for describing the distribution and risk of rare events. Briefly
said, two different extreme value analysis methods exist for describing for assessing the asymptotic
tail behavior of the studied distribution.

One commonly applied approach is the classical Generalized Extreme Value (GEV) theory. In
this method, three distinct distributions are used and only annual maxima values are considered
(Fisher and Tippett, 1928; Jenkinson, 1955). The second method is the Peaks Over Threshold
(POT) approach. In this method, all events above a carefully selected threshold are kept and a
Generalized Pareto distribution (GPD; Palutikof et al., 1999) is fitted to the remaining data. The
POT method increases the number of considered events and hence reduces uncertainty when properly
applied. The book of Coles (2001) provides a theoretical definition and more detailed explanation
of the discussed methods. For this study, the POT method is applied as follows:

1. A certain threshold is chosen. The choice of the threshold is not straightforward, as a higher
threshold will result in fewer data left, and hence an increase in variance for the estimators of
the GPD fit, and a too low threshold will yield a high bias as it will not satisfy convergence
towards the extreme value theory. Many methods have been developed for choosing the right
threshold, though interpretation of these methods can be challenging. For simplicity, the
threshold for this study is set on the data set’s 95th percentile after the recommendations of
Caires, 2020 (pers. comm). The data values exceeding this threshold are kept for the next
step.

2. The POT method requires the exceedances to be mutually independent. Therefore, the ex-
ceeding data are divided into events, such that the events are independent, and the maximum
of each event is kept. For this study an event is considered independent if a new data value is
at least 24 hours after the previous value above the threshold. Ideally, the gust data should in
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addition be split up into different physical categories as various types of events might follow
deviating extreme value distributions. One could for example split the data into local, short
lived convective events and events that are more related to the synoptic situation. The devel-
opment of such distinction is time consuming and needs to be done with care, and for brevity
not realised in this study besides taking only data from summer (from May to September)
months.

3. The excesses above the threshold of the remaining maxima of the independent events are then
fitted to a General Pareto Distribution (GPD) given by:

Gξ,σ(y) =

{
1−

(
1 + ξy

σ

)1/ξ

if ξ 6= 0

1− exp
(
− y
σ

)
if ξ = 0

(4.3)

Where ξ is the shape parameter and σ the scale parameter. The parameters are fitted using
L-moments (Hosking, 1990).

4. From the found parameters, the return gust values RL can be computed for a desired return
period N .

RLN = tp95
+
σ

ξ
[(λN)ξ − 1] (4.4)

Where tp95 is the chosen threshold, σ and ξ are the found GPD parameters and λ is the ratio
between the number of exceedances to the number of years of records. In this study return
periods of 10 and 50 years were used. The former because 10 years of data is available and will
be a more accurate estimate, and 50 years as this is a common metric in wind turbine design,
for example Negro et al. (2014). These statistics will be referred to as RL10 and RL50.
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Chapter 5

Results

5.1 Performance assessment of the historical RCM runs

In this section the ability of HClim and RACMO to model extreme convective gusts accurately is
quantified (objective B). The section starts with a general discussion of the gust climatology of the
models compared to observations, and is followed by a more detailed analysis on the performance of
the models in resolving the frequency of extreme events. The section is concluded with a historical
case study of the highest summer gust observed at several inland KNMI stations between 2000 and
2009.

5.1.1 Historical RCM runs gust climatology compared to observations

To assess the performance of HClim and RACMO for convective gusts, model data of the HClim-
ERA, HClim-hist and RACMO-hist runs are compared with observations at 22 inland stations in
the Netherlands, see Figure 3.2. The result of various statistical comparisons is shown for HClim in
Table 5.1 and for daily maxima in RACMO in Table 5.2. See the folder ‘Observations vs. Model’ in
Appendix B for a per station comparison for all models and performance statistics.

The mean and p95 values of HClim compare well to observations with MBEs ranging between 0
and 0.1 m/s. For both runs, the only station showing a higher deviation of the mean than 1 m/s is
Rotterdam Geulhaven. The observed summer mean gust speed is highest here with 7.9 m/s, whereas
HClim-hist and HClim-ERA model 6.8 and 6.6 m/s, respectively. Located in a port, the terrain
around the observation tower is complex with canals and industrial terrain next to one another, which
might explain the discrepancy. The RACMO-hist mean and p95 show a slightly higher deviation
from observations with MBEs of 0.8 and 0.6 m/s, respectively. At 20 out of 22 locations the mean
daily maximum gust is overestimated in RACMO-hist, and a plausible explanation is given in the
next paragraph.

For more extreme statistics, especially for HClim-hist, the performance is worse. The maximum
summer gust value in HClim-hist, see also Figure 5.1 for a station wise comparison, is on average 3.5
m/s lower than observed (see Table 5.1). The value is underestimated at 20 of the 22 stations, and
for some locations the difference is up to 8 m/s. The performance for the maximum value is much
better for HClim-ERA (MBE of −0.7 m/s). This is interesting, as both runs are downscaled with
the same CP-RCM and differences cannot be explained by the model itself. The poorer performance
of HClim-hist compared to HClim-ERA can possibly originate in a temperature bias in the EC-
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HClim-ERA HClim-hist
RMSE MBE RMSE MBE

mean m/s 0.4 0.0 0.4 0.1
max m/s 3.2 -0.7 4.2 -3.5

p95 m/s 0.6 -0.1 0.6 0.2
p99 m/s 0.8 -0.4 0.8 -0.3

RL10 m/s 3.1 -2.3 4.6 -4.3
RL50 m/s 5.8 -4.4 8.3 -7.8

f20 days 13.3 -10.2 16.1 -13.5
f25 days 1.5 -0.9 1.8 -1.4

Table 5.1: Performance statistics of modelled vs. observed summer (May to September) gusts. The
observed data come from 22 inland observation stations in the Netherlands (see Figure 3.2). The
model data were extracted at the nearest grid points. Negative MBE values indicate a lower model
magnitude compared to observations.

Earth data, which is further discussed in section 6.1, and already indicates a potential dependency
of maximum summer gusts on temperature.

In the RACMO-hist run mean gusts are overestimated, whereas the maximum gusts are under-
estimated at 19 out of 22 stations (average MBE of −1.6 m/s), see Appendix A and Table 5.2.
Possibly, due to the coarser resolution, RACMO maxima are smoothed over a larger region, which
could explain both the low maximum values and the high mean gust speeds.

For all models’ gust maxima, the RMSE is significantly worse than the MBEs. This can be
explained by the low frequency and local nature of convective extremes as discussed further in
section 5.1.2. At a particular station an extreme event can be observed but not modelled, and vice
versa. The missing of an event in the model results in a high negative error at one station, whereas a
missed observation at another location a high positive error. These would add up to a high average
RMSE, but in the sign-weighted MBE they cancel out. Note that using a fuzzy verification method
as described in section 4.2 could help reduce the RMSE, however, the MBE will likely not change
as the statistic inherently describes the presence of a bias in the model.

The discrepancy of all models is especially large for RL50, with a MBE of −4.4, −7.8 (Table
5.1) and −3.7 (Table 5.2) m/s for HClim-ERA, HClim-hist and RACMO-hist, respectively. Note
that every model shows an underestimation of this statistic. The large magnitude of the metric
especially for HClim-hist can be explained by the combined effect of underestimation of gust maxima
and frequency, and their projection into the future. For RACMO the performance is better, likely
attributable to a lower frequency bias. The underestimation of frequency is discussed separately in
section 5.1.2.

5.1.2 Modelled frequency of extreme gust events

The number of summer days with gust speeds above 20 m/s is severely underestimated by HClim,
with a MBE of −10.2 and −13.5 days for HClim-ERA and HClim-hist, respectively. These error
statistics are better for the number of days above 25 m/s (f25), though this is more a result of the
limitations of these metrics: there are simply less events of this magnitude, as shown in Table 5.3.
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HClim-ERA HClim-hist RACMO-hist
RMSE MBE RMSE MBE RMSE MBE

mean m/s 0.5 -0.2 0.4 -0.1 0.9 0.8
max m/s 3.2 -0.7 4.2 -3.5 3.0 -1.6

p95 m/s 0.9 -0.6 0.8 -0.5 1.0 0.6
p99 m/s 1.4 -0.9 1.7 -1.4 1.0 0.1

RL10 m/s 1.8 -0.5 3.2 -2.9 2.1 -1.4
RL50 m/s 4.2 -0.8 6.3 -5.4 5.2 -3.7

f20 days 13.3 -10.2 16.1 -13.5 9.4 -4.6
f25 days 1.5 -0.9 1.8 -1.4 1.6 -1.2

Table 5.2: Similar to table 5.1, but this time for daily maxima values for a fair comparison between
the 3-hourly output of RACMO to the 1-hourly HClim and observational data.

(a) HClim-history (b) HClim-ERA

Figure 5.1: Maximum of all summer (May to September) gust values of (a) HClim-history (1996-
2005) and (b) HClim-ERA (2000-2009) versus observations (2000-2009) at 22 KNMI station loca-
tions (see Figure 3.2).

The frequency of days with speeds above 20 m/s averaged over all station locations is 7.6 and 4.3 for
HClim-ERA and HClim-hist, respectively, compared to 17.6 for observations. Above 25 m/s there
are only 1.5 events on average observed per station, and 0.7 and 0.1 modelled for HClim-ERA and
HClim-hist, respectively. Note that these numbers show that for HClim-ERA around 56% of the
events above 20 m/s are missed, versus around 75% for HClim-hist. Interestingly, for RACMO the
f20 compares much better to observations than HClim, with an average of 14.6 days compared to
17.6 days observed, corresponding to only 17% missed. See Figure 5.2 for a station wise comparison
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for f20 in HClim-hist and RACMO-hist. A similar figure for HClim-ERA can be found in Appendix
A.

HClim-ERA HClim-hist RACMO-hist Observations

days ≥ 20 m/s 7.6 4.3 14.6 17.6
days ≥ 25 m/s 0.7 0.1 0.4 1.5

Table 5.3: Total number of summer days with gust speeds ≥ 20 m/s and ≥ 25 m/s in 10 years,
averaged over the 22 locations (see Figure 3.2). Note that the total number of days in both model
and observation data sets is 1530 (5 months, on average 30.6 days in these summer months, 10
years).

A similar frequency bias was reported by Prein et al. (2017) and Liu et al. (2006) who studied
MCSs using a CP-RCM, at a horizontal resolution of 4 km, in the United States. Even though
the simulations were able to capture the key features of the MCSs, such as size, precipitation rates,
propagation speed and lifetime accurately, their frequency was significantly underestimated at some
locations. Prein et al. (2017) found that in areas with strong land-atmosphere coupling, in particular
the Great Plains in the US, the MCS frequency was mainly underestimated in weak synoptic-scale
forced conditions. Another explanation can be that the events missed are of small scale motion.
Note that the studies of Prein et al. (2017) and Liu et al. (2006) investigated MCSs, which consist
of a complex of organized thunderstorms. The resolution of CP-RCMs is however still too coarse
to explicitly resolve smaller scale isolated thunderstorms, and these could be missed. The works of
Tijm (2018) and Veen (2019) also reported an underestimation in the number of shallow showers in
Harmonie. A more detailed discussion on the frequency bias can be found in section 6.2.

In RACMO, the number of days above 20 m/s compares much better to observations than
HClim, with on average 83% of the events represented. Above 25 m/s the performance is equally
bad, and above 31 m/s no events are recorded (see Figure 5.6 in section 5.1.4 below). Possibly,
this can again be explained by the coarser resolution of the model: the peak gusts are smoothed
over the grid cell resulting in a larger area of increased gust speeds, instead of finding more local
maxima like with HClim. In addition, as mentioned in section 2.4.2, RACMO uses an extra term
in the gust parameterization scheme when deep convection is identified by the model, which might
outperform the higher resolution model HClim when gusts are not extreme (≥ 25 m/s) but still
strong (20-25 m/s). The low frequency of extreme convective gusts with on average less than 1.5
events per location in 10 years poses a significant challenge for this study, and motivates the decision
to aggregate data over larger regions.

5.1.3 Historical case study

This section analyses a historical case study to assess the ability of HClim to represent convective
storms. For this analysis the maximum value of all used observation data is taken. The maximum
gust summer value of all 22 observation stations between 2000-2009 is 30 m/s at Heino on June 8th

2003 at 12:00. The synoptic map of this date (Figure 5.3) shows a large high pressure system in
eastern Europe and a low pressure system across the Atlantic. Warm air coming from the southwest
was transported to northern Europe. This warmer air collided around noon with a cold front that
reached the Netherlands. At Heino, the day commenced with little wind and after which it picked
up around noon. At multiple locations in the Netherlands, the day was paired with severe thunder
with locally more than 100 strikes per minute (KNMI, 2003). An animation of radar images as well
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(a) HClim-hist (b) RACMO-hist

Figure 5.2: Total number of summer (May to September, all model years) days with summer gusts
above 20 m/s of (a) HClim-history (1996-2005) and (b) RACMO-history (1996-2005) versus obser-
vations (2000-2009) at 22 KNMI station locations (see Figure 3.2).

as data from the KNMI lightning detection system of this date can be found in Appendix B. The
historical data indicate that the observed extreme weather was paired with a mesoscale convective
system consisting of multiple convective cells organized in a squall line.

The time series of this event is shown in Figure 5.4. At Heino, HClim-ERA misses the gust
peak completely with no speeds above 11 m/s. The location at which the maximum occurred in
the model is eastwards of Heino, and the time series as well as the location are shown in Figures
5.4 and 5.5, respectively. These figures show that even though the event is missed in the model
at Heino, the model still resolves the storm but at a different location. This case study confirms
the idea discussed in section 5.1.1 on where the high RMSEs for gust maxima originates. Extreme
events are rare, especially when looking at point observations. At times, gust peaks are missed in
observations and captured by the model, and vice versa. The local nature of summer events can
explain the difference, and these results confirm the findings of Ebert (2008). Using a spatial and/or
temporal window to include data surrounding the event relaxes the conditions for exact matches
between forecasted and observed storms in time, intensity and space. In future studies assessing the
performance of Harmonie Climate for extreme events it is important to bear this in mind. In section
5.1.4 data over a spatial box surrounding the Netherlands is aggregated.

This historical example indicates that HClim is able to capture complex convective storms orga-
nized as squall lines and confirms previous studies mentioning that CP-RCMs are able to accurately
represent larger scale convective systems (Kendon et al., 2017). The accuracy of the extreme gust
speeds modelled by HClim is more challenging to verify. The maximum observed summer gust
speed at inland stations in the Netherlands between 2000-2009 is 30 m/s and does not come near
the maximum HClim-ERA modelled speed of 45 m/s over all inland grid points of the box around
the Netherlands (at 6.7◦E longitude and 51.6◦N latitude, on June 3rd 2005, nearest station Arcen).
Possible explanations are that the high gusts in the model are too extreme, or that the most extreme
events are missed by the stations.
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(a) 06:00 UTC (b) 12:00 UTC

Figure 5.3: Synoptic maps of Europe on June 8 th 2003 by KNMI at 06:00 (left) and 12:00 UTC
(right).

Maximum observed summer event on 2003-6-8: gust time series

Figure 5.4: The maximum inland summer gust observed between 2000-2009 was at Heino on June
8 th 2003 at 12:00, with a speed of 30 m/s, as depicted with the green line. The HClim-ERA results
extracted at Heino for the same day are shown with the orange line. The blue line indicates the time
series of HClim-ERA from the location where the gust was maximum in the model at that day

To test these hypotheses, the maximum modelled gust speed only at the locations of the ob-
servation stations is reported. This speed is 33 m/s at Ell, and compares reasonably well with the
observed maximum in the same time frame 30 m/s at Heino. The maximum observed summer gust
between 1950-2020 at the inland stations was recorded at station Schiphol, with a speed of 36 m/s,
on the June 7th 1997 at 14:00. This event was the result of a quickly nearing cold front from the
west, causing a MCS with bow echo structures (KNMI, 1997). The storm was paired with severe
gusts and a few tornadoes, and resulted in large infrastructural damage and multiple casualties.
Still, the maximum observed summer gust between 1950-2020 is 9 m/s lower than the modelled 45
m/s between 2000-2009. To study the ability of HClim to resolve extreme gusts in more detail, data
of higher spatial density is required. Rawinsonde data could provide an interesting alternative to
study thunderstorms individually (for example, Haklander and Van Delden, 2003).
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Maximum observed summer event on 2003-6-8

Figure 5.5: The maximum inland summer gust of 30 m/s observed between 2000-2009 was at Heino
on June 8 th 2003 visualised in HClim-ERA. The location of Heino is indicated with the orange dot,
and the location of the maximum gust on that day in the model (at 15:30) is shown with the blue
dot.

5.1.4 Extreme events and model resolution

The number of extreme events happening in a larger region and not just in single grid points is
further explored in the boxplot of Figure 5.6. For this figure, the maximum daily value for 10 years
of summer data for points in the box around the Netherlands at least 25 km away from the coast
is used. Note that the median, and 25th and 75th percentiles are roughly the same for the HClim
runs, with slightly lower RACMO values. Note that this might seem like a contradiction with the
results found in section 5.1 where RACMO showed a positive MBE for the p95 and mean statistics
when compared to observations, and the HClim runs a negative MBE.

One should keep in mind however while this analysis regards the entire non-coastal Netherlands,
that analysis was based on 22 grid points. The main difference is the magnitude of the outliers.
In all HClim runs, the magnitude of the highest outlier surpasses the magnitude of the highest
outlier of the RACMO runs by at least 8 m/s. None of the RACMO values pass 31 m/s, whereas
the HClim runs all have 10 days or more above this value. The variation amongst the HClim runs
becomes visible when zooming into the top outliers, and the differences between these runs are
further explored in the next sections.

The dissimilarity between runs forced with various GCMs is discussed in many studies using an
ensemble of GCMs. For example, Rädler et al. (2019) found that the RACMO-EC-Earth RCM was
on the low end of climate change impacts by the end of the century relative to other models. This
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stresses the strong disadvantages of relying on the prediction of a single model. A large issue is
computational expense when performing model runs at convection permitting scales. However, as
indicated before, hydrostatic RCMs do not seem capable of capturing convective extremes. There-
fore, the benefits of using a single CP-RCM for such studies possibly outweigh the usage of multiple
conventional RCMs. To summarize, the statistics show an increase in extreme gust magnitude
and frequency in a warming climate, but as using a single GCM comes with large uncertainty, the
magnitude of these projections should be taken with precaution.

Boxplots of daily maximum summer gusts in the Netherlands

Figure 5.6: Boxplots of the daily maximum gust speeds over the Netherlands over land (≥ 25 km
away from the coast) in the 10 years of summer months in each model. The yellow line represents
the median value. The bottom and top of the blue box the 25 th and 75 th percentiles, respectively. The
upper tail is the 75 th percentile plus 1 .5 times the difference between the median and 75 th percentile.
The lower tail is the 25 th percentile minus 1 .5 times the difference between the median and 25 th

percentile. Daily maxima beyond the whiskers are considered outliers and are plotted as red dots.

5.2 Future runs analysis: climatology

This section aims to address to what extent convective gusts will change in a future warmer climate
through an extended climatological analysis (research question C1). The boxplots of Figure 5.6
already give a good indication for changes in the future by studying the differences between the
HClim runs. The HClim-ERA and HClim-EOC run both contain around 10 days with extremely
high wind speeds above 40 m/s and up to 45 m/s, whereas HClim-hist and HClim-MOC only have
two. The highest gust speed is found in the HClim-EOC run, with a speed of 46 m/s. There is
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an increasing trend of summer days with gusts above 30 m/s when going from the HClim-hist to
HClim-MOC to HClim-EOC run. This could indicate that extreme gusts will become more common
in the Netherlands in a warmer climate, though the inherent low frequency of extreme events poses
a challenge to distinguish natural variability from an actual trend. To extend the data set, the
next sections not only look at gusts in the Netherlands but on the entire European continent. The
statistics used are p95 and maxima, and days with gusts above 20 and 25 m/s, in Figure 5.7 and 5.8,
respectively. Note that in these figures the contours are closed at the top. For example, the filled
region between 0 and 1 means 0 < x ≤ 1, and the leftward pointing arrow of the color bars hence
indicates x ≤ 0.

5.2.1 Summer gust 95th percentile and maximum value

Figure 5.7a shows the p95 value of the daily maxima of gust in summer months over Europe for the
RACMO and HClim history runs and changes between history and end of century runs. The figure
confirms that wind climatology strongly depends on the geography and terrain characteristics of a
region (for example, Jiménez and Dudhia, 2012). The history runs have comparable p95 values for
inland Europe and at sea. Locally, the differences between the models are remarkable. The HClim
run shows significantly higher p95 values at the Mistral-reigned Mediterranean near southeast France.
Here, p95 are up by 10 m/s compared to other regions in the Mediterranean. In RACMO, this local
increase is hardly visible. Similarly, HClim shows significantly higher p95 in the high Pyrenees and
Alps, with locally values higher than 25 m/s compared to values below 18 m/s for inland Europe with
little orography. In RACMO, the increased values in the mountainous areas are not represented.
Compared to the history run few changes are visible in the RCP8.5 end of century runs. For both
models, in most of inland Europe the difference is between −1 and 1 m/s. Especially in the HClim
run only few small regions, in the high Alps, show an increase of more than 3 m/s.

In Figure 5.7b the maximum value of every grid cell in ten years of summer data is shown. Note
that one event can occur multiple times in one figure as it moves spatially over the domain. In the
history runs the maximum wind speeds for inland central Europe range between 19 and 30 m/s.
The spatial variations in inland Europe of the maximum value regardless of orography contrast with
the mostly uniform p95 field. The HClim history runs shows a few small points with speeds up to
41 m/s, and in mountainous regions the maximum summer gust exceeds 45 m/s. In the historical
RACMO run these orographic and local inland maxima are not resolved: in terrestrial Europe wind
speeds do not pass 30 m/s, with few exceptions up to 38 m/s in the Alps and Pyrenees.

Interesting differences are visible between the HClim-Hist and HClim-EOC runs in central inland
Europe particularly. Over almost the entire mainland terrestrial Europe the maximum wind speed
increases. Locally, especially in Germany, the increase is beyond 20 m/s. These local clusters are
connected to independent local storms of a few kilometers in size with extreme wind speeds (up to
47 m/s). Besides becoming more widespread, the clusters additionally seem to become larger. Note
that the change in eastern Netherlands, eastern France and Germany is especially large. In RACMO,
the change in maximum wind speed generally stays between −5 and 5 m/s, with one exception in
the western Alps, where the maximum gust is increased with 15 m/s. At sea, RACMO and HClim
show similar patterns: the wind maximum speed decreases slightly (up to 10 m/s), except for the
southern North Sea, where gust speeds are increased up to 10 m/s.

Thus, the difference between using CP and hydrostatic dynamics is especially evident in complex
terrain, such as the central Alps, Pyrenees and Mistral region of southeast France. This study
focused mainly on the Netherlands where little topographical variation exists. The benefits of using
a high resolution CP-RCM might be even higher in regions of higher complexity (for example,
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Vanden Broucke et al., 2019). In future studies, these areas should be addressed separately and with
observed data included.

5.2.2 Projections in frequency of summer days with strong gusts

Figures 5.8a and 5.8b indicate how common high gust events are by showing the amount of summer
days with gusts above 20 (f20) and 25 m/s (f25), respectively, in the 10 years of model data. The
spatial patterns, especially for f20, resemble those of the p95 value as seen in Figure 5.7a. Both
history runs show that most of terrestrial Europe has between 1 and 50 summer days with gusts
above 20 m/s, and the HClim run shows increases for mountainous and the Mediterranean Mistral
regions of between 100 and 1000 days.

The HClim runs show an increase of the f20 going from the history to end of century run in
mainland terrestrial Europe of between 2 and 10 days. Both models indicate an especially strong
increase above Denmark in the RCP8.5 scenario. In contrast, at the North Sea, eastern Atlantic
and Mediterranean the f20 decreases with 2 to 20 days. Also above western France and southern
UK the number of stormy days decreases.

The above 25 m/s field in Figure 5.8b is less uniform. Most of inland non-mountainous Europe
is characterized by 1-2 and maximum 5 events that follow a similar spatial pattern as the maximum
values of Figure 5.7b. For all model runs the marine regions mimic the p95 pattern better, where the
Mistral winds and areas with high topographic complexity are better captured by the HClim runs.
These figures confirm once more how scarce extreme events are for a single grid point. This brings
along challenges to distinguish the natural variability from observed trends, as further discussed in
section 6.2.
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(a) 95th percentile summer gust

(b) Maximum summer gust

Figure 5.7: Summer gust (a) 95 th percentile of daily maxima and (b) all time maxima in the 10
years of model data in the RACMO and HClim history runs (1996-2005, left two figures) and change
compared to the history runs in the RCP8.5 scenario (2090-2099, right figures): EOC minus history.
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(a) Days with gusts ≥ 20 m/s

(b) Days with gusts ≥ 25 m/s

Figure 5.8: Number of summer days with gusts (a) ≥ 20 m/s and (b) ≥ 25 m/s in the 10 years of
model data for the RACMO and HClim history runs (1996-2005, left figures) and change compared
to the history runs in the RCP8.5 scenario (2090-2099, right figures): EOC minus history.
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5.3 Future runs analysis: case studies

In this section the fate of convective gusts in a future warmer climate is addressed from a more
dynamical perspective by looking at case studies (research question C2). For this analysis, ten
extreme convective gust cases are selected for the HClim-hist, HClim-EOC and RACMO-EOC run
as described in section 4.3. For comprehensiveness, this analysis is focused on the Netherlands. Of
the selected cases, three are discussed in more detail in the next sections. Two of these are maximum
events in the HClim-EOC run and one in the RACMO-EOC run. Note that the selected cases in fact
correspond to the gust values of the red dots of the boxplots of Figure 5.6. Animations including
7 (RACMO) to 9 (HClim) atmospheric variables of all thirty events can be found on an external
drive, see Appendix B. In this section spatial plots in time are shown from the time when the gust
in the events was maximum, as well as time series of all parameters over time at the location where
the gust was maximum during the day. In addition, the environmental conditions of all case studies
are analysed through boxplots.

5.3.1 HClim future case 1

The first selected event from HClim-EOC is takes place on the on the 29th of June 2097 and is
shown in Figure 5.9a and the same date in RACMO in Figure 5.9b. The time series are shown for
both models in Figure 5.10. In HClim the day is characterized by very warm surface temperatures,
already starting at 28◦C in the south of Netherlands at midnight, increasing up to 35◦C by 8:00 and
reaching its maximum around 13:00 when most of the country experiences temperatures between
42◦C and 45◦C. This is higher than any temperature experienced so far, with a current Dutch record
of 40.7◦C (KNMI, 2020). The high temperatures are contrasted with dewpoints of below 10.0◦C,
indicating a low relatively humidity (< 15%).

By 14:30 a small amount of precipitation of maximum 7 mm/hour occurs in local clusters, which
develop into larger showers of maximum 15 mm/hour, until 17:30 they disappear from the domain.
At the location where the gust was maximum, the precipitation did not exceed 1.0 mm/hour. Note
that the intensities can be higher locally and at a certain time as the variable indicates the total
precipitation that fell over the hour; the amount might have fallen within a few minutes. The
development of the showers happens simultaneously in location and time with the growth of several
cells with decreased temperatures. At 15:00, some of these cells have a temperature drop of 20◦C
compared to their surroundings and previous time steps. Simultaneously, at the location of the
convective cells the dew point temperatures increase to similar magnitudes, indicating saturated air.

The shape of the cold pools are mimicked by the vertical wind at 925 hPa. The vertical wind
hints that the cold air is coming from higher levels, as the center of the pools indicate down going
flow whereas the rims show upward velocities. This exchange of air is also indicated by the close-
to-zero wind shear values at the location of these cells, whereas the shear is high (up to 40 m/s) in
other regions. The positions of the maximum wind and gust fronts coincide with the rims of the cold
pools. The time series of Figure 5.10 show how closely the wind speed and gust speed are related,
where it seems that the gust speed is simply the wind speed and an added term, despite the latter
being the maximum value over the hour and the former an instant value.

The CAPE increases in the morning and reaches a maximum for most areas in the Netherlands
around 2500 J/kg, and locally up to 6000 J/kg at the IJsselmeer. The CAPE drops for most of
the country after the storm passage to values below 700 J/kg. The cell-structured footprint with
multiple convective updrafts and downdrafts of this event mimics the theory of the multicell storms
as discussed in section 2.1.3. This fits with the observation that the gust fronts are caused by the
result of the interaction of the cold pool boundary and the environmentally unstable air. As expected
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from theory (Lin, 2007 and Markowski and Richardson, 2011), the cell structures are moving towards
the downwind side of shear.

Noticeably, many of the ten EOC events are paired with high temperatures, strong shear and
high convective instability, and makes the event on 29th of June 2097 a good example for the end of
century run. The storm is triggered by a convergence line with wind and cooler air from the west
side, with gust bow echos forming the front of the convective front. Assuming an air temperature
drop of 9.8◦C per 1000 m altitude, and for the dew point 1.8◦C, the low dew point temperatures
(≤ 8◦C) in combination with high air temperatures (≥ 42◦C), would locally indicate a convective
cloud base of 4.2 km. The associated latent cooling would easily allow for downbursts and extreme
gusts speeds. Such extremes are not observed in the current climate in the Netherlands (Haklander,
2020).

The development of temperature and pressure for this day are somewhat resembled by RACMO
as visible in Figure 5.9b, 5.10 and the animations, though differences exist. The temperatures in
RACMO are not as extreme as in HClim and do not exceed 40◦C. The maximum gust speeds are only
half of the maxima in HClim with a maximum in RACMO of 20 m/s for this day. The discrepancy in
temperature can potentially be explained by the saving of variables at 3-hour intervals and simply
missing the time when temperatures are highest. This however does not explain the difference
between HClim and RACMO for gusts as the parameter is written away as the maximum of the
passed three hours. RACMO also indicates relatively low dew point temperatures compared to air
temperatures and minimum precipitation amounts. The cold pools or convective cell structures that
are clearly visible in the temperature, gust, wind and pressure fields of the HClim run are absent in
RACMO. Figure 5.9b does show a large region with gust speeds between 17 and 22 m/s, much larger
than the area in HClim with gust speeds of the same magnitude. This supports the idea that in
RACMO gust maxima are spread out over a larger region in a smoothing effect. The more extreme
gust speeds above 22 m/s are however completely missed by RACMO.

5.3.2 HClim future case 2

The maximum event in HClim-EOC on the 24th of July 2091 (see Figure 5.11) has some character-
istics that resemble the first case: temperatures are high throughout the day, reaching up to 40◦C
around noon, shear is strong (up to 30 m/s), CAPE values are high (≥ 1500 J/kg in most areas,
reaching up to 6700 J/kg locally) and the wind is coming from the west. The dew point temperature
shows a strong contrast with surface temperature: around 11-14◦C just before the storm develops,
when it quickly increases to between 19 and 22◦C at the center of the cell. The warm temperature
field is once again interrupted by a growing cold pool where precipitation falls with rates op to 25
mm/hour. Again, the gust, horizontal wind and vertical wind fields mimic the shape of the cold
pool, that initially is one large cell and later accompanied with a smaller one.

The parameters on the same day in RACMO are shown in Figure 5.11b and time series in Figure
5.12. RACMO resembles the increase to temperatures of locally up to 40◦C and subsequent drop
well, as well as the pressure, CAPE and dew point temperature fields, though misses the high wind
and gust speeds, as well as the local colder cells. Throughout the day the gust speeds of RACMO
are higher at the location where gusts are maximum, except at the peak around 15:00. Similarly,
the peak is missed in the mean wind speed time series. RACMO does show an area with increased
gust speeds (13 - 22 m/s) and covers a larger area than the area with the same magnitude in HClim,
even though in RACMO this area is located further to the southwest. Within the increased wind
speed region, RACMO misses the extreme speeds exceeding ≥ 31 m/s.
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Case study 1 on 2097-6-29

(a) HClim

(b) RACMO

Figure 5.9: Case study on the 29 th of June 2097, one of the top 10 maximum convective events
depicted in the HClim-EOC run in (a) HClim (b) RACMO.
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Time series case study 1 on 2097-6-29

Figure 5.10: Time series of variables of case study on the 29 th of June 2097, one of the top ten
maximum convective events in the HClim-EOC run. The location of the time series is stationary
and taken at the point where the gust of the event was maximum during the entire event. For HClim-
EOC this is at 7.6◦E longitude and 51.2◦N latitude, for RACMO-EOC 6.7◦E longitude and 52.5◦N
latitude.

5.3.3 General characteristics HClim’s maximum events

In Appendix B animations of the 10 maximum events in and HClim-hist and HClim-EOC can be
found. Figure 5.13 shows statistics of the environmental conditions of these events. From these
resources interesting results will be shown. First, all twenty cases take place between May and
September: 2 in May, 5 in June, 2 in July, 6 in August and 5 in September. This indicates that the
choice of limiting the analysis for convective extremes to May to September is justified.

Second, all maximum HClim-EOC events take place on days with high surface temperatures.
Seven out of ten case studies are paired with temperatures locally up to 40 and for two events even
up to 45◦C. The p95 temperatures of the entire day of all EOC events are above 25◦C, with an
average of 33◦C. These numbers are significantly higher than the p95 temperature of an average
day, at 22◦C. For the HClim-hist case studies the temperatures are significantly lower: in only three
events temperatures locally pass 30◦C and in some events the p95 is lower than the p95 for an average
day. The hotter three events are all in the top four in terms of gust speed. The higher temperatures
possibly increase the instability of the atmosphere, and hence increase the potential for deep moist
convection. Indeed, in all case studies, the p95 CAPE is much higher than on an average day. In the
EOC case studies, some CAPE value are locally up to 8000 J/kg. The three historical cases with
highest temperatures and gust speeds also relatively have the highest maximum CAPE.
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Case study 2 on 2091-7-24

(a) HClim

(b) RACMO

Figure 5.11: Case study on the 24 th of July 2091, one of the top 10 maximum convective events
depicted in the HClim-EOC run in (a) HClim (b) RACMO.
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Time series case study 2 on 2091-7-24

Figure 5.12: Time series of variables of case study on the 24 th of July 2091, one of the top ten
maximum convective events in the HClim-EOC run. The location of the time series is stationary
and taken at the point where the gust of the event was maximum during the entire event. For HClim-
EOC this was at 7.1◦E longitude and 52.5◦N latitude, for RACMO-EOC 5.5◦E longitude and 51.0◦N
latitude.

Note that in the HClim-EOC run the maximum CAPE values are higher than the historical
cases. The values for an average summer day, both in terms of maximum and p95, do not differ
much for an average day between the two runs. It could still be that there are more days with high
CAPE values, or that CAPE is increased during some periods of the day, or that there are more days
with high CAPE and increased shear. Note that these average values merely give an indication of a
normal day. An extensive analysis of trends in the environmental parameters for extreme convective
conditions is left out of this study, as the works of Rädler et al. (2019) and Púčik et al. (2017) have
already extensively discussed potential changes of instability in Europe.

The spatial dew point temperature development varies amongst the cases. On some days, right
before the gust front comes in, high surface temperatures are contrasted with low (< 10◦C) dew
point temperatures, at some locations and time steps the contrast is more than 30◦C, allowing for
strong evaporation rates. From the animations the source of moisture is not clear and could come
from higher levels. At the moment the storm front passes, the surface temperatures at the location
of the convective cells decrease simultaneously with an increase in the dew point temperatures, until
they are around the same magnitude, indicating nearly or completely saturated air. The temporally
low surface dew point temperatures of some cases are not reflected well in the higher p95 value of
Figure 5.13, that is likely more influenced by higher dew point temperatures at other regions or
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after the gust front passed. Note from Figure 5.13 that the dew point temperatures of the EOC run
are higher compared to the historical ones. This could mean that more moisture is paired with the
end of century events. Note that the p95 dew point temperature for an average day also increases
towards the end of the century.

In most HClim events, the p95 shear can be classified as moderate to strong (see section 2.2.2).
Around the gust fronts, in almost all EOC events, the shear is around 40 m/s with a median around
30 m/s, especially on the windward side of the convective cells, on the downwind side the values are
usually lower (< 10 m/s). The time after the events can cause the lower p95 shear when taken over
the entire day. There is one event in the EOC run (on the 24th of June 2097, see Appendix B) where
shear values do not cross 15 m/s during the day, at all locations. The spatial characteristics as seen
in the animation of that day do indicate a mesoscale convective system with multiple convective
cells. Why the shear remains low in this case is not exactly clear. When looking both at the
maximum and p95 shear the values of the historical cases are higher compared to the EOC cases.
This can potentially be explained by increased stability and less shear required to initiate long lasting
convective systems.

Note that the p95 of the surface wind field for the historical runs is higher compared to the EOC
runs. In addition, the historical case studies are paired with lower mean sea level pressures compared
to the EOC run. This indicates that the historical case studies can be more related to the synoptic
situation with lower pressure systems and already strong mean wind. In the EOC run the gusts are
more local, with sudden wind gust increases. This shows the importance of not only looking at the
wind field but in addition at gust speeds. In all of these events, the wind is coming from west to
southwest. With few exceptions the location of the maximum gust speeds is near the border with
Germany.

Interestingly, not all extremes are paired with significant precipitation, indicating that the find-
ings of more commonly studied projections in extreme precipitation cannot be applied directly to
gusts. The maximum vertical wind speed remains below 6 m/s both upwards and downwards. This
is significantly slower than the 40 m/s downdrafts recorded in tornadoes (Markowski and Richard-
son, 2011). Though, in the observed case, the downdrafts are over a region of a few hundred meters
and not 2.5 km. The model resolution of 2.5 km is still too coarse to resolve tornado and waterspout
events.

5.3.4 Short conclusion from HClim’s maximum events

These results show that the convective storms found in the HClim runs resemble the theory described
in Chapter 2. Namely, all case studies are paired with high CAPE values and almost all with strong
shear. Besides, the animations of the cases, especially in the EOC run, resemble the shape of
mesoscale convective systems and squall lines in particular. This supports the hypothesis that
HClim is capable of capturing local extreme convective storms and their complex and multi and
supercell structures.
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Figure 5.13: Environmental conditions over land of 10 case studies in HClim-EOC (orange) and
HClim-hist (blue) in the Netherlands. The dotted lines represent the value of the statistics for
an average summer day in the Netherlands. Note that the data required to calculate the mean
climatological statistic are not available for the the mean sea level pressure and vertical wind speed.
The boxplots are computed in the same way as Figure 5.6.

5.4 The RACMO case studies

5.4.1 RACMO future case

The spatial characteristics of the RACMO-EOC maximum event on August 31st 2099 are shown in
Figure 5.14a in RACMO, and Figure 5.14b in HClim. The time series are shown in Figure 5.15, and
animations of the environmental variables for this date can be found in Appendix B. An inspection
of the time lapses of these events reveals that the storm is governed by a low pressure field moving
across the north of the Netherlands. The wind speed direction is parallel with counterclockwise
direction to the isobars, as expected from geostrophical principles. In both HClim and RACMO
no clear development of cold pools is visible. In HClim and RACMO, at the location of the wind
speed maximum the day starts with moderate surface temperatures of around 18◦C and increase
up to 30◦C around noon. After the storm passed, the temperatures drop to around 20◦C. The dew
point temperature and CAPE values follow a similar pattern, with increases till noon and decreasing
values towards the end of the day, from 12 to 16 to 10◦C for dew point and from 0 to 1000 to 100
J/kg for CAPE. The pressure follows the opposite trend starting at 1007 hPa at the beginning of
the night, to a minimum of 1000 hPa and later increasing to 1005 hPa. Very little precipitation (≤ 1
mm/hour) is modelled. The gusts in HClim go up to 30 m/s around 14:00, proceeded and followed
by little wind, < 10 m/s. In the RACMO run the day starts and ends quiet too, except for the
values at 9 am, 12 pm and 3 pm when gust speed pass 15 m/s though never go beyond 20 m/s.
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Case study 3 on 2099-8-31

(a) HClim

(b) RACMO

Figure 5.14: Case study on the 31 st of August 2099, one of the top 10 maximum convective events
in the RACMO-EOC run depicted in (a) HClim (b) RACMO.
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Time series of case study 3 on 2099-8-31

Figure 5.15: Time series of variables of case study on the 31 st of August 2099, one of the top ten
maximum convective events in the RACMO run. The location of the time series is stationary and
taken at the point where the gust of the event was maximum during the entire event. For HClim-
EOC this was at 7.1◦E longitude and 50.4◦N latitude, for RACMO-EOC 3.2◦E longitude and 51.3◦N
latitude.

5.4.2 The RACMO’s maximum events compared to the HClim cases

None of the ten maximum events of the end of century runs in HClim and RACMO happen on the
same day. In fact, none except one event in August 2099 fall within the same month, and even for
this month the storms are four days apart. Indeed, the physical aspects of the maximum events in
RACMO are of a different type than those found in the HClim runs. First, none of the RACMO-
EOC events have gust speeds above 30 m/s, in line with the boxplot of Figure 5.6. Second, most
of the high gust speeds found in RACMO can be explained by the synoptic situation: most cases
in RACMO are paired with strong synoptic winds and high pressure gradients associated with low
pressure systems, see Figure 5.16. In all RACMO cases, the p5 mean sea level pressure is below the
p5 for an average day, and for most events significantly (≤ 10 hPa) lower than the p5 of a HClim
case. The low pressure systems result in strong wind fields, and indeed the wind speeds of the
RACMO cases are higher than most HClim cases.

Third, in none of the RACMO events the temperatures are as high as the HClim events: three
locally pass 30◦C and two reach 40◦C for a short amount of time, locally. Related, the CAPE
values of the RACMO cases are much lower than the HClim ones: the median of the p95 of the
HClim-EOC cases is around 1800 J/kg, whereas the same value for the RACMO cases is around 700
J/kg. For the maximum CAPE value the difference is even more extreme with a median of 4700
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J/kg for HClim and 1700 J/kg for RACMO. Lastly, in the animations the development of something
that resembles a cold pool structure or a mesoscale convective system is absent in all the RACMO
simulations. These findings show that the cases found in RACMO are more related to the synoptic
situation rather than convective systems, and that the added value of CP dynamics is substantial.

Figure 5.16: Environmental conditions over land of 10 case studies in HClim-EOC (orange) and
RACMO-EOC (green) in the Netherlands. The dotted lines represent the value of the statistics for
an average summer day in the Netherlands. The boxplots are computed in the same way as Figure
5.6. Note that the psl value for an average HClim day is not available.
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Chapter 6

Discussion

6.1 Temperature bias in the EC-Earth driven HClim runs

The underestimation of most gust statistics (max, RL10, RL50, f20 and f25) compared to observations
is worse for HClim-hist than HClim-ERA. In addition, in the Netherlands, HClim-ERA captures
around 10 summer events with gusts above 35 m/s, whereas HClim-hist only has a single event
above this magnitude. The discrepancy between the EC-Earth and ERA driven run can possibly be
related to a cold bias in EC-Earth. Figure 6.1 shows the mean discrepancy in surface temperature
between HClim-hist and HClim-ERA in Europe. In all parts of the domain the mean HClim-ERA
surface air temperature is warmer than in HClim-hist, with a larger difference over land and in
southern Europe. In some regions, the bias goes up to 2.5◦C.

Bias in mean surface temperature HClim-hist

Figure 6.1: Surface temperature field averaged over all time steps of the HClim-ERA run subtracted
from the HClim-hist run. Negative values thus indicate colder HClim-hist temperatures.
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To investigate whether EC-Earth is too cold or ERA too warm, temperature statistics of the
models are compared to KNMI observational data between 2000-2009 at 35 stations throughout the
Netherlands (see Figure 3.2). In Table 6.1 the MBE computed over the 35 locations is presented
for the four Harmonie Climate runs. These results show that the mean temperature in HClim-hist
is 1.58◦C colder than observations, whereas HClim-ERA is only 0.49◦C colder, indicating that the
EC-Earth driven runs are too cold in the Netherlands.

Temperature bias (◦C)

HClim-ERA -0.5
HClim-hist -1.6
HClim-MOC -0.4
HClim-EOC 1.7

Table 6.1: Difference in mean temperature between 35 observation stations (see 3.2) hourly surface
temperature data (2000-2009, all year) and 4 models extracted at the nearest grid point. Negative
values indicate colder model temperatures compared to observations.

The global mean temperature increase projected by IPCC’s Fifth Assessment Report (Stocker
et al., 2013) in the RCP8.5 scenario is 3.7◦C between 2081-2100 relative to 1986-2005. The absolute
increase compared to observations is 1.7◦C by the end of the century in the HClim-EOC run, and
3.3◦C relative to the HClim-hist run. The absolute increase in the model between the two periods
resembles that of RCP8.5, with a projected increase of 2.6◦ to 4.8◦C.

The increase compared to observations is better aligned with the RCP4.5 and RCP6 scenarios,
with global warming increases by 2081-2100 of respectively 1.8◦C (likely range 1.1◦ to 2.6◦C) and
2.2◦C (likely range 1.4◦ to 3.1◦C) (Stocker et al., 2013). Recent studies argue that the latter two
less extreme scenarios are more likely than the RCP8.5 scenario (Ho et al., 2019). Therefore, the
closer resemblance of the model’s end of century temperatures with the less extreme scenarios of
the IPCC might be beneficial. However, a very recent report by Schwalm et al. (2020) suggests that
the RCP8.5 scenario is still feasible, and therefore, the projected increase might actually be more
intense than reported in this study.

The results of comparing statistics and case studies of the history and EOC run should be
taken with care, as the HClim-hist temperatures are not representable for the current climate. The
HClim-MOC run with temperatures similar to ERA and observations provides a better fit in terms of
temperature. Indeed, when comparing the gust statistics to observations, HClim-MOC outperforms
HClim-hist in most metrics. The improvement is especially significant for the maximum gust speeds
and RL50, with MBEs improving from -3.5 to -0.2 and -7.8 to -2.8, respectively (see table 6.2).

If the temperature bias indeed explains the differences in gust statistics between HClim-hist and
HClim-ERA it would support the idea that gust magnitude is related to temperature, and that in a
future warmer climate higher maxima and return levels are to be expected.

Despite the temperature biases, the comparison between the HClim-hist and HClim-EOC run
still give a good indication of changes in a warming climate as the absolute temperature increase
between the runs does fall within the range of the projected RCP8.5 scenario. Therefore, the
differences between HClim-hist and HClim-EOC can still be taken as representation of what happens
to convective gusts in a warming climate. It however remains the question what the actual effects
of the temperature bias on the results are, and whether this has consequences on other variables
that are pertinent to convective storms. To address this, ideally the RCMs would be forced with an
ensemble of general circulation models, as already discussed at the end of section 5.1.4.
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HClim-ERA HClim-hist HClim-MOC
RMSE MBE RMSE MBE RMSE MBE

mean m/s 0.4 0.0 0.4 0.1 0.4 0.1
max m/s 3.2 -0.7 4.2 -3.5 3.1 -0.2

p95 m/s 0.6 -0.1 0.6 0.2 0.6 0.0
p99 m/s 0.8 -0.4 0.8 -0.3 1.0 -0.5

RL10 m/s 3.1 -2.3 4.6 -4.3 2.6 -1.9
RL50 m/s 5.8 -4.4 8.3 -7.8 4.5 -2.8

f20 days 13.3 -10.2 16.1 -13.5 13.2 -9.5
f25 days 1.5 -0.9 1.8 -1.4 1.5 -0.6

Table 6.2: Performance statistics of modelled vs. observed summer (May to September) gusts. The
observed data come from 22 inland observation stations in the Netherlands. The model data were
extracted at the nearest grid points. Negative MBE values indicate a lower model magnitude compared
to observations.

6.2 Low frequency of extreme events

A second reason to take the future changes with care is the inherent low frequency of extreme events.
As shown in the results the number of summer days with gusts above 25 m/s for inland Europe
locally rarely exceeds one per year per grid point (Figure 5.8). When aggregating events of the entire
Netherlands the number of days with inland gust speeds above 35 m/s in the entire Netherlands
stays below a single event per year, even at the end of the century (Figure 5.6). For this reason,
the results of extreme value analysis through the peak over threshold are not widely incorporated
in this report. Coles (2001) and others suggest to use multiple decades of data, whereas for the
HClim runs only 10 years is available. With short data sets the correct choice for a threshold is
especially crucial, and should be done after extensive analysis. Possibly, one could aggregate the
extreme events over areas of similar climatology and topography, for example guided by the spatial
patterns in the 95th percentile.

Besides the relatively small data set another challenge in extreme value analysis is that the data
should be provided to the algorithm into various categories depending on their physical origins. For
gusts in particular this would mean that convective small gust events should be separated from larger
scale frontal events. Such division can be done using event size and duration for example, as well as
by taking other environmental indicators like CAPE and shear into account. The poor performance
of RL50 of the modelled data compared to observations indeed confirm that the results of the peak
over threshold analysis should be taken with care. The aggregation of data over a large area and
other methods to overcome the data availability, the correct threshold choice and the binning of
events into physical categories is left for future investigation.

6.3 Convective storm dynamics

The case studies have shown that Harmonie climate is able to capture mesoscale convective storms
at high detail. An analysis of smaller scale storms and dynamics is challenging without 3D fields
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available and the 2.5 km scale. To study the dynamics of convective downdrafts better in a warmer
climate, one could perform runs at LES scales. Such studies would also help the understanding of the
dynamics of tornadoes and waterspouts in convective storms in a warmer climate, as they are still
too small to be resolved in the resolution of CP-RCMs. The high gust speeds found in the statistics
and case studies are more related to straight line winds from downdrafts rather than rotating vortices
of tornadoes and waterspouts. Another way to better examine the behaviour of events with warmer
temperatures could be to look into pseudo-warming experiments. In such experiments, the current
climate is forced with increased temperatures. In such runs, average changes in circulation and
moisture are also taken along, but the variability is kept the same as in the historical period. It
remains the question whether this latter assumption is accurate, especially for variables indicative of
severe convective environments, such as shear, moisture availability and instability. Pseudo-warming
experiments are available in the KNMI database, with runs of Harmonie between 2009-2019.

Note that the dynamical analysis with the case studies has been done for the Netherlands only.
This region is known for its low topography, and the behaviour of convective gusts in more complex
regions can significantly vary amongst geographical areas. The climatological statistics for the
entire European domain show significantly higher summer gust speeds is mountainous areas, and
these regions should be studied separately. In addition, the changes projected for the Netherlands
do not seem as extremes as the changes for the more central part of Europe in terms of increases in
maximum gust speed (see section 5.2.1), and it would be worthwhile to study cases in further inland
Europe as well.

6.4 Gust parameterization and performance

Note that HClim and RACMO have used different parameterization schemes for gusts that poten-
tially causes a discrepancy between the model results. The parameterization scheme of RACMO is
in fact taking convective situations into account by adding a shear factor, whereas the parameteri-
zation of HClim does not differentiate between convective and non-convective situations. One would
expect that adding a term specific for convective situation would improve the model’s performance
for these situations. On the other hand, the parameterization scheme of HClim does not need to be
as detailed as deep convection and the outflow of showers are resolved.

However, RACMO performs significantly better when looking at the frequency of days with
gusts above 20 m/s, but equally bad compared to HClim above 25 m/s. Therefore, it could be that
RACMO is able to capture the less moderately severe (between 20 - 25 m/s) gusts better compared
to HClim. Possibly, these events are related to shallow convection, situations that HClim is also
not able to solve explicitly. As suggested by Tijm (2018) and Veen (2019), the underestimation
of shallow convective storms can be improved by enhancing the model’s microphysics scheme. In
RACMO a convective term related to shallow shear (950 to 850 hPa) is still added, but not in HClim.
It could also be that the extreme gusts in RACMO are simply spread out over a large area. Further
investigation is required.

It is challenging to dissect the gust speeds of RACMO and to check the extra contribution in
convective situations in this study, as the shear and the friction velocity that are required in the
parameterization, are not stored. The study of Minola et al. (2020) shows that for their case the
convective contribution is small, though they used a coarser model (ERA5, roughly 30 km), so a
higher contribution to gusts in convective situations for RACMO is not excluded.

It would be interesting to investigate the benefits of using alternative parameterization schemes
further. RACMO uses the low level (850 to 950 hPa shear) as an indication for convective systems,
however, as shown by Cohen et al. (2007) shallow shear is found to be not as good as a predictor
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as deep level shear (0 - 6 or 0 - 10 km) for extreme convective events. The model’s performance
might also improve in extreme convective situations when additional environmental indicators such
as CAPE, mid-level lapse rates or vertical differences in equivalent potential air temperature are
included (Cohen et al., 2007 and Minola et al., 2020).

Looking at the results and the local nature of convective gusts maxima, it is debatable whether the
model would benefit from improved gust parameterization as proposed by for example Minola et al.
(2020). Their and Kurbatova et al. (2018) suggestions of using hybrid parameterization schemes,
that depend on whether deep convection is active or not, was also only applied to hydrostatic
models. Regardless of the complexity of the gust parameterization, the model grid of RACMO
is still too coarse to resolve the complex convective (cold pool) structures. To be better able in
capture convective hazards, possibly a statistical post processing scheme can be used. To this
end, environmental conditions indicating severe convective gusts, for example related to shear and
instability, can be used to give warnings. Even though RACMO does not seem suitable for analysis
of extreme gust speeds directly, the computational advantages are still large. In the future, RACMO
can still be used to study changes in the environmental conditions with high potential for extreme
convective gusts as seen in HClim. Such studies could resemble the work of Rädler et al. (2018) and
Púčik et al. (2017), who studied increases in the number of days with high CAPE in combination with
strong shear. The lack of thorough analysis into the performance of the two used RCMs for gusts
specifically in relation to their parameterizations schemes shows the need for further investigation.
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Chapter 7

Conclusions and Recommendations

This thesis provides an important bridge to understand the fate of convective gusts in a future warmer
climate and the high potential of convection permitting (CP) regional climate models (RCMs) in
such studies. It is shown that the magnitude, frequency and dynamics of convective gusts is projected
to change by the end of the 21st century in Europe. The use of CP instead of hydrostatic dynamics
is shown to be crucial when analysing convective gusts extremes and especially in complex terrain.

These conclusions are drawn based on a literature review and data analysis. In the literature
review, the key ingredients of extreme convective gusts and their representation in RCMs is discussed.
Output of the CP-RCM Harmonie Climate (HClim, Hirt and Craig, 2020) and a hydrostatic RCM
RACMO (Van Meijgaard et al., 2012) forced with the general circulation model EC-Earth in a high
emission scenario are used to study the effect of a warming climate on extreme convective gusts.
In addition, the RCMs are forced with the global reanalysis product ERA-interim to validate the
models’ performance. The findings of the literature review and analysis of the modelled output are
used to conclude with the following answers to the research questions.

Part A: understand key ingredients for extreme convective gusts, their projections and
how convective storms can be represented in models

A1. How are convection-induced extreme gusts and their environmental indicators expected to change
in a warming climate theoretically?

The main environmental ingredients for extreme gust associated with convective storms are
strong wind shear and instability. Previous studies project an increase in environments with
high potential for extreme convective storms in a warmer Europe (Púčik et al., 2017; Rädler
et al., 2019) and United States (Diffenbaugh et al., 2013). Until now, no study has specifically
examined to what extent this potential is actually utilized for increases in extreme gusts with
the use of CP-RCMs.

A2. What methods can be used to parameterize gusts and how do the methods of HClim and RACMO
compare?

The parameterization of HClim for gusts is based on mean wind and TKE, whereas the RACMO
one is based on mean wind and friction velocity. In RACMO, an extra term related to shal-
low shear (950-850 hPa) is added when deep convection is active. In contrast, the HClim
parameterization scheme does not take convective situations into account separately. However,
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as deep convection, and consequently the outflow from thunderstorms, is explicitly resolved
special consideration might not be required.

Part B: explore whether convection permitting regional climate models are effective
for studying convective gusts

B1. How well are extreme convective gusts represented in HClim compared to observational data in
the Netherlands?

Compared to observations HClim performs well in terms of the mean and 95th percentile sum-
mer gusts. The performance for more extreme statistics are more challenging to assess due
to the low frequency and small scale nature of extreme convective gusts, but seems to be rea-
sonable in terms of maximum gust speeds. Judging from the examination of a historical case
study, HClim seems capable of capturing extreme mesoscale convective systems, but doubts
are raised about smaller isolated storms as more than half of the days with gusts above 20 m/s
is missed in the Netherlands. Possibly, these situations are related to shallow convective situ-
ations, where outflow from storms is not explicitly resolved. Further investigation is proposed
in objective D.

B2. How does the EC-Earth forced historical HClim run perform compared to the HClim ERA-
interim run?

The mean and 95th percentile gust values compare well between HClim-hist and HClim-ERA.
For more extreme statistics differences between the models show. HClim-hist underestimates
the maximum gust speed at almost all observation locations (MBE -3.5 m/s), whereas HClim-
ERA shows a much better performance (MBE -0.7 m/s). This discrepancy can possibly be
related to a significant cold bias in HClim-hist of between 1.0 and 2.5◦C in Europe compared
to HClim-ERA (and on average 1.6◦C compared to observations in the Netherlands).

B3. Can the same results of the CP-RCM be obtained using the coarser and hydrostatic RCM
RACMO?

The higher resolution HClim outperforms RACMO in two situations. First, the results show
that the most extreme convective gusts are not represented by the hydrostatic RCM RACMO:
in HClim, multiple events above 40 m/s are recorded whereas RACMO summer speeds do
not cross 31 m/s in the Netherlands. Local convective extremes are missed and are rather
smoothed out over a larger area. The higher summer gust speeds in RACMO are more related
to the synoptic situation and low pressure systems rather than mesoscale convective systems.
Second, the poorer performance of the coarser resolution model is especially visible in regions
with increased complexity, such as the Pyrenees, the Alps and the Mistral winds of southeast
France. These results show the importance of using a CP-RCM to address convective extremes,
especially around complex areas, in a future warmer climate.

Part C: investigate how convective gusts will change in a future warmer climate

C1. From a climatology standpoint, how are extreme convection-induced wind gusts expected to
change in a warming climate?

The HClim EC-Earth forced runs do not project significant changes in the mean and 95th

percentile gust speeds throughout the Netherlands and Europe in the high carbon emission
scenario. The signal of the changes is more found in the extremes. Compared to the historical
run, the end of century HClim run shows an increase of 5-10 and 2-5 days (average per grid
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cell, in 10 years) in the number of days with gust speeds above 20 and 25 m/s, respectively,
in inland Europe. This is in agreement with aggregated statistics of the Netherlands, that
also indicate an increase of summer days with high gust speeds by the end of the century.
Especially in central Europe, the HClim output shows an increase in the number and size of
local summer systems with extremely high gust speeds up to 45 m/s over inland Europe. In
most of this region, the maximum summer gust speed is projected to increase by at least 10
m/s and up to 25 m/s locally. The area where these changes are projected correspond to areas
where an increase in severe convective environments (days with strong shear, ≥ 15 m/s and
with unstable environments, lifted index ≤ −2) is reported by Púčik et al. (2017). This should
draw the attention of policy makes, as summer storms are projected to become more severe in
the future, especially in central Europe.

C2. From a dynamical perspective, how are convection-induced wind gusts expected to change in a
warming climate?

The cases examined in this report show that most extreme events at the end of the century are
paired with extreme temperatures exceeding 40◦C and up to 45◦C. In addition, some events are
paired with increased moisture, a combination that results in elevated instability. This com-
bined with strong shear generates events in the HClim-EOC run that are not imaginable in the
current climate. This study shows that gusts should be studied separately from precipitation,
as not all extremes are paired with precipitation. The extreme winds studied in this thesis
are mainly related to the straight line gust fronts resulting from mesoscale convective systems.
It is not clear how well HClim is able to resolve destructive high gust speeds of tornadoes
and waterspouts, and whether the dynamics of these phenomena are taken into account in the
future projections. Further research is proposed.

Part D: recommend further investigation and explore what knowledge gaps remain

D1. Are there important remaining knowledge gaps regarding how extreme convective gusts might
respond to climate change?

The following recommendations are made as an outlook for future work:

• Study extreme gusts separately from extreme precipitation when looking at the fate of
convective storms in a warmer climate. This thesis shows that some extreme gusts are
paired with little precipitation, and so separation is essential.

• Performance assessment of HClim for convective gusts in relation to its parameterization
scheme in particular. In such study, one could also investigate whether HClim would
benefit from an additional gust term when convection is active, in both deep and shallow
convective situations.

• Study into the frequency bias and what type of events are missed by HClim. Check if
they can be related to shallow convective situations, and whether this bias reduces when
improving the model’s microphysics scheme.

• Examine complex terrain separately. This particularly applies for the Mistral region,
Denmark and mountainous regions where the projection of extreme convective gusts differs
from the general story.

• The most robust change in terms of maximum wind speed magnitude is reported for
central Europe. In addition to the case studies in the Netherlands, cases in Germany for
example should be examined.
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• More detailed analysis of the dynamical aspect of the convective storm projections using
alternative data with 3D fields and vertical profiles. In addition, analyses at LES scales
could give more insight into the dynamics of gusts in convective storms and their changes
with increased temperatures. This is particular useful for studying the effects of climate
change of very small scale but destructive phenomena such as tornadoes and waterspouts.

• Pseudo warming experiments can be deployed to investigate the effect of temperature
separately. In such studies, cases of mesoscale convective systems can be analysed for
their dynamics with higher temperatures.

• Recognising the usefulness of extreme value analysis, future studies can take this up in
more detail by using aggregation of data over larger areas, separation of storms into
physical categories, and correct threshold choices.

• If a similar experiment is to be repeated in the future, it is highly recommendable to use
forcing from multiple general circulation models to draw more robust conclusions on the
climatological part.
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Appendix A

Appendix: Model performance

Summer maximum gust speed in RACMO-hist

Figure A.1: Maximum summer (May to September, all model years) gust of RACMO-hist (1996-
2005) versus observations (2000-2009) at 22 KNMI station locations (see Figure 3.2).
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Days with gusts above 20 m/s in HClim-ERA

Figure A.2: Total number of summer (May to September, all model years) days with summer gusts
above 20 m/s of HClim-ERA (2000-2009) versus observations (2000-2009) at 22 KNMI station
locations (see Figure 3.2).
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Appendix B

Appendix: External files

For this thesis a series of animations was created to simulate the maximum convective events in the
model runs. These events can be found on an external drive:

External drive

If you are reading a physical copy of the report, you can also scan the following QR code:

The drive contains the following documents:

• Case studies

1. Case June 29th 2097 (max in Harmonie Climate)

2. Case July 24th 2091 (max in Harmonie Climate)

3. Case August 31st 2099 (max in RACMO)

4. Heino Case August 6th 2003 (max in observations)

5. Additional maximum events in Harmonie Climate - EOC

6. Additional maximum events in Harmonie Climate - history

7. Additional maximum events in RACMO - EOC

• Model vs. Observations

Extra figures where observations from 23 stations are compared to model data for:

1. HClim-ERA

2. HClim-hist

3. HClim-MOC

4. HClim-EOC

• Miscellaneous

Animation of a downburst in Qatar with similar environmental conditions as the case study on June 29th 2097.
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