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Abstract

Research shows that extreme rain, including cloudbursts (more than 15 mm in 30 min-
utes), has become more frequent in Denmark. The climate atlas at DMI furthermore shows
that in a future climate (year 2100), with expected levels of high CO, (RCP8.5) in the at-
mosphere, the amount of annual cloudbursts in Denmark will have increased by 70 % (the
uncertainty ranges from 20 % to 150 %). This thesis investigates how cloudbursts occur
under Danish weather conditions. Cloudbursts occur during deep moist convection and
can cause major damage, such as floods. This thesis analyses seven different cases of cloud-
bursts from the past 25 years, and proposes an overview of how these weather phenomena
can occur in Denmark. The analysis is primarily based on weather maps, satellite images,
radar images and soundings. The analysis shows that cloudbursts in Denmark is a phe-
nomenon that primarily occurs in the period May to September - typically in the afternoon
or evening where sun forcing creating favorable conditions for convection during quasi-
geostrophic forcing. Jets streaks also prove to be an important trigger for cloudbursts. In
case 2, extratropical cyclogenesis in connection with quasi-geostrophic forcing is a factor. In
some cases, orographic forcing also affects how the air interacts at the convergence lines. In
Denmark, the severe cloudbursts generally organize as multicells, but in case 7 the cloud-
burst was likely a low-topped supercell. This thesis finds, that the synoptic situation that is
particularly favorable for cloudbursts, is a deepening low pressure west of Denmark with
cold and dry air, and a high pressure east of Denmark with warm and humid air. These
air flows create very good conditions for potential or conditional instability when these air
masses collide over Denmark. Thus, the conditions are set for thunder cells to form along a
frontal zone. These thunder cells have the potential to develop cloudbursts.
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erik Guldagger Lund for thorough reading and ideas for corrections. Finally, a big thank to my
friends and family for the support and encouragement throughout the period.



1 Introduction

The cloudburst in Copenhagen in 1997 caused fallen trees, flooded streets and chaos in the Dan-
ish capital. 14 years later in 2011, the chaos repeated itself in Copenhagen with one of the most
intense cloudbursts in the history of Denmark with a rainfall in the Botanical Garden of 135.5
mm in the course of 24 hours! A similarly heavy cloudburst hit Grasten in 2007 with unimag-
inable amounts of rain and several consecutive cloudbursts. In the same area by Aabenraa, a
very unusual phenomenon was experienced in 2019 in Denmark: A real tornado!

All events have, in their own way, an impact on several people’s lives with damages for many
millions Danish kroner. Characteristic for them all is that they can be characterized as cloud-
bursts. Climate research shown that cloudbursts over time has become more frequent in Den-
mark, which is shown by statements from a report prepared by John Cappelen at the Danish
Meteorological Institute (DMI) [1]]. Cloudbursts can cause floods, that lead to damage to build-
ings, roads and crops.

The weather in Denmark is expected to become more extreme with wetter summers and win-
ters due to the warmer climate. The result is a warmer atmosphere that may contain more water
vapor. The warmer climate is due to the emission of greenhouse gases [2]. This is supported
by figure [1, which shows a clear tendency for the annual accumulated rainfall in Denmark to
increase. Since the 1870s, precipitation has increased from approx. 650 mm to an annual rainfall

of around 750 mm in recent years. This is an increase of approx. 15%.
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Figure 1: The blue line is the annual accumulated precipitation in Denmark, 1874-
2019. The red line is a 9-point Gaussian filter and the black is a linear trend line.

[1]

Figure[2land B|show the number of days with more than 10 nm of precipitation during 24 hours
(figure [2) as well as the largest annual 24 hour precipitation at a locality (figure [3). Precisely
these two figures give indications that there is more extreme rain in Denmark in a warmer
climate. The number of days with a lot of rain is increasing, but perhaps even more notably,
the cloudbursts generally become more intense, which could be the indicator in figure



National values Danmark: Number of days with precipitation> =10 mm pr. in 1938-2019
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Figure 2: National values Danmark: The blue line is the number of days with pre-
cipitation > = 10 mm pr. year 1938-2019. The red line is a linear trend line. [1]

National values Denmark: Largest annual 24 hour rainfall at a locality 1874-2019
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Figure 3: National values Denmark: The blue line is the largest annual 24 hour
rainfall at a locality, 1874-2019. The red line is a linear trend line. [1]

Cloudburst events is due to Deep Moist Convection (DMC) which causes severe convection,
and in contrast to the daily convection in the planetary boundary layer, reaches all the way
up to the tropopause with overshooting tops in the lower stratosphere. Ordinary convection
means heating of the Earth’s surface due to solar heating. It creates turbulence and thus a con-
vective boundary layer. In severe convection, it is necessary that convective instability (or po-
tential instability) is accompanied by several factors that matter for the development of cloud-
burst. This includes high values of vertically integrated water vapor, stability conditions (e.g.



CAPE and CINﬂ wind conditions (especially a significant vertical wind shear) in combination
with quasi-geostrophic forcings.

In this thesis, an analysis will be performed on cloudbursts in Denmark, where 7 cases will be
analyzed. In addition to the aforementioned 4, the storm Skt. Hans evening in 2003, the multi
cloudburst in Copenhagen in 2014 as well as the cloudburst in Copenhagen in the early au-
tumn of 2015 will also be analyzed. For practical reasons, there is only time to analyze a small
number of cases selected after severe weather; extremely strong cloudbursts, tornadoes, strong
winds during the passage of squall line and so on. As it is only a small selection of cloudburst
events in the thesis, this means that the focus is more on the development of the individual
cloudburst, more so than the total overview of all 7 cloudbursts. However, it is assessed that
the analysis of the 7 cloudbursts is fairly representative of extreme rain and cloudbursts in
Denmark and can contribute to provide a general picture for the formation and development
of cloudburst events in Denmark.

It is only in the recent years that cloudbursts have been actively measured in Denmark. At
The Water Pollution Committee of The Society of Danish Engineers (SVK), measurements be-
gan back in the 1980s, while DMI began in 2011. Therefore, only relatively newer cases are
included, as availability of data has been over the past 30 to 40 years.

The overall purpose of the thesis is to make an analysis of the development of cloudbursts
in Denmark. The thesis will try to form an overview of how cloudbursts occur, under what
conditions and in what seasons. The approach is that cloudbursts is primarily a summer
phenomenon, as in summer there are large temperature differences from the surface and up
through the troposphere, which provides favorable conditions for the formation of heavy show-
ers. The thesis will thus end up providing an understanding of the development of cloudbursts
in Denmark, and what the probability of cloudbursts in a future climate is. A categorization of
the individual cloudbursts in single cells, multicells or supercells will be made in the analysis.
The structure of the thesis is that section 2 will describe the background theory for cloudburst,
which is severe convection. In section 3, the data will be described, where they come from and
how they are structured. In section 4, the method for the analysis is reviewed. Section 5 con-
tains the analysis of the 7 cases with small partial conclusions and summaries along the way.
Section 6 will contain an overall conclusion for the analysis in the thesis. Finally, section 7 will
put cloudbursts in a wider perspective and look a little into a future climate. At the end of the
thesis, there is an appendix with additional knowledge and tables as well as references.

LConvective available potential energy (CAPE) and Convective Inhibition (CIN)
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2 Theory

In this section a reviews of the background theory of cloudbursts is given, which is commonly
associated with DMC. First, we must have in place how precipitation in Denmark is generally
formed.

2.1 Weather Situations With Precipitation in Denmark

In Denmark, there are mainly two types of precipitation situations. One is frontal precipitation,
where the precipitation is typically of relatively uniform intensity. If no fronts are present,
then there must be a forcing to raise the air and organization of convective cells can begin.
Convective cells can have many different characters in the form of showers or cloudbursts, and
occurs disorganized or organized in co-active system, e.g. in a trough, in a polar low or squall
lines. In this section, different types of rainfall situations in Denmark will be described.

2.1.1 Frontal Precipitation

Frontal precipitation is associated with cold, warm and occlusion fronts. In cold fronts, cold air
displaces warm air at the surface as seen in figure [}, where cold fronts in Denmark typically
come from the west and northwest. The characteristic features of a cold front in the northern
hemisphere is sharp veering of the wind with the altitude, there is a drop in temperature and
dew point - as well as a rise in pressure. Precipitation typically occurs about 100 to 200 km in
front of or behind the front, but in some cases cold fronts can be without precipitation. Under
the right circumstances and a suitably unstable troposphere, thunder cells can organize itself
as a squall line along the front, see figure {4

The steeper slope a cold front has acquired from the surface, the more active is the cold front.
Precisely the active cold fronts have the greatest probability that convective clouds and thus
thunder cells can be formed if it is warm and humid conditionally unstable air which the cold
front replaces on its way across the surface.

Warm fronts are defined by cold air is replaced by warm air because the warm air pushes
itself up over the cold air. Warm fronts is associated with a pressure drop occurs while the
temperature and dew point rise. The precipitation band in warm fronts are typically a wide
band up to 400 km ahead of the front. The wind is veering in the warm front passage. The
typical precipitation associated with warm fronts is slight moderate rain. Thunder cells are less
common along warm fronts, but can occur if the warm air mass is unstable. In that case, they
occur among the stratiform cloud ahead of the front and can continue after the front passage.
In the zone between the cool air from the cold front and the warm air from the warm front is
a confluence zone available to be formed. A confluence zone is characterized by having a flow
toward an axis oriented parallel to the general direction of the flow. The wind often accelerates
when they enter a confluence zone, resulting in divergence of the wind.

The last main types of fronts are occlusion fronts. They occur because warm fronts moves
slower than cold fronts, as it is easier for the cold and heavy air to push the warm and light
air. When the cold front has caught up with the warm front, an occlusion front arises which is
accompanied by an occlusion point where both the cold front, the warm front and the occlusion
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Figure 4: In a low pressure system, the first frontal zone will be associated with a

warm front, represented by the red line with arcs. These fronts typically starts with

high cirrus clouds and drizzle produced by low stratiform clouds and later these is

replaced by high cirrus clouds. The warm front is commonly followed by the cold

front, which is the blue line with triangles. Heavy thunder cells can develop in

the form of cumulonimbus clouds. On the back there can often be cumulus clouds

which in an unstable troposphere can develop into showers. Thunder cells may

develop among the stratiform clouds if the warm air mass is unstable. [3]

front meet. These points are associated with heavy rainfall.

The theory in frontal precipitation is important knowledge, because a frontal analysis will be

performed in each case in section 5.
2.1.2 Convective Precipitation

Convective showers are another
possibility of precipitation in Den-
mark and these can occur in differ-
ent situations. They can occur in
winter situations with the ocean ef-
fect, where cold winds move over
the warmer seawater, which can
collect water vapor in the air and
form showers. The other possibil-
ity is the so-called polar lows, that
are sometimes experienced in Den-
mark, where deep convection can

develop in a continuous area sur-

Cumulonimbus

Towering
Cumulus

Figure 5: Two air masses meet and form a convergence

line where strong showers can form. [4]

rounding the “eye’ with strong vertical updraft. In addition, there are the familiar summer

situations where warm and humid air rises to higher altitudes and can form cumulonimbus



clouds. Convection along frontal zones is also quite normal.

Convective showers or cloudbursts can, as previously mentioned (figure[) , occur along fronts,
but also along convergence lines where two air masses meet, see figure |5, It could be in situa-
tions with a cold air mass from west and northwest that heads towards east, while a warm and
humid air mass from east heads towards west. It provides favorable conditions for an unstable
troposphere and the development of cloudbursts and is a case in a couple of the analyzes.

In the next section, the dynamics behind convection are described and how convection can
cause buildup of showers.

2.2 Convection

Convection in the atmosphere occurs when the surface is heated from solar radiation. The sur-
face then heats the bottom layer in the atmosphere, which expands and begins to rise because
it is less dense than the surrounding air mass. This process is characterized by instability and
temperature differences in the different atmospheric layers. If the warm air contains moisture,
some of the water vapor will condense as it cools on the way up through the atmosphere. By
condensation, latent heat is released and cumulus clouds are forming. This is the basis for the
development of convective precipitation and cloudbursts.

In order to understand how convection affects cloudbursts, it is important to understand the
basic equations. These equations are not a part of the analysis, but are an important founda-
tion for convection in the atmosphere. The dynamical equations for convective clouds can be
written with the frictionless equations of motion:

Du  1oadp
Dt~ pox 1)
Dv  19dp
Df~ ody ()
Dw  19dp
D~ paz ¢ 3)

Equation (1) and |2 are the horizontal momentum equations and equation [3|is the vertical mo-
mentum equation, where u is the zonal velocity, v is the meridional velocity, w is the vertical
velocity, p is density, p is pressure and g is gravity. Perturbation theory is an important method
to understand convective systems due to the importance of perturbation pressure in cumulus
convection [5]. For example, the total pressure (p) and density (p) field can be divided into a
horizontally homogeneous basic state and a deviation:

p=p(z)+p'(x,y,z21) (4)

p="p(z) —|—p’(x,y,z,t) ®)
here p’ and p’ are the fluctuation parts whereas p and p are the horizontally homogeneous basic
state. The homogeneous part is in hydrostatic balance:

o
3~ P8 (6)

Substituting equation (@) to (6) in equation (I) to (3) yields the following:

Du 1 0 718p’N 1a9p" 1 (/0" oy
o= (1+5) T (5) % 7
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Dv  19p
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Dw  19p
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since % < 1. The vertical acceleration 1i is induced by the buoyancy:
p/
B=-= (13)
0 8

aa%, %—Z and %i; are components of the pressure gradient vector, Vp'. Equation and tell us

about the acceleration above and below the air parcel associated with horizontal perturbation
pressure gradient. Equation [12]is the vertical acceleration of the parcel due to the buoyancy
and the vertical pressure gradient force. Another important equation in relation to the vertical
motion is the quasi-geostrophic omega equation.

2.21 The Quasi-Geostrophic Omega Equation

The quasi-geostrophic omega equation is a method to describe the distribution of mid-latitude
synoptic-scale vertical motion with a combination of the quasi-geostrophic vorticity, thermo-
dynamic, and continuity equations [6] and is given by:

2 32
<sz’ * @aapz> © _{roaap[_vg VplGg+ ] - fpv%[_vg VTl (14)
where fj is the Coriolis parameter, ¢ is the static stability, w is vertical motion based on geopo-
tential motion, Vy is the geostrophic velocity vector, {, is the geostrophic relative vorticity, R is
the gas contant for dry air and T is temperature. The left hand side is the Laplacian of vertical
motion. This term is approximately zero at the surface and at the tropopause and reaches ab-
solute maximum/minimum values in the mid-troposphere.
The first term on the right hand side (RHS) is the differential vorticity advection. This term tell
us that vorticity advection increases with height and forces synoptic-scale upward motion and
then is able to trigger the formation of thunder cells. The second RHS term is the Laplacian
of temperature advection, which relates temperature advection to vertical motion where warm
advection is positive temperature advection (upward motion) and cold advection is negative
temperature advection (downward motion). Warm advection can trigger cloudbursts to occur
due to the upward motion where the vertical motion is largest when the temperature advection
is large.
The static stability parameter, o, is an important parameter. A low (high) static stability param-
eter results in a more unstable (stable) atmosphere with strong (weak) vertical motion.
The terms on the RHS of equation [14|are the quasigeostrophic forcing terms for synoptic-scale



vertical motion and are important parameters in the analysis section due to the dynamic forc-
ing, which is included in these terms and is a trigger for convection. Convection can occur in
both a shallow atmosphere and a deep atmosphere, which is crucial for the development of
cloudbursts.

2.2.2 Shallow Moist Convection

The most common clouds on Earth are stratocumulus clouds and are the result of moist ther-
mal convection which is a combination of turbulent convection and latent heat release in the
lower atmosphere [7]. Characteristics of stratocumulus are low-level clumps of cloud varying
from bright white to dark grey and large variations in the lifetime and the shape of clouds, usu-
ally in groups, lines or waves. Stratocumulus clouds is formed when a layer of stratus clouds
breaking up.

Stratocumulus occurs in Shallow Moist Convection (SMC) which means that the above men-
tioned condensation processes are formed at low altitudes around 2000 to 3000 m and where
vertical lifting is capped around 500 /1Pa. For SMC, low level convergence is required while rel-
ative humidity is not raised higher than 500 /1Pa in an unstable atmosphere. Shallow cumulus
clouds are found all over the globe, but are most frequently in trade wind belts [8] where the
thermodynamic background contain more heat and moisture which is triggering parameters.
For a shallow atmosphere the continuity equation
is written as:

;gf; =0=V.v (15)
where v is the velocity vector. Equation (15 ap-
proximates the atmosphere to be incompressible,
which means that the density of an air parcel do
not change. In a shallow incompressible atmo-

sphere, fractional changes of density, when fol- -

lowing an air parcel, are relatively small for ver- Figure 6: Cumﬁlus huilis, dodas formea

tical velocities. The equations (10) to and by shallow convection. [9]
are called Boussinesq equations and are an ap-

proximation used in convective systems. When the lapse rate of the clouds in the shallow
cumulus layer becomes larger than the environment then, over time, the shallow clouds must
become buoyant and a gradual transition from SMC to DMC occurs [10].

2.2.3 Deep Moist Convection

Unlike in a shallow atmosphere, the density varies with altitude in a deep atmosphere, and
there may be relatively large fractional changes in density. For a deep atmosphere, the conti-
nuity equation can be expressed anelastically:

1Dp 1 3

The anelastic continuity equations are applicable for the dynamics of a deep atmosphere, while
the Boussinesq continuity equation are applicable for the dynamics of a shallow atmosphere.

9



Convective clouds are typically called “deep” when they have a significant vertical extent up
through the troposphere and these are associated with heavy rainfall such like cloudbursts.
Convective clouds have their base at the boundary layer where much of the potentially unsta-
ble air is organized. Cumulus convection can occur where we have conditional or potential
instability in the troposphere. Conditional instability is an atmospheric condition where air
parcels during lifting changes gradually from being cooler to warmer than their surround-
ings if these are lifted above the Lifted Condensation Level (LCL) and under the condition of
—I'y > I, > I'y, where I'; is the dry adiabatic lapse rate, I', is the environmental lapse rate and
I';, is the moist adiabatic lapse rate. This means that the saturated (unsaturated) parcel will
be warmer (cooler) than the environment. Conditional instability is seen e.g. in relation with
turbulence.

If the atmosphere is potentially unstable, then the equivalent potential temperature will de-
crease with altitude and thus a given layer in the atmosphere will gradually go from being
stable to being unstable. A lift in a potentially unstable atmosphere is seen e.g. at fronts where
the potentially unstable layer is moist at the bottom (clouds) and dry at the top (inversion
layer).

Under certain conditions, external forces are required to lift the parcels from the LCL to the next
important level, the Level of Free Convection (LFC), where a parcel will begin to rise due to its
own positive buoyancy. The energy that must be added to lift this last piece is called Convec-
tive Inhibition (CIN), which is the amount of energy it takes to move a parcel from the surface
to the LFC and thus overcome the negative buoyancy. Warm advection or Positive absolute
Vorticity Advection (PVA) can be the reason for the necessary lifting and for thunder cells to
grow.

Above LFC, the parcel is warmer as we know from the conditional instability and thus the par-
cel has a positive acceleration until it reaches Equilibrium Level (EL), where the parcel has the
same temperature as the surroundings. Above EL, the parcel is slowed down by the changed
conditions. The acceleration of the parcel is induced by the buoyancy force from equation (13),

which can be written in a new from:

B— Tv,parcel - Tv,env

(17)

T’U,t’,’?l?]

where T, prce is the virtual temperature of the parcel and T, ey is the virtual temperature of
the environments. The virtual temperature is the temperature where the dry air would have
the same density as the moist air, at a given pressure. Equation (17| tell us that if the parcel is
warmer than the environments, a positive buoyancy force exists on the parcel. The dynamic
effects of the buoyancy in equation [12) when w is in steady state can be simplified [T1]:

The area between the lifting curve in a skew-T diagram and the temperature curve is Con-
vective Available Potential Energy (CAPE), which exists in a conditionally unstable layer in
the troposphere. CAPE can be calculated using the temperature for resp. the parcel and the
environments:

EL

CAPE = Bdz (19)
LFC

Integrating equation from LFC to EL with respect to height z, the maximum vertical veloc-
ity is given by:
Winax = V2CAPE (20)

10



The maximum vertical velocity is typically found as the updraft at the EL. The work to be done
to lift a parcel of air to the LFC level is given by CIN, which is mentioned earlier. CIN is defined
by:
LFC
CIN = — / Bdz @1)
0

CIN is by definition the opposite of CAPE and represents the negative value of the buoyancy,
while the parcel temperature is colder than the environments. The closer the CIN value is to
zero, the more potentially unstable is the atmosphere. Larger CAPE and smaller CIN thus
provide potential for the formation of strong DMC (cloudbursts).

All the mentioned parameters in this section will be used in almost all analyzes to analyze the
stability of the troposphere and to suggest why severe cloudbursts could form in the individual
cases.

When the convective cells are formed, they can organize themselves in different ways which
will be described in the next section.

2.3 Organization of Thunder Cells

Thunder cells are very different in size and in distribution, depending on whether they are
a single cell, multicells or supercells. Figure [/| shows a spectrum of convective storms as a
function of the vertical wind shear. This spectrum tell us that it is the vertical wind shear that
matters for the type of convective cell that can be developed. According to figure [7] supercells
can occur in a flow with a vertical wind shear of > 18 m /s, where the wind shear is the dif-
ference in wind speed over a distance. In order for thunder cells and thus cloudbursts to be
formed, it is therefore a prerequisite that the troposphere is sufficiently unstable and there is a
significant vertical wind shear. The organization of thunder cells is based on the perturbation
pressure.

single cells

multicells

9

» supercells

w 0-6 km shear

10ms™ 20ms™

Figure 7: Spectrum of convective storms as a function of vertical wind shear. [12]

2.3.1 The Impact of the Perturbation Pressure

The perturbation pressure occurs in the interaction between the background flow and the ver-
tical wind shear. The perturbation pressure creates areas with horizontal acceleration and ver-
tical acceleration. A self-organizing system of thunder cells has a favorable starting point in
areas where the air is accelerated upwards. Such a system is typically seen in conjunction with
a moderate to strong wind shear.

A disorganized system occurs in environments with a weak wind shear, where the perturba-
tion pressure is negligible. Here, new single cells emerge if the conditions are right and arise
along random gust fronts.
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The following equations will not be used in the analysis, but are used to divide the perturba-
tion pressure into a linear part and a non-linear part. In a Boussinesq system, the diagnostic
pressure equation can be expressed as:

V = — o’ + 372)/ 2+ LZU/ 2_*_2871/[/870/_*_287”/%4_2870/8760/
4 P ox ay 0z dy dx 0z Jdx 0z dy 22)
(pfmew jovey | 0B
zox Cazay ) Foz
which is a diagnostic relationship between the perturbation pressure and the gradients in the

wind field as well as the vertical derivative of buoyancy. The total perturbation pressure in
equation 22| can be simplified as:

P = Payn + P5 = PLpp + PNpp + PB (23)

where pfiyn is the dynamic pressure, which is the perturbation pressure associated with the
gradients in the wind field, pj is the buoyancy pressure, which is associated with the vertical
derivative of buoyancy, while p’LPP is the Linear Perturbation Pressure (LPP) and p?vpp is the
Non-linear Perturbation Pressure (NPP). According to equation 23] the dynamic perturbation
pressure can be divided into a linear (p] pp) and a non-linear (p)pp) contribution. p}pp and
ppp are the dynamic part of the perturbation pressure, where LPP is the linear part of the
wind field (equation 22):

ou dw 0v ow’
—p (2255 00T 24
p(a 8x+828y> @4
and NPP is the non-linear part of the wind field:
ou ' \*  [ouw au 00" _ou'ow' = _ov ow
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where (aa”; > + (%—Uy) + (36%) are the square of the gradient of the wind field and 2%‘; &y

2%‘; %ch + 2%2 aaz; are the shear terms. LPP are in environments with a moderate wind shear

significantly larger than NPP. In a strong wind shear, both contributions have a significant role.
In both cases, the thunder cells usually organizes themselves as a multicell system.

For a LPP, an unidirectional wind shear applies, where the wind doesn’t change direction with
altitude. If the wind grows with height it is called a forward wind shear, while if it decreases
with height it is a reverse wind shear, which is illustrated in figure

In a forward wind shear, new cells are formed on the front of the mean wind, where the sum of
the control wind and the propagation vector gives a DMC system with cloudbursts that moves
quite fast. In a reverse wind shear, new cells are formed on the rear of the mean wind. In such
a situation, the cloudburst system can become stationary and result in severe flooding.

The analysis uses warm and cold advection to specifically form an overview of potential cloud-
burst locations and to determine forcing capabilities in the cases. If the wind is veering (turns
clockwise) with the height, then we have warm advection, while if it backs (turns counterclock-
wise) with the height, then there is cold advection. In figure 9it is outlined that in the case of
temperature advection there are favorable conditions for the development of cloudbursts. In
this figure, the quadrants represent a forward and reverse wind shear in environments with

cold and warm advection. In figure 9} the control wind is the movement of the mature cell,
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Figure 8: Displays a forward wind shear (top) and a reverse wind shear (bottom).
In Al and A2 are a vertical section of the background flow, while in B1 and B2 are
a downward diverging flow from the mature cell. F is the front and R is the rear of
the mean wind. The spatial variation of LPP generates a vertical buoyancy upward
in Bl (downward in B2) on the front side of the mature cell in the case of forward
(reverse) wind shear. In C1 and C2 are a horizontal section where new cells are
formed relative to the mature cell. The mature cell is the blue ring and growing
cells is the red ring.

while the wind shear vector has the same direction as the propagation vectors. Along the
black lines, the shear vector is in warm and cold advection, perpendicular to the right and
perpendicular to the left of the steering wind, respectively. The small circles symbolize new
cells in resp. a forward wind shear and a reverse wind shear. New cells arise along the large
circle at the end of the propagation vector. In warm advection, LPP creates upward acceleration
to the right of the mature cell, favoring the growth of new cells. To the left of the mature
cell, LPP creates a downward acceleration that slows the development of new cells. In cold
advection, it is with opposite sign [13].

The understanding of how thunder cells organize is important in the effort to find out how a
system with a series of cloudbursts has been able to become powerful and continue to be able
to be formed, thus providing high amounts of precipitation.

The following three subsections will describe the classification of thunder cells which will be
used in the analysis to classifies each case. Thunder cells can be divided into three types; single
cells, multicells and supercells.

2.3.2 Single Cell Convection

Single cell convection consist of only one updraft. That said, the cell builds up and dies out
and no new cells arise after this, primarily due to weak vertical shear. This results in weak and
shallow lifting along the gust front. These types of convection cells are short-lived.

Single cell convection depends on the daily cycle in the boundary layer. At mid-latitudes, they
typically occur in warm and humid weather during the summer period and thus occur just
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after maximum daytime heating (late afternoon), when CIN is smallest and CAPE is largest.
When the convection dies out after sunset, the cell also dies out. Typical CAPE values for single
cells range from few 100 é to > 2000 é.

2 1

Warm advection
with a forward wind
shear component

Cold advection with
a forward wind
shear component

3 4
Cold advection with Warm advection

a reverse wind with a reverse wind
shear component shear component

Figure 9: Shows where new cells are formed in relation to temperature advection,
which happens along the large circle. The left quadrants (blue) indicate cold ad-
vection, while the right indicate warm advection. Forward wind shear (top) and
reverse wind shear (bottom). The steering wind from the mature cell is the green
vector, while the vectors inside the circle are the direction of the propagating cells.
New cells develop to the left of the mature cell by cold advection and to the right
by warm advection. The small purple rings indicate if no temperature advection is
present, as in figure

Figure [10] shows the three stages of a single cell. In the towering cumulus stage (figure [10p),
there is only updraft and the cell builds up. In the mature stage (figure [I0p), precipitation is
produced, which “breakthrough” the updraft and forms a downdraft. Likewise, the downdraft
is associated with cooling due to evaporation and small raindrops. This reduces the updraft
due to loading from the hydrometeor. The downdraft forms a horizontal spread and the lead-
ing edge of this is called a gust front, which is a type of cold front. An anvil has also begun to
form in the top of the cloud in the mature stage. The anvil is a result of the cloud reaching the
level of stratospheric stability. In the dissipating stage (figure [I0c), the downdraft dominates
and the updraft is cut off and potential buoyancy does not have the opportunity to keep the
cell alive and the cell dies out.

The lifetime of a single cell depends on the time it takes for the air to get from the surface to the
EL as well as the time it takes for precipitation to reach the ground [12]:

H H
TR — + — (26)
wo Ut

where H is the scale height of the atmosphere, wy is the average updraft speed and v; is the
mean terminal fall speed of the precipitation. This equation tell us that the lifetime for a single
cell convection is 30-60 min.
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Figure 10: The life cycle of af single cell. The towering cumulus stage (a), the matur

stage (b) and the dissipating stage (c). The dashed line is the freezing level, which

can change altitude depending on whether there is a updraft or a downdraft. [14]

2.3.3 Multicell Convection

A multicell system is a very common form
of convection at midlatitudes. It is a system
consisting of a cluster of single cells at dif-
ferent stages of their life cycle and there is a
repeated development of new cells. Where
single cells have a life cycle of 30 to 60 min-
utes, a multicell system can last for several
hours.

The temporal development is given in figure
In figure[ITh, the system consists of 4 dif-
ferent cells. Cell 1is dominated by downdraft
and has reached the dissipating stage. Cell
2 is in the mature stage and cell 3 is domi-
nated by updraft and precipitation has begun
to form in this cell. Cell 4 is in the tower-
ing cumulus stage. 10 minutes later in [11p,
cell 1 is almost dissipated, while cell 2 also
enters the dissipating stage, as the buoyancy
is weakened due to heavy precipitation and
downdraft as a result. Cell 3 begins to form
an anvil in the mature stage and cell 4 contin-
ues its development and has begun to form
precipitation. A new cell 5 is formed due to
lifting by the gust front (the blue line). In fig-
ure , 20 minutes later has past after the
first stage in figure and here both cell 1
and 2 are in the dissipating stage, cell 3 is

O

T
o |
,-"’J_-’_

LAY

Figure 11: The evolution of a multicell system

in 20 minutes (a) to (c). The blue line is the gust
front. The black arrows is downdrafts and up-
drafts. The oldest cell in the system is cell 1 and
the newest cell in the system is cell 5. [12]
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dominated by downdraft, cell 4 enters the mature stage and cell 5 has begun to form pre-
cipitation. This cycle continues as new cells replace cell 5, cell 5 replace cell 4, cell 4 replace
cell 3 and so on. The new cells typically occur due to lifting at the gust front as we can see for
cell 4 and 5 in figure This lifting is shown in figure [12| for a no-shear single cell environ-
ment (figure ) and a moderate-shear, multicell environment (figure ). For the no-shear
single cell environment we had a vertically-stacked structure due to no shear and the outflow
boundary (the gust front) is too weak to generate new cells. For the moderate-shear case the
gust front is keeping up the updraft and the cell is moving with the cold pool. The cold pool
is a blob of cold air under the thunder cell (the dark blue area in figure[12) and is forming due
to evaporation of rain. New cells develop along the cold pool and close enough to the old cell
that they can interact with each other. Every single cell can develop a cold pool and when cold
pools collide with one another they establish circulation which is able to facilitate thunder cell
development [15].

(a)

._]_.
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(b)
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Figure 12: Lifting by the gust front in a no shear, single cell environment (a) and in
a moderate shear, multicell (b). S is the environmental shear. [12]

The lifting at the gust front is enhanced where the shear in the outflow points are in the op-
posite direction to the density gradient. The place where the parcels have a major chance of
reaching the LFC (the right part of the picture) is, where the horizontal vorticity of the environ-
mental and the outflow cancels. The lifting shallow is where the horizontal vorticity are in the
same direction (the left part of the picture) and the chance of reaching the LFC is small. Mul-
ticell systems are self-organizing and research shows that convective events like this produce
highest intensities late in the day due to increased surface temperature, which leads to more
cloud-cloud interaction and then higher probability of cloudbursts [16]. Sometimes multicells
organize themselves into squall lines which is described later in section 2.3.5.
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2.3.4 Supercell Convection

Supercells are the most dangerous thunder cells you can experience with a strong vertical wind
shear > 20 ms~! in the upper spectrum of storm types (see figure @) A strong updraft is
required and CAPE values in supercell environments tends to be significant and it is common
that CAPE values are ~ 2500 m?s~2 or larger.

OVERSHOOTING TOP

FLANKING LINE
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MAIN
STORM TOWE
rJ—"f
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“ﬁ-\h}\ﬂ/{"‘

- CLOUD BASE STRIATIONS -

DUST WHIRL PRECIPITATION-FREE BASE WALL CLOUD LARGE HAIL PRECIPITATION
SW TORNADO TAIL CLOUD NE

Figure 13: Schematic visual view of a supercell. [17]

The visual characteristics of a supercell are shown in figure[13] Normally during heavy thunder
cells an anvil is formed only when the updraft reaches EL and the cloud is formed and spreads
horizontally, but due to rapid ascent in the free convective layer there is enough momentum to
also form an overshooting top. The flanking line is an area of cumulus congestus that indicates
an area of buoyancy in the supercell. This buoyancy comes from warm air being forced up-
ward in the front of the supercell. In the bottom of the supercell we have the wall cloud, which
is an abrupt lowering cloud in the base of cumulonimbus clouds. At the wall cloud, moist air
converges into the base of the rotating updraft and entrain the cooler air. The most powerful
tornadoes occur at the wall cloud. Precipitation that typically consists of rain or hail occurs in
areas with downdraft.

In Denmark, there are not the same factors for supercells to develop as there is in the USA.
On the other hand, under the right conditions, there may be an opportunity for a low-topped
supercell to develop which is a miniature version of the supercell as known from The Great
Plains in the USA. The low-topped supercell was identified in the early 1990s by Jon Davieﬂ
[18] and is very common in Europe. In case 7 with the Aabenraa tornado, it may well have
been a low-topped supercell.

Low-topped supercells can be isolated (similar to classic supercells), but can also organize
themselves into squall lines. A low EL or a low tropopause is often the reason why deeper

2 American meteorologist
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convection is cut off and the low-topped supercell gets a lower top than the supercell [19].

The instability is weak to moderate with typical CAPE values between 300-1500 jkg~!. How-
ever, a moderate to strong wind shear similar to large supercell environments is still required
for a mesocyclone to develop. In a sounding, CAPE will be relatively wide, as the CAPE value
is contained in a smaller vertical distance between LFC and EL due to the low EL. The result is
that the updraft in a low-topped supercell does not reach the same heights as a taller supercell
and the updraft peaks around 5-6 km altitude, while large supercell have a updraft that peaks in
10 km altitude. The maximum updraft still has values like large storms. Low-topped supercell
has a smaller horizontal extents than supercells, but is still availabe to produce a hook echo as
a characteristic. The echo in a low-topped supercell has typical maximum reflectivty around 50
dBZ. Low-topped supercells can still produce tornadoes just like the larger supercells, where
tornadoes in a low-topped supercell are of weak to moderate intensityﬁ An example of a low-
topped supercell with an associated tornado can be found in appendix B.

It happens that thunder cells (especially multicells) organize themselves into squall lines, as is
the situation in case 1 in 1997. Squall lines will be described in the next subsection.

2.3.5 Squall Lines

Squall lines are lines of thunder cells that form along cold fronts. This typically results in heavy
rainfall, high frequencies of lightning and strong wind gusts. Tornadoes can also occur. Figure
shows a vertical cross section of the airflow and radar echoes in a squall line. The storm
motion in figure [14]is to the right, where a low level inflow is lifted to the LFC by the gust
front of the squall line. This inflow retains most of its front-to-rear momentum as it follows
the convective updraft. A weak subsidence can be observed in the front-to-rear stream in the
transition zone from the convective precipitation to the stratiform precipitation in the ascend-
ing front-to-rear flow in the trailing stratiform region where trailing stratiform rain is observed
beneath this mesoscale updraft.

ASCENDIN
G FRONT-T, A
- O_
T e e —————— REAR FLOW - - 'f Radar echo
DESCENDING R RIS = | boundary
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=—>> Storm motion

L . CIJI - Mature\t
: o S celly , cell Gust front
Trailing stratiform rain ) 8 Heavy convective showers

Figure 14: Vertical cross section of a idealized squall line. The blue shading is

intense radar echoes. Pressure maxima and minima is indicated with H and L resp.

[20]

30n the Enhanced Fujita scale: EF0 to EF2 or light damage to considerable damage
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The squall line can be divided into three regions. The first is the leading edge with the heaviest
precipitation intensities, in the form of convective rain where the strong wind gust is repre-
sented. The second is the transition zone with lighter rainfall than the leading zone. The transi-
tion zone separates the leading zone from the stratiform region. The third zone is the stratiform
region. Precipitation in the stratiform region is typically less intense than in the leading zone
but more intense than in the transition zone.

A horizontal section of a squall line is shown in figure [15 where the leading zone is behind the
gust front and characterized by a mesohigh, which is a mesoscale high that forms beneath thun-
derstorms. A mesohigh is mesoscale high-pressure area associated with Mesoscale Convective
Systems (MCS) and is formed underneath the downdraft in the squall line. The divergence
center is slightly behind the mesohigh center. The rear inflow descends just after the leading
zone of the squall line in a region of adiabatic warming within a mesoscale downdraft. The
adiabatic warming reduces the hydrostatic pressure and this effect is larger than the effect of
rain-cooled air in the stratiform region. Then a wake low is formed to the rear of the mesohigh.
The convergence center is just slowing the wake low center. Squall lines can be hundreds of km
long, but are often not much more than 15 to 40 km wide.

It is not enough to know how thunder cells are organized. It is also important to know what
severe weather phenomena cloudbursts and strong convection cause, as it can have fatal con-
sequences for the society. In the next section, the three primary weather phenomena that have
been experienced during the analysis will be described.

RADAR ECHO
( BOUNDARY,

MATURE STAGE

\WAKE R E-SQUALL
- Rl MESOLOW

LOW-LEVEL

RADAR \
oA SR e K L 100 km

—a
CONVECTIVE LINE

Figure 15: Horizontal cross section of a idealized squall line. The figure represent
pressure and precipitation distribution. The dotted area is precipitation [21].
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24 Weather Phenomena Associated With Strong Convection
2.4.1 Tornadoes

Tornadoes in Denmark are an extremely rare occurrence. Usually it is landspouts or water-
spouts that occur at these latitudes, because the preconditions are not for tornadoes. Yet it has
happened before that something reminiscent of a tornado-like landspout has formed. In rela-
tion with a very mild winter period, a possible tornado was formed on 11th of February 1962 at
Holstebro in western Jylland in a frontal zone. 18th of June 2002 in a large thunderstorm where
trees at Ilskov in the central Jylland were torn up in a corkscrew-like shape indicated a tornado
event. On 10th of August 2009 near Aalborg, a powerful vortex was also observed, which de-
stroyed several houses. It was a vortex during cloudburst-like rain, and therefore may have
been a tornado [22]. In 2019, a tornado was filmed in Aabenraa, which in the analysis section
is case 7.

Tornadoes are characterized as destructive vortex of rotating winds that can cause severe dam-
age on its way. The description of a tornado could be a rotating column of air that exists
downward from the base of a cumulonimbus cloud.

Assuming that the air is incompressible and disregarding baroclinicity and friction, then a three
dimensional relative vorticity equation that describes the dynamics behind a tornado can be
written as [13]]:

o, 9, 9o, A,

Jw ow ow

where H is the horizontal advection of . (terms 1 and 2 on the RHS) and Z is the vertical
advection of {, (term 3 on the RHS). T is the tilting term (terms 4 and 5 on the RHS), while S is
the stretching term (last term on the RHS).

(i) (if) (iii))

— 7

rotation increases as vortex lines are converged beneath the updraft
(here the spacing between the vortex lines is inversely proportional to the vorticity magnitude)

Figure 16: Simple vortex line demonstration of how waterspouts are formed due
to convergence alone, in the absence of a downdraft where the black lines are hori-
zontal convergence lines that create an updraft which is the blue arrows. [12]
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(- is the relative vorticity around a vertical axis and is written as:

Jv  du
=5 5 28)
(x is the relative vorticity around the x-axis:
Jw Jv
=5 5 (29)
and (, is the relative vorticity around the y-axis:
Ju Jw
Gy = % 9 (30)

For a tornado, {, has a high value that can be 3 to 4 times greater than the coriolis parameter,
f. The typical value of f is 10~ 1rad /s in the mid-latitudes.

In a weak vertical wind shear (figure , the
tilt term, T, plays a minor role in generating
{z,as x and ¢, have small values. In this situ-
ation, the buoyancy associated with the hor-
izontal convergence at the surface occurs in
areas with high values of {, (i). Thus, the
stretching term, S, plays an important role.
During constant convergence, (, will grow

exponentially, where the final magnitude is
determined by the horizontal divergence, 4,

Figure 17: Landspout over land in Vendsyssel,

duration of b d the initial i-
Hration of BHoyancy, and the IHal MAagh 1 srthern Jylland. Photo: Claus Haugaard Jo-

tude of { (ii) to (iii). {; grows fastest at the hansen. [23]

surface as ¢ decreases with height.

(0] (i) (iii)
tilting by the updraft

alone produces
vertical vorticity at
midlevels, but vertical
vorticity does not
develop at the surface

3 S SN

(iv) )

downdraft ‘-P,/—\ \ downdraft | h
VU e Y N
. fii =\ j .

R, vertical vorticity

at the surface
Figure 18: Simple vortex line demonstration where vertical vorticity is initially neg-
ligible at the surface and why a downdraft is needed for significant vertical vorticity
to develop at the surface under the thunder cell. The black lines are convergence
lines that create an updraft which is the blue arrows. The purple arrow is a down-

draft.
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At the surface, rotation increases at the same time as the vortex lines converge during buoyancy
(iv). The tornado becomes wider upwards because {, decreases with height and buoyancy thus
advecting ¢, upwards (v). This situation characterises water spouts and dust vortices, which
is the most common type of whirlwind in Denmark. An example of a landspout is shown in
figure[17]

Figure [18is shown a demonstration of how tornadoes can develop in a strong vertical wind
shear. The formation of tornadoes requires that {, occur along the ground where {, is small.
Thus, T in equation 27 plays a significant role, while stretching is less important. In figure
vertical vorticity is initially negligible (i) and there are only horizontal vorticity lines. Then, a
buoyancy (ii) due to convection is assumed which will begin to tilt { and g, below the vertical
velocity gradient. Here, generation of {, is maximal around the core of the buoyancy in EL.
However, this tilt is not enough (iii) as it will only produce high values of {, on the flank of
the buoyancy at midlevels, while there is no . at the surface. A downdraft, see section 1.4.2,
from a possible supercell will be able to evoke (. to the ground (iv), while it can intensify (.
and form a tornado (v) during stretching.

2.4.2 Downbursts

In strong thunder cells, strong falling winds called downbursts can sometimes be formed,
which cause great damage on the surface. An eyewitness report from the Grasten cloudburst
in 2007, case 3 in the analysis section, reports a downburst. In the image series in figure[19 you

can see an example how a downburst has razed a garden in western Jylland.

Figure 19: The left image is before the downburst, the middle image is when the
downburst is ‘running’, while the right image is after the downburst. Photos:
Screenshots from a video by Mette Dalsgaard. [24]

Downbursts are falling winds and when water droplets in the cloud evaporate, these falling
winds cool down. During evaporation, heat is taken from the air, which thus becomes colder
and heavier. The force that produces downbursts is called a downdraft which also plays an
important part in the formation of tornadoes (see section 2.4.1.). When the downburst hits the
ground, it spreads out in all directions. The dynamics in a downburst is shown in figure 20]

The downward directed streamlines result in the downburst being associated with a relatively
high pressure at the surface. The high pressure comes from the air when it reaches the surface
is relatively cold, while the air also decelerates when it reaches the ground. The Bernoulli equa-
tion gives an estimate of the pressure perturbation, p’ beneath the downdraft at the surface:

2
p o~ (% + DCAPE) (31)

22



where v is the velocity of the downdraft a few kilometers above the surface, p is the density of
the air between the height of a given altitude where the velocity is calculated and the surface.
DCAPE is the negative buoyancy in the downdraft between a given altitude and the surface.
The maximum downdraft speed is given on the basis of the parcel theory:

Wax = —V2DCAPE. (32)

which is very reminiscent of equation 20| for the maximum vertical velocity in an updraft. The
total vertical momentum equation can be written as:
dw 19p! 1p,
do _ 2%, (P, p (33)
dt Q0 0z 00z
where w is the vertical velocity, p); is the dynamic pressure perturbation, pj is the buoyancy
pressure perturbation and B is the buoyancy. The first term on the RHS is the effect of the
pressure perturbations on vertical motion - or the dynamic forcing. The second term on the

RHS is the thermodynamic term and is the effect of buoyancy on vertical motion. In general,
the main contribution to downbursts is negative buoyancy.
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Figure 20: Fujitas model of a downburst with the outflow which create the intense

ground-level wind as a vortex ring at the ground. The precipitation can be rain
and hail. Tetsuya Theodore Fujita was a Japanese-American meteorologist whose
primary research was severe weather. [25]

2.4.3 Floods

Floods are associated with property damage and is one of the most widespread consequences
due to cloudbursts in Denmark, which is also the case in the analysis. Floods are the conse-
quence of heavy rainfall and depending on many factors, including amount of rainfall, topog-
raphy, size of the area and the stationarity of the system.

Typically, floods are seen in connection with cloudbursts that are stationary over a specific area
(see figure , which was the cause of severe floods in Copenhagen in 2011, see case 4 in sec-
tion 5 and figure
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This happens when the cell motion is reversed the
propagation of system, which can result in the system
motion becoming quasi-stationary. A warm front or a
stationary front that interacts with a low-level jet can
lead to backbuilding MCS, where new cells are trig- Cell Propagation
gered on the rear flank. If, on the other hand, the low- motion
level wind shear is perpendicular to a front and the

mid-level wind shear is parallel to the front, this can

also lead to the formation of new cells over the same
a.ref';l. I.n general, ‘an MCS with a large strat1form‘ Pre- System
cipitation area will give more accumulated precipita- motion
tion than an MCS with a small stratiform precipitation
area. The total accumulation of precipitation in a given
rainfall is given by the following expression: Figure 21:  Cancellation between
cell motion (red vector arrow) and
P=RD (34) propagtion (green vector arrow. The
_ system motion (blue vector arrow) is
where R is the average rainfall and D is the duration
slowed down.
of the rainfall. A slow system motion will result in in-
crease of D.
Not all of the water vapor falls out as precipitation from the cloud. The actual rain fall de-
pends on the precipitation efficiency, which is the ratio of the measured precipitation rate at
the ground to the water vapor flux through the cloud base. The current rainfall rate, R can be
expressed as:

R = Ewr, (35)

where E is the precipitation efficiency wr, is the upward vertical moisture flux expressed with
the vertical velocity, w and the water vapor mixing ratio of the rising air, r,. For heavy rainfall,
rising air must have a high content of water vapor and a rapid ascent rate. Increase of R can
be a result of large low-level water vapor concentrations, which increase wr,. It could also be
large relative humidity in the environments, which increase E and thus the rainfall rate, R. In
the following section, the data base for the analysis of the 7 cases will be described.

Figure 22: The Amager highway near Copenhagen is still flooded two days after
the cloudburst in 2011. Photo: Keld Navntoft. [26]]
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3 Data

3.1 Radar Data

This thesis uses radar data from DMI. DMI has 5 radars located on Stevns, Remg, Sindal, Born-
holm and in Virring in eastern Jylland, see figure 23, All five radars are dual-pole C-band with
Doppler effect and operate at wavelengths of 5 cm. Echoes can be measured at a distance of 240
km.

A radar works by emitting electromagnetic
pulses into the atmosphere and subsequently
measuring how much of the emitted radia-
tion is returning (see figure 24). The returned
energy, P,, measured by the radar is given by
the radar equation [28]:

GZAZ
B P, r4 Z (36)

where P; is the transmitted power, G is the

gain of the antenna, A is the wavelength of
Figure 23: The location of the 5 DMIradars. The the radar beam and ¢ is the cross section of
red circles are radars which is not in use. [27]] the scatter. Equation [36|is the radar equation
for isolated scattered. The emitted radiation
is scattering back by precipitation particles and other meteorological targets, but also irrelevant
elements to the measurement. The total radar cross section, }_ ¢ for the scatters can be written
as a product of the radar reflectivity, v and the volume V, Y} ¢ = V7. This can be used in

equation 36}
P, = MVU (37)

(477)3r4

The volume in the radar equation (37) is defined as:

,cT TTh?

V= @)

(38)

where - is a normalization constant and 0 is the width in radians of the one-way power. Equa-
tion 38 can be used in equation

PG?A%0%ct

P = To0am@)er

(39)

The distribution of the radar reflectivity, 77, depends on the raindrop distribution and is given
by:

Dnlﬂx
;7:/ o(D)N(D)dD (40)
Dmin

where D is the diameter of the raindrops, N is the number of raindrops and ¢ is the radar cross
section expressed by ¢ = K—i |[K|?D®. K is a dielectric constant and depends on the condition of
the particles, as it is different how much ice and water reflect [29]. Substituting ¢ in equation

[0] yields:
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Figure 24: The square shows a volume of air consisting of gasses or precipitation
particles. The radar beam changes as it passes through this volume of air in both
directions due to scattering, absorption and reflection. rq and r; are the distances
to the radar, while P,; and P, are the energy levels at the specified distances. [29]

7= 7T5|1<|2/D"W DSN(D)D = ™ |[KPZ 1)

A4 D A4
The integral on the RHS is defined as the radar reflectivity factor, Z, that is a measure of the re-
flected energy. Subsituting equation #1)in equation 39| gives the final radar equation expressed

as:

min

PG?m360%cT|K|*Z
10241n(2)A2r2
The radar equation is thus related to the transmitted energy from the radar, the reflective ele-

ments in the atmosphere, atmospheric conditions and the weakening of the transmitted energy.

P, = (42)
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Figure 25: (1) Precipitation can be underestimated if it is below the radar beam,
(2) evaporation of precipitation particles under the radar beam, (3) precipitation is
amplified under the radar beam due to orographic conditions, (4) bright-band the
effect, which is the effect where the beam hits a layer of melting ice crystals and
thus has a too high reflection value, (5) the absence of large droplets in drizzle can
give an underestimation and (6) strong deflection of the radar beam, e.g. in relation

with an inversion layer. [30]

Radars are an important part of the meteorological work, for example following precipitation.
However, radars also contain errors that can be linked to both atmospheric condition, objects
in the atmosphere such as birds but also the radar itself. On the radar side, errors can occur
due to uncertainty in antenna conditions, energy loss in the radar system and bias on the ele-
vation. The last one means that radar measurements at a great distance are less representative,
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because the radar radiation is deflected. Then radar measurements are taken higher up in the
atmosphere further away from the radar. This means that precipitation is missed close to the

surface. The atmospheric errors related to radars are shown in figure

3.2 Satellite Data

This thesis uses satellite images from the European Organization for the Exploitation of Meteo-
rological Satellites (EUMETSAT) [31]. There are 3 types of satellite images: visible, infrared and
water vapor. The first two will mainly be used in the analysis from 2 different satellite series
have been used.

Visible images are only usable during the day, as clouds reflect the sun light that the satellites
receive. In these types of images, clouds are usually white, the ground is gray and water is
dark. Infrared images can show both clouds during the day and night. Instead of sunlight, the
satellite sensors measure heat radiating from the clouds. Clouds are colder than the earth’s sur-
face, which means that cloud tops will have white contrasts due to higher reflection of sunlight.
Strong convection typically results in very cold cloud peaks that are easy to identify on infrared
images. Water vapor images will be used briefly. They indicate how much water vapor is in
the upper troposphere. Water vapor images can identify areas where the possibility of heavy
rain is present.

Meteosat First Generation (MFG) is a global system of geostationary satellites to observe the
atmospheric circulation. The image data from MFG is categorized as high rate transmission
with 3 different spectral channels. The time resolution is 30 minute intervals and the satellite

series covers throughout Europe. Visible images, channel 0.6 pm, are used from this serie.

The second one is Meteosat Second Genera-
tion (MSG). There are 4 programs that range
from Meteosat-8 to Meteosat-11, and it is
Meteosat-11 that operates with a 0 degree ser-
vice. The major improvements for MSG is 12 | SARHEHAEL i . Lol

imaging channels (3 imaging with MFG), im-

CALIBRATION UNIT

ages every 15 minutes (30 minutes resolution
SPACECRAFT

with MFG) and improved spatial resolution ' /4 \ INTERSHGE>
TELESCOPE LU {

. M 2/3 MIRROR

It is MSG’s primary instrument, the Spinning

Enhanced Visible and InfraRed Imager (SE-

VIRI) from which the images originate. The

Y 4 FOCAL PLANE
SUNSHIELD . = e F OPTICAL BENCHES

SEVIRI instrument, see figure@ is a satellite Ly i PASSIVE COOLER
from 36,000 km altitude. The resolution from 3 2
this altitude is 1 km for visible channels and 3
km for infrared channels. The spectral range
is 0.4 to 1.6 um for 4 visible and 3.9 to 13.4 um
for 8 infrared channels.

The SEVIRI instrument has the ability to
transmit data as high rate transmission in 12 Figure 26: The SEVIRI instrument [32]
different spectral channels, see table (I} This table shows the spectral characteristics of the SE-
VIRI channels. VIS0.6, VIS0.8, IR1.6, IR3.9, IR10.8 and IR12.0 correspond to the six AVHRR-3
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channels and the channels HRV, WV6.2, IR10.8 and IR12.0 correspond to VIS, WV and IR chan-
nels from the MFG. The visible spectrum, VIS0.6 and VIS0.8, will provide cloud and land sur-
face during the day. This thesis uses visible images from channel 0.6 pm (VIS0.6). The infrared
channels can be used for various things. IR1.6 is used to distinguish low-level clouds from
snow surfaces, the IR 3.9 channel can be used to detect fog and low-level clouds at night and
to discriminate between water clouds and ice surfaces during daytime. They are both support-
ing other infrared channels. The thesis uses the infrared channel 10.8 um (IR10.8) which is a
channel in the atmospheric window and is used together with IR3.9. The two channels in the
water-vapor absorption band, WV6.2 and WV7.3, provides the water-vapor distribution in the
troposphere. On one occasion, the water vapor channel 6.2 um (WV6.2) has been used in the
analysis.

3.3 Surface Synoptic Observation Data

Surface Synoptic Observation (SYNOP) data is downloaded from DMI’s Free data API system.
It is raw observation data from DMI'’s stations placed in various locations in Denmark, where
mainly the local data will be used in the analysis. Raw data means that these are not quality
assured. Therefore, errors must be present in this data, i.e. from the instrument itself due to
wear or general exposure to weather and wind. The measurements are based on World Mete-
orological Organization (WMO) standards, which include that the temperature is measured at
a height of 2 m and the wind is measured 10 m above open terrain.

A disadvantage of SYNOP stations is that

they measure in points. The point value

is very accurate but says nothing about the

surface like a radar does. Interpolating the

precipitation based on the point precipita-

tion in regions to raingauges, would assume

that the precipitation is evenly distributed,

which it rarely is when the precipitation is

convective. Convective showers can easily

slip through even a dense network of rain-

gauges.

Therefore, a lot of data can be lost when as-  Figure 27: The current network of DMI stations
sessing which cloudburst events have been that measure precipitation. Some have been set
the most powerful or with the highest inten- up within the last 20 years, so all of them are not
sity. Figure 27|shows a distribution of DMI's  involved in the individual cases. Thunder cells
official raingauges, which are unevenly dis- can also often bypass a station, so their data can
tributed, as there are some places where be unreliable. The map is from DML

many are gathered, while there are also some

places where raingauges are missing and where showers are possible to slip past without any
problems. A somewhat denser network of raingauges around larger cities is available at SVK,
see figure This arises the problem that Copenhagen in particular has a predominance of
stations, and therefore it is perhaps especially in Copenhagen that the heaviest precipitation

events are often measured opposite the west coast where there are virtually no raingauges to
be found.
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The spectral characteristics of the SEVIRI channels

Channel Absorption  Band | Nom. Centre Wave- | Spectral Bandwidth
Channel Type length (pm) (um)
HRV Visible High Resolu- | nom. 0.75 0.6t00.9
tion
VIS 0.6 VNIR Core Imager | 0.635 0.56 to0 0.71
VIS 0.8 VNIR Core Imager | 0.81 0.74 t0 0.88
IR1.6 VNIR Core Imager | 1.64 1.50 to 1.78
IR3.9 IR / Window Core | 3.92 3.48 t0 4.36
Imager
WV 6.2 Water Vapour Core | 6.25 535t07.15
Imager
WV 73 Water Vapour | 7.35 6.85t0 7.85
Pseudo-Sounding
IR 8.7 IR / Window Core | 8.70 8.30 t0 9.10
Imager
IR9.7 IR / Ozone Pseudo- | 9.66 9.38 t0 9.94
Sounding
IR 10.8 IR / Window Core | 10.80 9.80 to 11.80
Imager
IR12.0 IR / Window Core | 12.00 11.00 to 13.00
Imager
IR13.4 IR / Carbon Diox. | 13.40 12.40 to 14.40
Pseudo-Sounding
Table 1: The spectral channels. [32]
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Figure 28: The network of SVK raingauges. [33]
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3.4 Analysis Charts

A number of analysis maps have been used from different weather models, both global and re-
gional. The main model in the analysis is the numerical model, Global Forecast System (GFS),
where analysis maps from wetter3 [34] (freely available) are used for the synoptic analysis. GFS
is a global computer model run by the US National Weather Service (NWS). GFS is a spectral
model with a horizontal resolution of 13 km. Vertically, the model is part of 127 layers up to
the mesopause. The analysis maps are usable in 6 hour intervals, OOUTCﬂ 06UTC, 12UTC and
18UTC.

Precipitable Water (PW) maps are used from National Oceanic and Atmospheric Administra-
tion (NOAA) and their Physical Sciences Laboratory homepage [35]. Here maps or composites
of variables from the joint product can be plotted from the National Centers for Environmen-
tal Prediction (NCEP) and the National Center for Atmospheric Research (NCAR) reanalysis
dataset. Data is available from January 1948 to the present. The data is available 4 times daily,
00UTC, 06UTC, 12UTC and 18UTC.

Some of the figures originate from the DMI-Harmonie model, which has a hourly resolution
and is a 2-day short range probabilistic weather model for northern and western Europe. Hor-
izontally, the model has a 2.5 km resolution. Harmonie is a non-hydrostatic mesoscale system
developed by the High Resolution Limited Area Model (HIRLAM).

No more maps have been used from DMI-Harmonie because of the lach of availability. It has
simply been too costly to get archive raw data from this model. Some of the maps are from
earlier analysis from the Danish journal "Vejret” - all analysis by Niels Woetmann Nielsen.

A reanalysis model is also used for the precipitation map in case 1. The reanalysis data has
been provided by Meteomatic. The model data has been constructed from ECMWF’s reanal-
ysis model ERA5. ERAS provides hourly data sets and cover the Earth on a 30 km grid using
137 levels from the surface up to a height of 80 km. The ERAS data goes back to 1979 but ERA5
dataset are available from 1950 to 1978 at the Climate data store. These maps are plotted with
the software QGIS.

3.5 Soundings

The last data used is from a number of atmospheric soundings
in or around Denmark. Soundings are measurement methods
which typically use a radiosonde to measure atmospheric pa-
rameters up through the troposphere. Typically launches are
twice a day, 0OUTC and 12UTC.

Unfortunately, there are not many soundings left in Denmark,
as they are gradually being phased out. Vertical profile mea-
surements of the troposphere are invaluable for understand-

ing the basic mechanisms behind cloudbursts. For case 1 and
case 2, it has been possible to use soundings from Jeegersborg Figure 29: Radiosonde bal-
in the northern part of Copenhagen with launches at 00UTC 1oon

and 12UTC. However, already from 2007 onwards this has been

phased out and thus in Denmark there has only been an opportunity for a sounding from

4French: Temps Universel Coordonné (UTC), in English: universal time
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Karup in Central Jylland, which is only launched once a day around 03UTC and Ekofisk in
the North Sea. Alternative solutions have therefore been used. For case 3 and case 7 from
Senderjylland, a sounding from Schleswig has been used with launches at 00UTC and 12UTC.
For the remaining cases, which have primarily taken place in Copenhagen, soundings from
Greifswald in the northern Germany have been used with launches at 00UTC and 12UTC as
well as soundings from Visby on the Swedish island of Gotland, also with launches 00UTC and
12UTC.

The purpose of these soundings is to describe the possible air mass that has prevailed in the
individual cases. All sounding has been generated freely through the database at University
of Wyoming [36], which has a worldwide archive of soundings. Before we will analyze the
soundings, as well as all the other mentioned data, we will review the method of this thesis in
the following section.
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4 Method

The general method used in the analysis is based on the funnel technique, where the analysis
starts from a synoptic perspective and describe the overall weather situation in the individual
cases with a focus on air masses, fronts, stability and the background flow. Analysis maps for
the upper and lower troposphere will be examined as well as satellite images, which can pro-
vide important information for the frontal analysis and for how the cell structure degenerates.

H300hPa, v300hPa

H500hPa, T500hPa
MSG-satellite pictures: VIS, IR, VW
MSLP, T850hPa, v10m, 6Hprecip
Identify frontal zones, air masses

TEMP’s: clouds, stability, lifting curves
Radar pictures
SYNOP’s and other observations
NWP fields

Figure 30: The funnel technique.

Then, there will be zoomed in for mesoscale analysis for the individual local areas and nearby
soundings, satellite, radar and model data will be used to describe the dynamic development
of MCS. Figure 30| shows the concept of the funnel method. The use of the funnel technique
means that we can both gain an understanding of each individual cloudburst case at synoptic
level, but also of the local circumstances behind the cloudburst triggers. At the same time, the
funnel technique uses many types of data that can provide an overall picture of each case, and
this means that we can assess when several different types of data support the same picture of
how cloudbursts are formed. It is thus easier to see with the method, due to all the data, if for
example the quality of the satellite images provides misleading information, but all other data
from a case implies something else. The majority of the analysis will be on a mesoscale.

4.1 Cloudburst Indicators

Niels Woetmann Nielsen et. al. [37] has worked with an index for describing cloudbursts in
numerical weather prediction, from which selected indicators will be used during this analy-
sis so that different properties in the troposphere can be described through to the generating
background for cloudbursts. The index consists of eight indicators, each indicator represent a
property of the troposphere which has an effect on the development of cloudbursts.

First of all, the cloudburst index consists of a parameter that describes vertically integrated
water vapor which is an important parameter in a cloudburst index as it affects other parame-
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ters, where increasing values of vertically integrated water vapor result in decreasing CIN and
CAPE values. In the analysis, water vapor is considered, but the main focus is on satellite im-
ages, including water vapor images in a single case.

The next parameter used is the steering level wind, which is an important indicator of how the
individual thunder cells are moving. In this report, the main focus will be on the wind shear
and how this changes up through the troposphere, as this is a general way in which thunder
cells organizes itself.

Parameters four and five are CIN and CAPE, which is also analyzed in relation to soundings
that with lifting curves can give clear indications of how unstable the troposphere is and how
a cloudburst or heavy rainfall has occurred. In the overall cloudburst index the pressure differ-
ence between LFC and EL in the troposphere has been used.

The last two indicators are based on two thunderstorms indices. One is the K-index which will
be used in this report and is described in section 4.2. The other is thus named Thunder-storm
index. This will not be used, but other indexes will be used to give a sense of the state of the
troposphere. These indices will be described in the next section, along with the K-index.
Overall, the cloudburst index gives a good sense of what parameters are important to keep
an eye on. Only selected parameters from the index will be used to support the phases of the
analysis. In addition, important tools such as radar images, satellite images and soundings will
be used to describe the vertical profile of the troposphere in the individual cases, which is an
important way of understanding cloudbursts.

4.2 Stability Indices

Different stability indices will be used to determine convection in a given atmosphere. Ac-
cording to Bluestein [11], the most commonly used stability indicators are the lifted index, the
total-totals index, the Showalter index and the K-index.

The lifted index (LIFT) is based on an air parcel that is lifted from the surface pressure level
to the LCL and then lifted moist-adiabatically to the 500 mb surface. The parcel temperature is
then subtracted from the environmental 500 mb temperature, T:

LIFT = Tso0mb — Tp,500mb (43)

A positive index shows that the atmosphere is stable because the parcel is colder than the
surroundings. A negative index shows that the atmosphere is unstable, where a lifted index
less than -6 indicates the possibility of very intense convection. A zero index indicates a neutral

atmosphere.
LIFT Thunderstorm probability
>0 Stable, only weak convection

-1to -3 | Marginally unstable, thunderstorms possible with a lifting mechanism

-4 to0 -5 Moderately unstable, thunderstorms likely

-6 to -7 | Very unstable, strong/severe thunderstorms likely. Tornadoes possible

<-9 Extremely unstable, severe thunderstorms. Tornadoes possible
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The total totals index (TOTL) consists of the sum of the lapse rate between 850 and 500 mb and
the difference between the dewpoint at 850 mb and the 500 mb temperature, T:

TOTL = (Tgsomp — Ts0omp) + (Ta,g50mb — Ts00mb) (44)
TOTL Thunderstorm probability
45 to 50 Scattered thunderstorms

50 to 55 | Thunderstorms more likely. Few scattered severe and isolated tornadoes

55 to 60 Severe thunderstorms most likely. Scattered tornadoes

The showalter index (SHOW) is similar the LIFT, but the parcel is lifted from the 850 mb to
the LCL and then moist adiabatically to 500 mb. The resulting index parameter is given by the
temperature of the parcel subtracted from the actual 500 1 Pa temperature:

SHOW = Ts00mp — Tpurcel (45)
SHOW Thunderstorm probability
>4 Stable
1to3 | Marginally unstable, thunderstorms possible with a lifting mechanism
0to-2 Moderately unstable, thunderstorms likely
-2to-3 High potential for thunderstorms

-4 to -5 | Very unstable, strong/severe thunderstorms likely. Tornadoes possible

-6 to -10 Extremely unstable, severe thunderstorms. Tornadoes possible

The last index is the K-index (KINX) or Georges index. This index is derived by:

KINX = (Tgsomp — Ts00mp) + Ta,g50mb — (Tro0mp — Ta,z00mp) (46)

where T is the temperature at altitudes of 850 mb, 700 mb and 500 mb and T; is the dewpoint
temperature at 850 mb and 700 mb. This gives the following interpretation:

KINX Thunderstorm probability
<20 No thunderstorms
20 to 25 Isolated thunderstorms
26 to 30 | Widely scattered thunderstorms
31 to 35 Scattered thunderstorms
35 to 40 Numerous thunderstorms
Above 40 | Guaranteed for thunderstorms

In the tables for LIFT, TOTL, SHOW and KINX, tornadoes are indicated at different values of
the individual indices. This must be assumed to be based on experience, because in the back-
ground equations used to calculate the index values there are no indicators that can give a clue
as to whether tornadoes can form or not. They only provide ideas about how unstable the tro-
posphere may be supposed to be. All indices can be calculated based on soundings.
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The overall method is to get an overview of the 7 cases through many kinds of data, as it
provides a better basis for comparison between the cloudbursts, instead of perhaps making
one very detailed analysis of a single cloudburst. At the same time, an analysis could be done
with more cloudbursts, but that would have cost precision.

Now that we have looked at the method, as well as the theory and use of data in the thesis, it
is time to use this information to analyze the 7 cloudburst cases. This will hopefully end up
providing a kind of overview and understanding of cloudbursts in Denmark.
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5 Analysis and Discussion of Cloudburst and Extreme Rain Event in

Denmark

In this section, 7 different cases with cloudbursts in Denmark over the last 25 years will be
analysed with a focus on understanding the underlying mechanisms responsible. The com-
mon denominator for the cases is that they are DMC events.

The different cases are chosen based on their severity. This means that it is not a goal to go
through the cases that have given the most precipitation or the highest intensity. In contrast,
the cases are selected by how they have been experienced by the population. For example,
tornadoes in Denmark are a unique sights that only happens rarely. The cloudburst in Copen-
hagen in 2011, which caused large amounts of precipitation, which put the Danish capital un-
der water.

Table [2| contains the total cloudburst statistics from DMI and SVK in the period 2011-2019.
According to DMI, the definition of a cloudburst is more than 15 mm of precipitation in 30 min-
utes. In comparison, the highest measured precipitation intensity in Denmark is 31.2 mm in 10
minutes from 2nd of July 2011 in Copenhagen (case 4). The second highest is a cloudburst in
the midsummer 2016 on Z&ro south of Fyn, where 29.2 mm of rain fell in 10 minutes, while the
third highest precipitation intensity in Denmark is from 20th of July 2017 in southern Fyn with
27.9 mm in 10 minutes [38]. Here it should be mentioned that in connection with a cloudburst
at Grasten in 2007 (case 3), extreme 53 mm of rain was calculated in 10 minutes. However, this
value is based on radar measurements and not precipitation measurements and therefore there
is some uncertainty associated with this measurement.

Criterions Precipitation| 2011 | 2012 | 2013 | 2014 | 2015 | 2016 | 2017 | 2018 | 2019 | Means

for cloud- | in 30 min

burst

Number >30 mm 29 2 2 14 2 5 3 4 6 7.4

of >25 mm 42 8 5 25 9 8 7 8 19 14.6

stations >20 mm 60 22 10 64 20 25 25 20 52 33.1
>15 mm 122 64 40 133 66 98 111 67 152 94.8

Number >30 mm 6 2 2 6 1 4 3 4 6 3.8

of >25 mm 10 7 4 8 5 5 7 6 8 6.7

days >20 mm 17 12 9 14 9 11 10 8 15 11.7
>15 mm 27 20 18 33 20 18 20 18 34 23.1

Raingauges | Number 220 | 250 | 260 | 260 | 260 | 260 | 270 | 285 | 285

in Den-

mark

Table 2: Cloudbursts registered in Denmark 2011-2019 by DMI’s raingauges and
the SVK system. [1]

Table[2Jhas been prepared by climatologist Mikael Scharling from DML SVK’s cloudburst statis-
tics go back to the 1980s from i.a. heating plants and treatment plants and has the same cloud-
burst definition as DMI. DMI’s cloudburst statistics started in 2011, when DMI got a nationwide
network of raingauges that could measure precipitation intensity. It started in 2010 when DMI

made a number of major changes within their raingauge network. One change was that they
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switched from manual raingauges with measurements every 24h at 06UTC to automated rain-
gauges, which also have the ability to measure precipitation intensity. Thus, it was only after
2010 that DMI could measure whether something was a cloudburst and thus keep statistics on
this.

2000-2006 2011-2014

484 rain gauges 252 rain gauges

Figure 31: DMISs raingauges before 2010 (left) and after 2010 (right). [39]

The other major change was that they reduce the number of raingauges (see figure [31) by over
200 raingauges. A sharp drop in the amount of raingauges, which quite obsessively makes it
more difficult to measure convective precipitation, including cloudbursts, as cloudbursts here
are easier to slip past a raingauge. One problem is also the location of raingauges. SVK’s rain-
gauges are centered around the large cities as shown in figure Thus, it is not possible to
measure cloudbursts in sparsely populated areas and the number of cloudbursts in Copen-
hagen may feel higher than elsewhere in the country. Cloudbursts must therefore be expected
to be missed in both SVK’s and DMI’s network of raingauges.

If you look at table 2} it is noted that the higher the intensity, the fewer events there are. At
the same time, it should be noted that for some of the events, there are often more stations that
measure a given intensity than there are number of days. 2011 is for example very significant,
which can be attributed to the cloudburst over Copenhagen on 2nd of July. It was a fairly
widespread rain area that gave high intensities to large parts of Copenhagen and by extension
many raingauges. In relation to the station network, there are quite a few raingauges in the
capital region. Therefore, it is very obvious that there were actually a number of stations that
measured more than 30 mm, while the number of days is somewhat lower. In the relatively
short period the table contains, there are large variations in the number of cloudbursts per.
year, where 2019 is the year with most cloudbursts.

There are no years without cloudbursts - even if you only look at heavy cloudbursts. Figure
shows that the vast majority of cloudbursts occur in the summer months with a predominance
to August. May and September also follow, while the rest of the month are more sporadic and
contains only quite a few cases of cloudbursts, if any. Despite the fact that it is a very short
period for the cloudburst statistic, a picture is already emerging that cloudbursts are a summer
phenomenon in Denmark.

All values are the daily maximum, which is a log of sum and intensity for the individual sta-
tions. When you check for cloudbursts, you log the daily maximum of e.g. 10 minutes intensity,
which will often be the cloudburst that day.

The means column in table2|shows that there is a difference whether it is stations or days with
a given intensity. At precipitation intensities above 25 mm there is a difference of approx. 50
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%, while the lower the intensity the more stations have measured it. During the period, the

number of raingauges increased by 65. This means that the further you go back in time, the

more difficult it becomes to be able to compare the years.

Days with cloudbursts, mean (2011-2018)
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Figure 32: Distribution of cloudbursts all year round in
Denmark where the statistic apply for the period 2011-
2018. Data: DMI [40]

From a 9-year period, it is difficult
to talk trends, but in table [3{in ap-
pendix C a total list of the 43 high-
est 10-minute intensities is written
down from the SVK network. It is
worth noting that 34 of the intensi-
ties in this table were measured in
the period 2005-2019. As many as 8
of these measurements from 2nd of
July 2011 are in the area of Copen-
hagen. This provides fertile ground
for believing that Denmark is more
exposed to cloudbursts.

As previously mentioned, it is too

extensive to dive into every single cloudburst that has been in Denmark. Some may have only

hit quite locally and have been on the border between micro and mesoscale. Therefore, the

cases are primarily selected due to the largely similar to each other with quasi-geostrophic

forcing as their primary source. Also orography forcing in relation to land-sea distribution

comes into play and then there are a couple of cases, especially case 6, that fall a lot out of

category, as forcing in extratropical cyclogenesis probably plays a role.

With the exception of case 1, where there is a lack of data but no lack of eyewitnesses to how bad

it was, and case 7, which was extraordinary with a regular tornado, the cases are included on

SVK’s lists of most powerful cloudbursts for the individual years. During the analysis, known

and unknown locations are mentioned. In appendix D a map of all locations can be found.
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5.1 Case 1: 30th of June 1997, the Cloudburst in Copenhagen, 17.30UTC

In the Danish newspaper Politiken, the cloudbursts which hit the Danish capital Copenhagen
on 30th of June 1997, are described as a storm of tropical dimensions with fallen trees in the
flooded streets [41].

Alow during deepening, moved
this summer day in a north-
western lane from the north-
west coast of the Netherlands
to the British west coast. In
tigure the geopotential is
shown at 500 hPa altitude
where a trough is represented
over the British Isles and in
the western part of the North
Sea. In addition, the location of
the low can be followed from
12UTC to O0UTC. A high is
represented southeast of Fin-

land which places the jet axis
just across or a little bit west of
Denmark.

Due to frontogenesis, a frontal
zone emerges in figure 34 A to
C, which shows the change in
the equivalent potential tem-
perature from cold to warm. In
the zone between the cool air
flow from southwest and the
warmer air flow from south-
east, a confluence zone is

. .. . s N\
formed, Whlch 1S 1ndlcated by 500 hPa Geopotential [gpdm]. Bedendruck [hPa), relative Topographie H500—H1080 [gpdm]
Dienstag, 01-07-1997 00 UTC {CFS) {Mcntag 18 + D€) ©www,matter3.de

the divergence of the wind in
figure (p- 43) and is de-
scribed in section 2.1.1. Figure Fjgure 33: GFS 500 hPa geopotential, black curves [gpdam]
B4] shows that Copenhagen at and surface pressure, white curves [hPa]. H is high pressure
12UTC is in the warm air (fig- and T is low pressure. 12UTC, 30th of June 1997 (A) and

ure B4A) and 12 hours later is  0QUTC, 1st of July 1997 (B). [34]
in the cold air on the other side

of the frontal zone (figure 34C). At 18UTC Copenhagen is in the confluence zone (figure
B4B), the same time period when the storm reached its maximum intensity from 17.15UTC
to 17.45UTC, which is later supported by satellite images and observations.
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Figure 34: GFS 850 hPa pseudopotential temperature [°C]
and surface pressure, white curves [Pa]. H is high pres-
sure and T is low pressure. 12UTC, 30th of June 1997 (A),
18UTC, 30th of June 1997 (B) and 00UTC, 1st of July 1997

(©). [34]
the cold front zone (see figure p-
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43, for the tropospheric jet).

Unfortunately, there are no radar
data from this June evening,
which otherwise would have been
a good support for the analysis.
The best way to estimate the pre-
cipitation is through the model
output from Meteomatic in fig-
ure In this figure there are
indications that the heaviest pre-
cipitation over Copenhagen oc-
curred from 17UTC to 18UTC.
Furthermore in figure @ (p. 43) a
NCEP/NCAR reanalysis for PW
is shown from NOAA. The figure
indicates the amount of moisture
above a fixed point as a compos-
ite mean for 18UTC. It can be ob-
served that there is relatively high
moisture content along the frontal
zone and generally in the warm
air mass, which favors the forma-
tion of severe storms as described
in section 2.2.3.

The temporal development of the
system is shown in the satellite
images in figure 36| (p. 42) from
the period 13UTC to 18UTC with
hourly intervals. The satellite im-
ages are represented by the visible
0.6 um channel from MFG geo-
stationary satellite data (see de-
tails in section 3.2). The full tem-
poral resolution of the satellite
data is 30 minutes. Copenhagen
is indicated with a yellow arrow,
while the cold front is marked
by the blue line. The satellite
images shows that the thunder
cells have occurred along the cold
front in the confluence zone in a
line that stretches from southern
Sweden and to the southeastern
The cloud belt
even runs parallel to the upper

part of Europe.

tropospheric jet associated with
In the entire



cloud band along the cold front zone, it is possible to register several thunder cells
which are under development. The cold front is almost stationary, but has a weak
component to the east-northeast direction. The weak component means that the sys-
tem of thunder cells almost runs along the frontal zone in a north-western direction.
The orange ring in figure 36| marks

the area that leads to the power- 16uTc 17UTC

ful cloudburst in Copenhagen. The

image 18UTC is just after maxi-

mum intensity. A comparison with “
the model output for the precipita-

tion in figure {35/ shows that start- -

ing at 16UTC, the heavy precipi- 18UTC 19UTC ‘
tation is located over northwestern b

Germany in the area north of Greif- \

swald (green arrow) and the Baltic
Sea. Throughout the period, the
system moves to the northwest. At
17UTC, the cells begin to develop S
in Skane and move into the region ° 4 e

of Oresund and hit Copenhagen.
At 18UTC the thunder cells are lo-
cated in northern Sjeelland and in

Figure 35: Hourly precipitation, model data from Me-
teomatic, 16UTC to 19UTC. Largest intensity represented
by dark colours. The first indications of strong intensity
the evening the thunder cells are in are seen over the northwestern Germany at Greifswald,
16UTC. The system moves to the northwest and hits

i ) Copenhagen between 17UTC and 18UTC before moving
figure3ojand figure further across Kattegat.
The atmosphere during the incident

Kattegat, which is represented by
both precipitation and satellite in

is described with two soundings

from Jeegersborg north of Copenhagen for 30th of June 1997, 12UTC and 1st of July 1997,
00UTC. The sounding from 12UTC at Jaegersborg (figure BIA, p. 44) shows the conditions
in the warm air before the cold front passage.

The lifting curve shows the LFCE] in 586.7 hPa. At this altitude, an air parcel will be subjected
to an upward buoyancy of up to about 360.6 hPa where it reaches EL. The presence of moisture
at the bottom will cause the formation of convective showers with a cloud base in LCL in 883.4
hPa and a cloud top in 180 hPa.

A strong wind shear in the lower 4 km at 24 m/s E] tell us that powerful thunder cells have the
opportunity to develop in the atmosphere at this time. At 6 km, winds have decreased to 15
m /s, which could still indicate that we are in a spectrum that counts both multicells and possi-
ble supercells according to figure

All four indexes, LIFT, SHOW, KINX and TOTL from the method section 4.2 have values that
prove that in Copenhagen there is a high risk of numerous cloudbursts in a moderately unsta-
ble atmosphere. The TOTL is even on the verge of the possibility of scattered tornadoes being
present.

5Sounding parameters are defined in section 2.2.3
The measured wind shear is from the background data for the different soundings [36]
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Figure 36: HRI Level 1.5 Image Data - MFG - 0 degree, EUMETSAT [31]. Visible,
channel 0.6 um. 30th of June 1997, 13UTC to 18UTC. The analysis is based on 30
minute intervals - in the figure the intervals are hourly. The orange ring marks the

thunder cells which are strengthend until they reach Copenhagen. The low center
is marked by the ”"L”. The blue line represents the cold front. Yellow arrows shows

the location of Copenhagen and green arrows the location of Greifswald.

It is worth noting that the CAPE value is not very high in Copenhagen at 12UTC, taking the
later situation into account. A CAPE value of 231.9 Jkg~! is typically associated with single
cells (section 2.3.2) and is not alarming. Soundings farther inside the warm air (see figure [108]
in appendix E) show higher values than at Jeegersborg, which must mean that a positive value
of CAPE is not a sufficient condition for cell formation. In a troposphere with a positive CAPE,
dynamic forcing is often required to trigger thunder activity according to section 2.2.1.

Figure shows the sounding after the passage of the cold front where a significant cooling
has taken place in the lower troposphere between the surface and 700 /1Pa. This cooling is due
to the confluence zone moving towards the northeast. At the same time, the specific humidity
has not changed much. Furthermore, a dry intrusion can be observed from about 600 hPa to
500 hPa which is dry air from the lower stratosphere that help to weakening the frontal zone in
the middle troposphere. No CAPE is observed, which emphasizes that CAPE decreases from
the warm air mass and becomes zero in the confluent flow.
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Columnar P toble Water (kg/m*2 Composite Mean
6/30/97 18z to 6/30/97 1Bz

NCEP/NCAR Reanalysis

Figure 37: Columnar precipitable water, composite mean in the units of kg/m?. [35]

|2 e S LR Y L. < J )
308 hPa wind [kn], horizontale Divergenz in Einheiten won 10E-5/8, Geopotential [gpdm]
Dienstag, 01—-07—-15887 00 UTC {CFS) {Montag 18 + D6) () www.wetter3.de

Figure 38: GFS 300 hPa wind [kn], horizontal divergence [10~°s~!] and geopoten-
tial, black curves [gpdm]. H is high pressure and T is low pressure. 00UTC, 1st of
July 1997. Displays the flow of the jet stream. [34]
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A sounding from Greif-
swald, Germany (green
arrow in the satellite im-
age) shows a troposphere
with a higher potential for
thunder cells than Copen-
hagen with a CAPE value
of 671.9 Jkg~! and indices
that all show a moderately
unstable troposphere with
a risk of scattered thun-
der cells (figure [40). With
a wind shear of 19 m/s,
Greifswald is on the verge
of developing a supercell
as indicated by the spec-
trum in figure[7] The drop
in temperature at the sur-
face may be due to pre-
cipitation from a heavy
shower which is produc-
ing a cold pool (see sec-
tion 2.3.3). The sound-
ing from Greifswald are
included because this is
in the initial stage of the
thunder cells (see satel-
lite images, 13UTC and
14UTC, figure 36).

The intrusion of dry air in
the sounding for Copen-
hagen (figure [39B) may be
due to the upper tropo-
spheric jet streak. Figure
shows the wind speed
in 300 hPa for OOUTC, 1st
of July 1997. It can be ob-
served that there is a jet
streak on the jet stream
axis southwest of Den-
mark with very high wind
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Figure 39: Sounding from Jeegersborg, 12UTC, 30th of June 1997
(A) and 00UTC 1st of July 1997 (B). The black curves is the dew
point temperature (left) and the air temperature (right). In addi-

tion, the change in the wind is with height is displayed to the right

of the diagram. Green curves are the dry adiabatic lapse rate, blue

sloping lines are isotherms, blue horizontal lines are isobars, pur-

ple lines are saturation mixing ratio and blue curved lines are the

moist adiabatic lapse rate. [36]

speeds (up to 50 m/s). Based on quasi-geostrophic arguments, the left entrance of this jet streak

may be the source of the dry intrusion. In appendix F, the theory behind jet streaks can be

found.
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Figure 41: Pressure measurements [lPa] (A) from DMI with a temporal resolution
of one minute. Wind measurements (B) from the Gladsaxe mast (200 m altitude).
The scale on the left is wind directions (degree) and the scale on the right is the
wind speed (m/s). In both cases the blue line marks the passage of the gust front,
while times are UTC. [41]
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From DMTI’s free archive there are no very good SYNOP data at this time, but from an article
by Niels Woetmann Nielsen et. al. [41] there are pressure observations from DMI in a very
good temporal resolution, see figure fTJA. The pressure observations from DMI show the pres-
sure fluctuations with a frequency of one minute and show the passage of the cloudburst. At
17.30UTC a pressure increase of 2.5 hPa within a short time is shown. The increase in pressure
is the passage of the gust front of the storm (see section 2.3.3 for gust fronts), where the passage
time of the gust front is marked with a vertical blue line.

Wind measurements (figure #1B) from a mast in Gladsaxe (200 m altitude) show a sharp in-
crease in wind speed during the same period that the pressure rises, from 4 m/s to around 22
m/s (dashed line). The wind further turns from southwest to southeast which is the same wind
direction in 300 hPa (drawn line).

Just after the passage of the gust front, the pressure drops by about 1 hPa with relatively large
oscillations before a pressure drop of about 2 1Pa to a minimum around at 19UTC.

Figure 42| shows lightning strikes in the period 05UTC 30th of June 1997 to 05UTC 1st of July
1997 and confirms the extent of the entire system as both the model of precipitation in figure
and the satellite images in figure [36|are shown. The lightning strikes indicate that the thun-
der cells follows the cold front in a north western direction. The system is intensified over the
Baltic Sea reaching before maximum intensity over the region of Jresund. As it moves across
Kattegat, the storm weakens and dies out in the northern part of Jylland. A comparison with
the precipitation model in figure 35| shows that the system moves in a northwestern line and
the width of the entire band is about 90 km.

Based on wind shear, struc-

ture and observations, it
must be assumed that the
cloudburst over Copen-
hagen was generated by a
MCS - a cluster of thun-
der cells in very moisture
air and with a horizontal
extent from Oresund and
a long distance into the
southeastern part of Eu-
rope. Furthermore, based
on characteristics, it can
be assumed to be a squall
line (see section 2.3.5 for

elaboration of squall lines)

with a significant wind
Figure 42: The registration of lightning in the period 05UTC, 30th

shear and a relatively dry
of June 1997 to 05UTC, 1st of July 1997. [41]

layer in the middle part of

the troposphere (figure [39).
For a squall line, the ratio between the transverse and the longitudinal dimensions must be less
than one. The pressure observations in figure show the pressure maximum as the gust
front passage which in a squall line indicates the mesohigh. The corresponding pressure min-
imum 90 minutes later shows the opposite pole to the mesohigh, the wake low (see figure[I5).
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The length of a squall line is measured from the pressure maximum to the pressure minimum,
in this case about 125 km and thus it satisfies the dimensions of a squall line. The length is
estimated from the measurement that the thunderstorm had a movement of about 23 m /s [41]]
as well as the time interval from the mesohigh to the wake low.

In the sounding from Jaegersborg at 12UTC (figure in the warm air, the wind direction does
not change a lot with the altitude, so might be an ordinary squall line that hit Copenhagen. In
Greifswald there was a fairly high wind shear, but since supercells according to the theory do
not occur in ordinary squall lines, it must be assumed that it was a powerful multicell system,
where new cells appeared on the gust front, according to section 2.3.3.

The analysis of the thunderstorm over Copenhagen in 1997 shows a squall line system that de-
veloped in the confluence zone of a cold front in the lower part of the troposphere. The system
occurred in relation with cyclogenesis over the North Sea. The squall line originated in the area
around Greifswald and moved northwestward along the cold front across the region of Jre-
sund and further up through Kattegat to the northern part of Jylland with maximum intensity
around Jresund. Measurements from DMI amount to be 15 to 20 mm of precipitation in 30
minutes, but it cannot be ruled out that there have been locally higher intensities [41].
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5.2 Case 2: 23rd of June 2003, the Stormy Midsommer in the Southern Part of Den-
mark, 16UTC to 20UTC

The midsummer of 2003 was the culmination of a period of erratic weather [42]. The storm this
summer day was linked to a low, which during moderate deepening moved over the southern
part of Denmark in the afternoon and evening hours. It reached maximum intensity around
18UTC over Fyn and later over Sjelland with many lightning strikes and strong wind gusts as
a result. The lightning registration is represented in figure

Figure shows the entire process from
O00UTC, 23rd of June until 0OUTC, 24th of 4, A
June. It starts with two areas with lightning 60 o %. -J

activities above the North Sea and Benelux.
Lightning activity dies out in the North Sea )
around 06UTC, while between 06UTC and 5% T g .";*...-. :
12UTC new lightning activity occurs over Ry

the Netherlands. The lightning activity over i A
50 =

the Netherlands moves east-northeast and

reaches the southwestern Denmark between By A
14UTC and 16UTC. Maximum is achieved &0 *"I.l'-.r
between 16UTC and 18UTC in the area : s |
around Fyn and Langeland. The lightning i e
activity over Benelux has the same direction 35 [ % ]
of movement. In the period from 18UTC ;

to 20UTC, lightning registration forms an al- : . Sy

most coherent belt from the eastern part of 15
Jylland over Sjeelland to northern Germany A wA
and Poland. Bornholm is first hit in the pe- &0 " 04" '.'_‘ll_
riod from 20UTC to 22UTC. In figure .
(p. 50) PW from NOAA is shown for 18UTC. [ [ Aot
Here it is clear that high values of PW can be
linked to lightning activity, as the highest val-

ues of PW are in the same band as the light- =4 g F ] s Lot SR
ning activity in figure 43| 5 10 15 5 10 15

The weather situation in the midsummer
2003 is dominated by a ridge in 500 hPa with
relatively large amplitude in the upper tropo-

Figure 43: Lightning registration in two-hour
intervals generated by B. Amstrup. Each sub
figure shows two 2-hour intervals where red
lightning are in the period 00UTC to 11.59UTC
and green lightning are in the period 12UTC to
23.59UTC, separated by a dashed curve. [42]

sphere over the northern part of Europe and
southern Scandinavia, with a high to the right
of the ridge axis over Sweden and Finland,
and a primary low to the west of the ridge
axis, northwest of Scotland which is shown in figure {44} Over Ireland there is a secondary low.
Represented by figure [#4B, 24 hours later than figure #4]A, we can see that the secondary low
moves faster than the primary low and thus is the low which gives thunder cells over Den-
mark. The whole system moves to the east and northeast corresponding to the movement of
lightning activity from figure
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Figure 44: GFS 500 hPa geopotential, black curves [gpdam] and
surface pressure, white curves [hPa]. H is high pressure and T is
low pressure. 00UTC, 23rd of June 2003 (A) and 00UTC, 24th of
June 2003 (B). [34]

Based on the maps, the
secondary low over Ire-
land, has a greater ten-
dency for deepening due
to a greater upstream slope
than the northern low
over Scotland. For a cold
frontal zone, the average
slope is 1 in 70 [43]], that
means it rises 1 km in ver-
tical distance for every 70
km of horizontal distance.
For more active fronts
there is a steeper slope-
and then greater likeli-
hood of the development
of thunder cells according
to the theory in section
2.1.1.

The development of the
low over Ireland follows
the pattern of a secondary
low development, where
the low in the begin-
ning is on the anticy-
clonic shear side of the
jet axis (figure F4A and
@B). During evolution, it
moves across the jet axis
and ends up on the cy-
clonic shear side of the jet
axis in the most intense
phase, 6 hours before fig-
ure 44B.

The lightning activity takes

place on the anticyclonic shear side of the jet and if we compare figure 43( (18UTC) with the

equivalent potential temperature (figure #6JA, p. 51) and the absolute vorticity advection (fig-

ure , p- 51), we can see there are favorable conditions for the development of thunder cells

due to the quasi-geostrophic omega equation (equation[I4), where the potential temperature is

high and at the same time there is PVA (see section 2.2.3). In this case, there will be a lift of air

parcels into the atmosphere due to positive vertical velocities.

The satellite images in figure [47] show the temporal development of the system in the period
from 12UTC to 18.30UTC with hourly intervals, which is presented by the visible 0.6 pm chan-
nel from MFG geostationary satellite data. The full resolution of these satellite data is 30 minute

intervals (see section 3.2 for details).
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The secondary low is over
the North Sea at 12UTC
with a characteristic cloud
head just north of the en-
tire low system consist-
ing the cold front (blue
line) and the warm front
(red line). During this pe-
riod, lightning is recorded
off the north coast of the
Netherlands. These light-
nings are associated with
the low evolution and
high values of PVA at
300 hPa and weak tem-
perature advection at 850
hPa (figure not shown).
The high values of PVA
in the upper troposphere
have probably forced the
air upward from a po-
tentially unstableﬂ air in
the Warm Conveyor Beliﬂ
(WCB) air in the lower
troposphere, thus trigger-
ing lightning activity and
showers in the warm air.
The WCB is shown in
figure 7, 15UTC as a
red arrow along the cold
front. The WCB ex-
tends all the way up to
Emden in northern Ger-
many and then turns off at
Denmark and follows the
warm front. This means
that thunder cells along
the fronts can be asso-
ciated with the air mass
in the WCB. This area
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Figure 45: Columnar precipitable water, composite mean in the
units of kg/m? (A) [35] and GFS 300 hPa wind [kn], horizontal
divergence [10~°s7!]. H is high pressure and T is low pressure.
12UTC, 23rd of June 2003. Displays the flow of the jet stream (B).

[34]

will become vital for the development of the cloudbursts

over Denmark. The yellow ring in 13UTC marks the first cell developments over

Germany which later became a coherent cloud band with cells over Denmark.

7See section 2.2.3 for a description of potentially instability
8The Warm Conveyor Belt is a warm and moist airstream in the boundary layer of an extratropical cyclone’s

warm sector
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Figure 46: GFS 850 hPa pseudopotential temperature
[°C] and surface pressure, white curves [hPa], 18 UTC,
23rd of June 2003 (A) and 500 hPa geopotential, black
curves [gpdam] and absolute vorticity advection, 18UTC,
24th of June 2003 (B). H is high pressure and T is low

pressure. [34]

In figure@ 14UTC, new cell devel-
opments are underway, resp. south-
west of Denmark over Emden (left
yellow ring) and between Ham-
burg and Hannover (middle yellow
ring), both marked in the 14UTC
image. In total, there are 3 powerful
CB’s under development one close
to Denmark, one in extension of the
cold front and one southeast of the
middle in the warm air - all three
are marked with orange rings in
the 14UTC image. In the following
hours, these cells stengthen to max-
imum intensity - according to the
lightning detection for Denmark be-
tween 16UTC and 20UTC for Fyn
and Sjelland in figure Dur-
ing this period, the cell has reached
its full stage of development and is
maintained. In the evening as the
cell moves to the northeast does it
reaches the decaing stage and there-
fore register less lightning are reg-
istered over Bornholm than over
Fyn and Sjeelland. In addition, a
cloud hook is created over Den-
mark in the evening hours, which
shows a low that has reached the
saturation stage and thus a low
that has reached maximum inten-
sity and then begins decaying. The
high values of PW in figure [45A

roughly follow the front system, where the highest values are present in the warm air with

a clear demarcation along the cold front. The whole system with the secondary low to the

south and the primary low to the north is called an extratropical cyclone, for an explanation of

extratropical cyclones, see appendix G.

A comparison of the satellite images in figure [#7] and figure 46| shows a clear correlation be-

tween high values of potential temperature, PVA and development of the thunder cells. At

the same time, it is known that there is a warm advection of 850 hPa in the same area. The

connection between PVA and warm advection is positive vertical velocity (see section 2.2.3 for

vertical velocity) with a lift, which in the range of high positive potential temperature, i.e. an

area with an unstable air mass, provides favorable conditions for the marked thunder cells on

the satellite to strengthen/maintain their size.
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Figure 47: HRI Level 1.5 Image Data - MFG - 0 degree, EUMETSAT [31]. Visible,
channel 0.6 ym. 23rd of June 2003, 13UTC to 18UTC. The analysis is based on 30
minute intervals - in the figure the intervals are hourly. Yellow rings marks thunder
cells described in the text. The low center is marked by the “L”. The blue line is the
cold front and the red line is the warm front. The green point is the location of

Bergen, Germany and the red arrow is the WCB.

SYNOP data is selected to describe the details. Figure 48 shows precipitation, pressure, 2m air
temperature and wind direction from Arslev, Midtfyn. Arslev was one of the stations located
in the middle of the storm during the passage of the thunder cells. From figure 48] it is clear
that there has been a passage of a low during the period. It appears i.a. of the marked pressure
drop in figure with a little bump due to the front passage. The wind direction in figure
changes rapidly from southeast to northwest at the same time as the passage of the front
according to the theory in section 2.1.1. Furthermore, it also appears that the temperature in
figure drops from around 15UTC and onwards - the same time period when lightning
development began and the cold front passes.
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Figure 48: SYNOP data from Arslev (no. 06126), Midtfyn. Precipitation [mm] (A),

pressure hPa (B), 2m air temperature [°C] (C) and wind direction (D). The x-axis is

time (UTC).
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Figure 49: Sounding from Bergen, Germany, 12UTC, 23rd of June

2003. Same desciption as figure

SLAT 52.81
SLON 9.93
SELV 63.00
SHOW -3.17
LIFT -3.10
LFTV -3.37
SWET 3983
KINX 40.20
CTOT 23.30
YTOT 31.30
TOTL 54.60
CAPE 529.2
CAPY 582.0
CINS  -246
CINV  -229
EQLY 2335
EQTY 2334
LFCT 7279
LFCV 7311
BRCH 5.21
BRCY 5.73
LCLT 286.8
LCLP 8700
LCLE 3319
MLTH 2384
MLMR 1144
THCK 5678.
PWAT 37.74

A number of soundings
help to describe the state
of the atmosphere this
summer day.

The first sounding in fig-
ure is from Bergen,
Germany, 12UTC, which
shows the conditions for
the middle cluster (fig-
ure @7) of thunder cells.
From figure 43} it can be
seen that there is a devel-
opment of lightening in
the area around Bergen,
12UTC, which is the WCB
of the southern low with
warm and moist air. The
diagram shows the dew

point (left curve) and the temperature (right curve) as a function of the air pressure - this gives

an indication of dry and warm air at the surface layer with a temperature of approximately 24

°C at 950 hPa height, corresponding to the top of the surface layer. At the surface, the air is

relatively cold compared to the inversion layer, which can be described by eventual outflow of
air from a thunder cell (see section 2.3.3 for this). At 700 hPa the air is saturated.
A conditional unstable layelﬂ can be identified from 700 hPa to 500 hPa, as the vertical temper-

91n section 2.2.3 are the theory described for potentially and conditional instability
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ature gradient is larger than the moisture adiabatic curve but smaller than the dry adiabatic.
Furthermore, the air is potentially unstable from 700 #Pa to 600 hPa, because 6, decreases up
through the layer from 328.1°K at 700 hPa to 322.3°K at 600 hPa. Le. in this case we have an
unstable troposphere with favorable conditions for the development of thunder cells. The par-
cel method reveals that air parcels reach their LFC at an altitude of 727.9 hPa and thus become
warmer than the surroundings all the way up to the tropopause at 200 hPa altitude, which in
this case gives a CAPE value of 529.2 J/kg. All four indexes, LIFT, SHOW, KINX and TOTL
have values that prove that in Bergen there is a high risk of scattered or severe thunder cells at
this time.

The cells over Denmark originates in the northwestern part of Germany. The best sounding to
describe the initial state of these cells is Emden, shown in figure |50} This sounding shows how
potential instability in the WCB has the opportunity to develop in cyclogenesis. The sounding
shows really dry air (dry intrusion) above 600 i1Pa which displaces the warm and humid air in
the WCB due to the sinking of dry air, upstream of the low. Upon displacement, the WCB air
mass is forced upward and the conditions are set for heavy convection. Figure 43|shows that
eastern Denmark, including Copenhagen, also experienced the powerful thunder cells.

A sounding from Jeegers-

bOI‘g, ﬁgure north 1q|20%0 Emden-Flugplatz o \ u\
of Copenhagen, 12UTC, | XXX KX XK SN ‘
shows the state of the at-

SLAT 53.38
SLON 7.23
SELV 5.00
SHOW 345
LIFT 24
LFTV 2.04
SWET 1198
KINX  27.30
CTOT 16.30

¢ f

mosphere before the ar-

rival of thunder cells. The ;g0 [iz3e ORI
. CAPE 0.00
sounding has some char- cAPY 000
acteristics reminiscent of v EaLv 533
. 300 [s3z \P/ EQTY -9993
the sounding from Bergen, LECL e
. . . ) \ BRCH 0.00
figure with an inver- 400 fase & Lo ae
. LCLP 8409
sion layer. In the layer & LCE 322
500 5 MLTH 297.0
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. . Y. Y. w PWAT 26.10
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. 900 fegtas PR EA TS v
tially unstable layer from o0 [z 2557777 N TS K 7 J\
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spite the fact that CAPE is
zero at this point, the in- Figure 50: Sounding from Emden, Germany, 12UTC, 23rd of June
dices indicate the chance 2003. Same description as figure [36]

of thunder cells. A later

sounding from Jaegersborg, 00UTC 24th of June (not shown), shows the dry intrusion as from
the Emden sounding.

A significant vertical wind shear, 0-6 km, is registered with 20 m/s in Jeegersborg 12UTC,
which is in the boundary between multicells and supercells. However, the wind shear
at Emden, the initiate area for the thunder cells, is 14 m/s, which indicates that the
cells are developing as multicells. With a wind shear of 19 m/s near Bergen, it can
be concluded that the cells develop as powerful multicells compared to figure ] In
the satellite image in figure #7, 17UTC, two cells can be sensed which also indicate a
multicell system. The satellite sequence shows that the system is moving in an eastern
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Figure 51: Sounding from Jeegersborg, 12UTC, 23rd of June 2003. Denmark and resulted in
Same description as figure 39| a multicell system. Max-

imum intensity was reached

over Fyn and Sjeelland in the period 18UTC to 20UTC. The thunder cells arose in an area of po-
tential instability in the WCB and very high content of water vapor. The potential instability
probably arose from dry air in the upper troposphere displacing the warm and humid air in
the WCB.

Two intensities from this summer evening are included in a top 10 for registered intensities
from SVK for 2003 [1]. It is resp. 22.67 um /s at Kolding Renseanlaeg and 21.00 um /s at Odense
Vandveerk, which gives indications that this was the equivalent of more than a double cloud-

burst intensity according to Danish definitions.
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5.3 Case 3: 20th of August 2007, the Multi-Cloudburst at Grasten in Southern Jyl-
land, 20.30UTC to 22UTC

The evening on 20th of August in Grésten in the southeastern part of Jylland was hit by a se-
vere storm with significant flooding ensuing, with both a railway bridge and a road being torn
up. An unofficial but functional raingauge at Fiskbaek measured 142 mm of rain during the
period, which is the fourth largest amount of precipitation measured in one day in Denmark.
The weather situation this summer day was a low trough over the North Sea with a low located
over The Netherlands/Belgium (figure[52]A) and warm and humid air over the Baltic Sea. As-
sociated with the low system is a cold front which reaches Denmark during the same period
where the thunder cells over southeastern Jylland develop as can be seen in figure

The satellite images in fig-
ure 53| show the progress

this late summer evening

starting from 20UTC where
the first cells occur and
until 22.30UTC where the
last cells die out. They are

displayed at 30 minute in-

tervals with infrared 10.8
pm channel from MSG
geostationary satellite data.
The infrared spectrum shows

e H
500 hPa Geopotential [gpdm]. Bodendruck [hPa], relative Topographie HS00—H1030 [gpdm]
Mantog, 20—0B-2007 18 UTC (GFS)  {Anolyse) © www,wetterd.de A

white colors at cold tem-

peratures and dark color

at warmer, see section 3.2
for more details. In fig-
ure the first thun-
der cells over Grasten and
Als are developed in the
20UTC picture. The satel-
lite images indicate that

| epooooooon =M
O —RWRNEm @D Lh

the thunder cells occur
along the cold front of
the low on the border be-

e D by L tween moist and warm
850 hPa Geopetential [qpdm]. Temperaturadvektion [K/h]

Montag, 20—0B—2007 18 UTC (GFS) {analyse) () www.wetter.de B air and the colder and

drier air in the trough
Figure 52: GFS 500 hPa geopotential, black curves [gpdam] and

surface pressure, white curves [hPa], 18UTC, 20th of August 2007
(A) and 850 hPa geopotential, black curves [gpdm] and tempera-
ture advection, 18UTC, 20th of August 2007 (B). H is high pressure
and T is low pressure. [34]

(see section 2.1.1) and oc-
cur in a band from south-
eastern Denmark to the
northwestern North Sea.
The cells occur in ap-
proximately the same area
around Als and Flensburg Fjord and propagate to the north, while the system moves to the
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northeast. In ﬁgure PW for 18UTC is shown, which displays high content of moisture in the
troposphere and thus favorable conditions for the formation of thunder cells according to the
theory in 2.2.3. It can be seen that the high moisture values roughly follow the cloud band in
the satellite images, which extends from a larger area southeast of Denmark to a narrower line
of showers that extends from around Sjeelland and out into the North Sea.

Figure 53: High Rate SEVIRI Level 1.5 Image Data - MSG - 0 degree, EUMETSAT
[31]. 20th of August 2007, 19.30UTC to 22UTC. Infrared, channel 10.8 ym. White
colors show cold areas (cloud tops for example), while dark areas are warm. The

satellite images have a 15 minutes resolution, in the figure 30 minutes. The blue
line is the cold front, the red line is the warm front and “L” is the low. The orange
ring shows the area with cloudbursts at Grasten in the southeastern Jylland.

To describe the stability conditions of the atmosphere before the cloudburst, a sounding from
Schleswig, 12UTC, figure 56| (p. 59) is used. There are two primary levels in the sounding
that are worth noting. From the surface to about 800 hPa, the air is conditionally unstable as
the environmental temperature (right curve) drops faster than the moisture diabatic curve (left
curve), also see section 2.2.3. If parcels at this level are lifted to their LCL, they will immediately
become warmer than the surroundings, as they are at the same time in the LFC and achieve
positive buoyancy according to the theory in section 2.2.3. In this case, LCL and LFC are at
908.2 hPa while EC is at 263.3 hPa altitude. The second level worth noting is from 800 #Pa and
up to the tropopause. At this level, the ambient temperature decreases more slowly than the
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moisture diabatic curve and

then thunder cells cannot be
formed by lifting parcels, as
o8 these will be colder than
the surroundings. The four
24 indices KINX, TOTL, LIFT
and SHOW indicate exclu-
sively widely scattered thun-

18  der cells in the area under

marginally unstable condi-
tions where a lifting mecha-
8 nism is required.

Observations from the Schle-

4 . .
swig sounding show a tem-
U L ———— o perature of 21 °C at the sur-
Columnar Preci 2!5%; Vilgfz.-r t(: (/2 )O? Cornposiu Mean face and a dew pOil‘lt of
NCEP/NCAR Reanalysis 15 °C.  Wind shear is 16

m/s. CAPE will depend

Figure 54: Columnar precipitable water, composite mean in the
8 precip P on whether the temperature

units of kg/m?.

rises or falls, but in the
sounding there is a signifi-
cant CAPE as well with the thunderstorm indices there must be a high probability of heavy
thunder cells in the afternoon. The necessary lifting could be initiated by turbulence in the
boundary layer (see section 2.2.3).
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Figure 55: SYNOP data from Kegnaes (no. 06119), Als. Humidity [%] (A), pressure
[hPa] (B), 2m air temperature [°C] (C) and wind direction (D).
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Figure 56: Sounding from Schleswig, Germany, 12UTC, 20th of Schleswig with warm and

August 2007. Same description as figure [36] humid air from the Baltic

Sea. The nearest SYNOP
station at that time was
Kegnaes on the island of Als, figure where observations show that the temperature in the
period 18UTC to 23UTC drops from 19.5 °C to 18.5 °C while the relative humidity in the same
period was 100 %. While measurements from Senderborg Airport show that the temperature
from 18UTC to 22UTC fell 19.3°C to 17.2°C and a relative humidity of 100 %. Therefore, it is
not unlikely that the temperature at Grasten may have been slightly lower than at Schleswig,
while the dew point has been slightly higher. Under these conditions, it does not require much
to give the necessary lift, which in this case is obtained by dynamic processes as known from
the quasi-geostrophic omega equation that are a necessary for organizing the ascent of air.
During the period of the cloudburst development, there is a jet streak over Jylland and north-
ern Germany [44], see figure57]A. The jet streak is a local wind maximum on the jet stream axis.
With the quasi-geostrophic approximations, it can be argued that there is an ascent in the right
entrance area and left exit area of a jet streak, while there is a descent in the right exit area and
the left entrance area. A more detailed description of jet streaks is given in appendix F. The
sounding from Schleswig clearly shows that the wind rises with the altitude, which means that
there is warm advection in the area as stated in the theory in section 2.3.1 and figure[9] This is
supported by figure 52B. During warm advection, the ascent areas will move closer to the jet
axis and therefore the cloudburst may have developed by ascending air close to the jet streak
axis, which according to figure 57|is in the right entrance area. The passage of the jet streak
must necessarily last long enough for this lift to bring surface air to the LFC. Figure 57| A and
B show that there is warm advection as the wind is veering from 850 hPa to 300 hPa, as the red
wind vane in the figure is to the right of the black wind vane during the period the jet streak
passes the cloudburst area.

Figure[58/shows radar measurements of the precipitation echo from the Remo radar. The radar
images are pseudo-CAPPI images, where CAPPI stands for Constant Altitude Plan Position
Indicator, which gives radar images from a constant altitude. In the images, radar reflectivity
is calculated using the following equation:
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dBZ = (DN -0.5) — 32 (47)

where DN is 8-bit values with a range from 0 to 255. A DN value of 100 gives a reflectivity of
18 dBZ. The images have a temporal resolution of 10 minutes but in the figure is the resolution
of 30 minutes in the period from 18UTC to 23.30UTC.

24-26 26-28 28-30 30-32 32-34 34-36 6-10 10-12 12-14 14-16 16-18 18-20

3008ES Wit — S05 2007082012+009 A Sookba wind — S05 2007082012+009
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Figure 57: 9 hour forecast from DMI-HIRLAM, valid until 21UTC, 20th of August
2007 [44]. Wind speed in 300 hPa stated with color scale (m/s) as well as wind
barbs in 500 hPa (red) and wind barbs in 300 hPa (black) (A). Wind speed in 500
hPa stated with color scale (m/s) as well as wind barbs in 850 hPa (red) and wind
barbs in 500 hPa (black) (B).

In the radar echoes in figure[58} it is clear that the storm was coming up from the southeast. The
first radar echo (cell 1 in figure p9) occurs south of Schleswig at 18UTC, hits Flensburg Fjord
around 19.30UTC (green arrow at 19.40UTC and 20UTC in figure and grows in intensity
and area distribution and reaches maximum intensity 20.20UTC around Grésten (yellow ring,
20.20UTC). The next radar echo (cell 2, figure appears in the southeastern area of Flens-
burg Fjord 20.30UTC (green arrow, 20.40UTC) and reaches maximum intensity over Fiskbaek
around 20.50UTC (yellow ring, 21UTC). Shortly thereafter (21.10UTC), cell 3 comes up and
reaches maximum intensity around 21.20UTC (yellow ring, image 21.20UTC). Common for
cell 2 and 3 is that they develop a little farther east than cell 1. The last radar echo (cell 4) occurs
around 21.20UTC in the eastern part of Flensburg Fjord. This cell reaches maximum intensity
around 22UTC. Common to the entire storm system is that it originates from the southeast, but
intensifies over water in Flensburg Fjord.

Figure @ is based on the radar echoes and shows the paths (lines) of the cells and location for
maximum intensities (dots). As can be seen, new cells arise upstream (east) of old cells, which
agrees with the fact that there is warm advection in the area (figure[52B and figure[9). All cells
have a direction to the north-northwest, which corresponds to the wind direction in 500 /Pa.
An eyewitness account [45] helps to emphasize that there were several cells during the thun-
derstorm. The eyewitness is Anders Brandt, who at the time was a meteorologist at TV 2 Vejret.
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Figure 58: Pseudo-CAPPI radar images with the pixel size of 500 m from the avail-
able volume data for the Rome radar in the period 19.40UTC, 20th of August 2007
to 22.20UTC, 20th of August 2007. The data are 8 bit values in the range from 0-255.
The unit is dBZ. The green arrow point out new cell formations and the yellow ring
point out maximum intensity. The radar images are generated by Thomas Bevith,
DML

Living by Broager, this gives a pretty good insight into how the individual cells built up during
the evening. The story begins with Anders Brandt observing a large amount of lightning over
Flensburg Fjord around 22UTC. At the same time, on the front of the first cell, there is a dravat
over Broagerland which lies south of Broager.
According to the report, the intensity increases very suddenly around 20.15UTC - five minutes
before the first cell. The intensity became so strong that a sound inferno of hail, large raindrops
and severe thunder cells are reported. After 5 to 10 minutes, it is felt by Anders Brandt that the
lightning intensity is northwest of Broager. The thunder cell was now driven up to Grésten.
The next cell is registered at 20.45UTC which is described even more severe than cell 1. The
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sound inferno was now primarily caused by strong wind which in the report is described as a
downburst (see section 2.4.2 for the theory for downbursts). The wind at this time now came
primarily from the northeast which can be explained by cell 2 having a slightly more northerly
path than cell 1. Already around 21.15UTC cell 3 is registered which, with a duration of 20
minutes, had less intensity than the two previous ones. Only 3 cells were registered around
Broager and Grasten because cell 4 was registered over Aabenraa Fjord.
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Figure 59: Thunder cells identified with radar echoes. Circles show the area with
maximum intensity from the individual cells. Cell 1 (20.20UTC), cell 2 (20.50UTC),
cell 3 (21.20UTC) and cell 4 (22UTC). The lines show the paths the individual cells
have moved along. The map is Google maps.

A summary of this event is that the cell structure was a multicell system in an air mass that
was conditionally unstable. A jet streak was an important factor in triggering the cloudbursts,
where the rise of air during warm advection has been able to develop into thunder cells on the
cold front of the low in a deep troposphere. Warm and humid air from the Baltic Sea has in-
creased the CAPE of the air mass and promoted cloudburst formation. In addition, Flensburg
Fjord has certainly played a role when the showers have come from the south and have been
able to intensify across the inlet and up to the Grésten area.

Calculations based on radar data [29] have later revealed precipitation intensities in the cloud-
burst that have not been seen in Denmark before. The highest 10 minute intensity recorded
was 53 mm. Within half an hour 111 mm fell where the precipitation was heaviest - around 7
times cloudburst intensity. At the same time, radar data also show that up to 155.8 mm of rain
has probably fallen over Aabenraa Fjord.
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5.4 Case4: 2nd of July 2011, the Cloudburst Over Copenhagen, 17.15UTC to 18.15UTC

On Saturday 2nd of July 2011, Copenhagen was hit by a historically powerful cloudburst in the
afternoon with thousands of lightning strikes, severe floods and damage worth several billion
Danish kroner. The largest official rainfall within 24 hours was measured in Botanical Gar-
den with 135.4 mm while the highest 10 minutes intensity was measured in Ishej southwest of
Copenhagen with 31.2 mm.

S0G hPa Geopotentiol [gpdm), Bodendruck [ARa), relative Topagraphie HS0O—H1000 [gpdm ] 506 hPa Geopotential [gpdm). Bodendruck
Mittwoch, 23-06-2811 12 UTC (GFS) {analyse) ©ww_welter3.de ,annemlm;' 30-06-2011 12 UTC {GFS) {Analyse)

S0G hPa Geopatentiol [gpdm], Bodendruck [hPa), relative Topographie HS00—HI000 [gpdm] c 500 hPa Geopotentiol [gpdm], Bodendruck [APa], relative Topogrophie HSOO—H1000 [gpdm] D

Freitog. 01-07-2011 12 UTC (GFS) {Analyse) © www.wetler3.de Somsteg. 02-07-2011 12 UTC (GFS) {Analyse) ©) www.wetterd.de

Figure 60: GFS 500 hPa geopotential, black curves [gpdam] and surface pressure,
white curves [hPa]. H is high pressure and T is low pressure. 12UTC, 29th of June
2011 (A), 12UTC, 30th of June 2011 (B), 12UTC, 1st of July 2011 (C) and 12UTC, 2nd
of July 2011 (D). [34]

The days leading up to the cloudburst were controlled by a high ridge that stretched from
southern Europe to Scandinavia, see figure [0JA. Both west of the high ridge and east of the
high ridge are two low circulations, southeast of Iceland and over Ukraine respectively. In the
following days, the two lows move towards each other, thus forming a high circulation over
Finland and western Russia. The western low ensures that cool air is sent over Denmark from
west in relation with a cold front passage during 29th of June and 30th of June (figure ).

At the same time, the eastern low sends warm and moist air from the south, up over the Gulf
of Finland. Farther from here to the southwest around a low that has been formed out in the
Baltic Sea (figure @F) and farther southwest towards the southern Sweden and Denmark. At
this time, there is now a warm front passage across Copenhagen on 2nd of July, figure [60D.
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Figure 61: Columnar precipitable water, composite mean in the

units of kg/m?.

The warm, humid and un-
stable air from the north-
east has now replaced the
cool air from west and it
is in this air mass where
a strong thunder cells de-
velops over the south-
ern part of Sweden and
Copenhagen in the late af-
ternoon of 2nd of July. The
PW in figure [61|shows the
moist air over the Baltic
Sea and southern Scandi-
navia. In particular, the
highest values of PW are
roughly in the same range
as the high CAPE values
in figure [63] (p. 65).

There is no sounding from
Copenhagen. The closest

sounding that must be assumed to be representative of the atmosphere over Copenhagen is
Visby on the Swedish islands of Gotland. At 12UTC, figure |62|is in the same warm air that

drew over Copenhagen.

The sounding indicates that
the convective temperatur

is 27°C at a dew point of
20°C in 1000 hPa. If the
convective temperature is
not reached, forces must be
present for the air to receive
the necessary lift to the LFC.
Measurements of the 2m
temperature in Copenhagen
show 25 to 26°C around
16UTC, i.e.
of thunder cells can occur

on the verge

spontaneously [46]].

The lifting curve for Visby
has a surface temperature of
24.4°C, where LCL is 899.7
hPa and LFC is 830.7 hPa. In
this case, CIN is required to
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Figure 62: Sounding from Visby, Sweden, 12UTC, 2nd of July
2011. Same description as figure@l [36]

lift the air from the LCL to the LFC. A significant CAPE over 1300 Jkg~! in this case can play

19The approximate temperature that air at the surface must reach for cloud formation without dynamical pro-

cesses
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a role in the formation of the thunder cells. In general, the area in the warm air over most of
southern Sweden is characterized by quite high CAPE values, see figure The high CAPE
values indicate that the thunder cells that occur in the area can become quite powerful and
achieve a cloud top at an altitude of more than 12 km. These statements agrees with the theory
in section 2.2.3.

The lower layer of the
troposphere from the sur-
2400 face to about 600 hPa is
2000 potentially unstable, be-
1780 cause there is a positive
difference for the equiva-
1200 lent potential temperature
ooo  (0e), i.e. 6, decreases up
through this layer from
337°K at the surface to
315.5°K at 606 hPa. The
larger the positive dif-
ference are in a given

: !l o o-. : layer, the more poten-

1 Mxed Layer Ccnvec‘tve vcﬁluble F'ateni r ! tially unstable the layer iS
Samstag, 02-07-2011 12 UTC {GF3) {Analyse) 1 www, wetter3.de . '

The underlying data from
Figure 63: GFS CAPE []/kg] and lifted index, white curves [k], the Visby sounding shows

12UTC, 2nd of July 2011. [36] that, the positive differ-

ence is 21.5°K which is rel-
atively high. A potentially unstable layer is sometimes called convective instability, where dry
air in the middle troposphere lies above warm and humid air in the lower troposphere, where
the dry mid-level air is seen in the sounding from around 625 hPa to 400 hPa.
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Figure 64: SYNOP data, 2m temperature [°C] (A), humidity [%] (B), pressure [hPa]
(C) from DMI (no. 06184) and wind direction (D) from Jeegersborg (no. 06181).
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A moderate wind shear from a weak wind at the surface to 15 m/s at 7 km altitude leads to
the presumption that it is a multicell system as indicated in figure [/} Furthermore the wind
direction from east northeast do not change notably with the height, which could be the same
case for Copenhagen because Copenhagen is in the same air mass as Visby. Moreover, the
value of LIFT, SHOW, KINX and TOTL indicates a moderately unstable atmosphere with the
possibility of numerous thunder cells.

Figure@shows the synoptic data from the DMI station (A) to (C) and Jeegersborg (D). The 2m
temperature (figure[p4A) at DMI reaches a maximum of 25.2°C around 16UTC. If the sounding
from Visby is representative for Copenhagen, it means that forces are required to lift the air
sufficiently for new cells to form, e.g. in relation with gust fronts as decribed in section 2.3.3.
Measurements from southern Sweden show that the temperature during the day was above
27°C in the the period where new cells occured, which allows for spontaneous thunder cells
to grow. The humidity (figure [p4B) has a dive during the same period where the temperature
reaches maximum. As the thunder cells begin to reach maximum intensity, humidity rises
quite rapidly, where a sharp drop in temperature is detected due to the cold pools generated
by the thunder cells (see section 2.3.3). The pressure (figure [64C) is gradually decreasing, as
the low over northern Poland is directed towards Denmark. The relatively significant pressure
drop around 17UTC is probably related to the first gust fronts occurring over Copenhagen. The
wind direction (figure [64D) is mostly from northwest but at two points the wind direction is
changed to north east, which is probably due to exhaust air from a shower.

Figure 65: HRI Level 1.5 Image Data - MSG - 0 degree, EUMETSAT [31]. 2nd of
July 2011, 15UTC to 18UTC. Visible, channel 0.6 ym. The analysis is based on 15
minute intervals - in the figure are the intervals hourly. The orange ring marked

Copenhagen and Malmo. The low center is marked by the “L”. The red line is the

warm front.
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The satellite images (figure from EUMETSAT’s MSG visible 0.6 um shows the evolution
in time steps of 30 minutes. The warm front that passed Denmark this summer day is drawn
with a red line, while the showers that form over southern Sweden, which hit Copenhagen in
the late afternoon, are marked with an orange ring in each picture. The low that provided the
warm flow of air is located along the Polish north coast of the Baltic Sea. At the same time,
convective thunder cells are seen in several places in Sweden and across the Baltic countries.
It is thus in the warm and humid air at the back of the warm front that heavy thunder cells
occur, where high values of CAPE (figure [63) can be detected, when the potential temperature
is also high in this area. If figure[65]is compared with figure[61]it is easy to see that the moist air
mass that comes with the warm front in the satellite images have high PW values because this
air mass is very moist and then this is just agree with the theory where thunder cells are most
likely to develop.

The first cells occur around 14UTC in southern Sweden, where they appear as a band of small
convective rain clouds in both figure 65|and figure |66 Figure |66[shows radar images from the
radar at Stevns that provide an insight into the development of the thunder cells. The radar
images have a 10 minute resolution. Here they are selected at 30 minute intervals. The first
radar image from 14.45UTC shows that the thunder cells have begun to accumulate in clumps
parallel to the wind direction at 300 /1Pa, see figure @A

14.45UTC

18.45UTC

Figure 66: Reflectivity (dBZ) from the radar at Stevns in the period 14.45UTC to
18.45UTC, 2nd of July 2011. The radar images are generated by Thomas Bevith,
DML
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From around 15.15UTC, the
precipitation pattern shifts from

the relatively simple shower

system, where the cells form in
aneat band, probably as a mul-

ORI AGORAODONONO

w@/ X‘j
| Wﬁi o
ticell system, to a more com- ,a
plex system where new thun-
der cells can arise both spon-
taneously and along the gust
front (see figure 12| for the the-
ory for lifting by gust fronts) of
old thunder cells. In the satel-
lite images in figure from
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cipitation area across Jresund

and Copenhagen. Figure 67: GFS 300 hPa wind (wind barbs) [kn] and relative
The first band south of Amager v ticity [10-55~1], 18 UTC, 2nd of July 2011 (A) and GFS 500

develops into a larger precip- p,p; wind and relative vorticity, 18UTC, 2nd of July 2011 (B).
itation area (just before radar

image 16.15UTC in figure
before it goes ashore at Stevns and dies out as it moves towards the southern part of Sjeel-

H is high pressure and T is low pressure. [34]

land. The northeast band develops into a larger contiguous precipitation area over Copen-
hagen which appears in radar image at 16.45UTC and the satellite sequence from 16UTC to
17UTC.

In the period 16.45UTC to 18.25UTC, the precipitation area is almost stationary over central
Copenhagen with maximum intensities between 17.35UTC and 18.25UTC. This is due to a re-
verse wind shear (figure |8) which makes the system almost stationary and gives strong floods
in the capital (section 2.4.3 described floods). The fact that the precipitation area has been al-
most stationary over Copenhagen made this cloudburst particularly extreme. During the same
period as the precipitation area ravages, there is a relatively sharp boundary to the north that
is parallel to the wind at 500 1 Pa, figure [p7B. The boundary zone moves slowly to the north-
west before it dissolves around 18.35UTC. The relative vorticity advection in figure [67]is close
to zero, which confirms that the first thunder cells arose spontaneously over southern Sweden.
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The fact that there is no relative vorticity means that no forces, which are able to lift the air
parcels sufficiently, are present at the synoptic plane. Conversely, had there been positive val-
ues of relative vorticity, then it would have resulted in divergence of the air aloft, which would
produce convergence at the surface and thus an ascent of air and then potential buildup of
showers. Relative vorticity is one of the terms in the quasi-geostrophic omega equation (14).
In relation with the showers over Copenhagen, there has been an outflow air from the thunder
cells where wind measurements show that the flow has been perpendicular to the precipitation
band. At Jaegersborg (figure[64D) and Drogden Lighthous in @resund (figure[68) shows, while
there has been a thunder cell, the wind direction has been from the southeast, at other times is
the flow from northwest. This means that a convergence zone (see section 2.1.2 for the theory
behind convergence zones) was created along the precipitation band.

An explanation for the stationary phenomenon may be that new cells in the convergence zone
have emerged at the eastern end of the precipitation band, while old cells die out at the west-
ern end. For example during a life cycle in the precipitation band, a cell will reduce CAPE,
which from figure|63|explains that the CAPE values grow upstream of Copenhagen to the east-
northeast.

Thus, it seems that the propagation

N 1 — ( vector has been opposite to the mo-
wE————— \‘ “‘ A —— tion vector and has had the same
I ‘v
wsw — ‘ \i velocity, see figure New cells
[l \
g ‘““:‘ ; I propagate to the east-northeast at
g sse ” 1 — the same velocity as the direction
= | |
3 EsE i“ T k of the movement of the cells to the
£ |/ |
= Ne "‘ v west-southwest, which helps mak-
N ' ing the system stationary. Accord-
0100 0103 9106 010‘3 01\,1 01\,‘) o> 011\ . to the th . ion 2.3.3
o o 1 o oV oV e e ing to the theory in section 2.3.3,
Time (UTC)

new cells appear approximately ev-
Figure 68: 10m wind direction from Drogden Lighthouse €ty 10 minutes. The storm was
in Gresund (no. 06183). strongest over Copenhagen in the
period from 17.25UTC to 18.15UTC,
i.e. 50 minutes, thus five cells have moved across the Danish capital according to the hypothe-
sis.
To summarize thunder cells arose spontaneously in southern Sweden under warm, humid and
potentially unstable conditions and drifted with the upper air flow in parallel bands toward
Copenhagen, where they created an almost contiguous precipitation area. New cells emerged
in a convergence zone that occurred in the interaction between two air flows. The new cells
probably arose upstream of the old cells, where CAPE values have been high, i.e. the horizon-
tal gradient of CIN and CAPE has been key players in the formation of new cells.
It is concluded that it was a multicell system that gave the heavy rainfall over Copenhagen on
this day in July. It was a historic cloudburst took place, where the largest official measurement
was 135.4 mm in the Botanical Garden - the largest measured daily rainfall amount in Denmark,
at that time, in 57 years. The intensities also spoke for themselves, where in some places more
than 50 mm of rain fell in 30 minutes, resulting in a triple cloudburst intensity. In appendix
C, the 43 highest precipitation intensities are registered from SVK'’s raingauges in the period
1984-2019, and 8 out of the 43 intensities are from this day.
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5.5 Case 5: 30th of August 2014, the Multi Cloudburst Over Copenhagen and Malmg,
00UTC to 02UTC

The night between 30th of August and 31st of August 2014, Copenhagen was hit by the strongest
cloudburst since the severe cloudburst in 2011 mentioned in section 5.4 [47]. Many streets in
the capital were flooded and the amount of rain at DMI was registered to be 119 mm of rain
in approximately two hours. Malmo in Sweden, on the opposite side of @resund from Copen-
hagen, also experienced severe cloudbursts later this night, but the focus in this section will be
on the Danish capital.

Figure [69| represents the de-
velopment up to the cloud-
burst, where a low north-
west of Ireland (A) moves
during deepening in a path,
towards the cloudburst de-
velopment, into the North
Sea southwest of Norway
(B). The cloudburst over
Copenhagen occurred at the
eastern end of the low,
where an occlusion point is
registered.

The low moves into the

=30 hPa Geopetential [gpdam], Bodendruck [hPa], reletwe Topographie HS0O0-H1080 [gpdam]

North Sea over the warm Freitag, 29-08-2014 00 UTC {GFS)  {Analyse) () wwrw wetter3.de

seawater and is thus filled
up, where turbulence at the
surface transports water va-
por and sensible heat up
into the lower part of the
troposphere. Cold air in the
free troposphere character-
izes this low and thus DMC
can be maintained while
the low moves over warmer
surfaces. The core of the low
is homogenized and favor-
able conditions are created
for thunder cells to develop,

500 hPa Geopotential [gpdam], Bodendruck [hPa), relative Topagraphie HS00-H1030 [gpdam]
Sonntag, 31-08-2814 00 UTC {GFS) {Analyse) (T www wetter3.de B

as the atmosphere becomes

turated b th ti-
sattifated becatise the vertl Figure 69: GFS 500 hPa geopotential, black curves [gpdam] and

1 profiles f
cal profiles for temperature surface pressure, white curves [hPa]. H is high pressure and T is

low pressure. 12UTC, 28th of August 2014 (A) and 00UTC, 31st

f August 2014 (B).
The satellite sequence from of Augus (B). [34]

EUMETSAT's infrared channel 10.8 ym (figure[70) illustrates how the low moves in the evening

and dew point become al-
most the same.
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to the southeast with a cold front located to the south and a weak warm front across the Baltic
Sea. The cold front and the warm front forms an occlusion front that runs up to southern Nor-
way. Copenhagen is located in the orange ring. The first sequence of something that could look
like powerful thunder cells takes place in satellite image 00UTC.

Figure 70: High Rate SEVIRI Level 1.5 Image Data - MSG - 0 degree, EUMETSAT
[31]. Infrared, channel 10.8 um. 30th of August 21UTC to 31st of August 02UTC
2014. White colors are cold areas, while dark areas are warm areas. The satellite

images have a 15 minutes resolution - in the figure is the resolution hourly. The blue
line is the cold front, the red line is the warm front and the purple is the occlusion.
”L” is the low. The orange ring shows the area around Copenhagen and Malmdo
with the cloudbursts and the green ring point out the Schelswig sounding.

Prior to the cloudbursts, the frontal zone passed so that Copenhagen enters the slightly cooler
air from the low in contrast to the slightly warmer air to the southeast. The radar image from
17.05UTC (figure |72, p. 72) clearly shows how the frontal zone has just passed Copenhagen.
The satellite images also show that the entire system is moving east-northeast, where the cloud-
bursts are formed in the low air which will be analyzed using a sounding from Schleswig,

marked with the green ring.
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PW in this case shows a relatively humid troposphere in figure , The troposphere for 31st of

August, 00UTC, is also quite cool. The cool troposphere in figure is more humid than the

warmer troposphere that preceded the cloudburst in figure [7TA. There is a maximum in PW

on 31st of August, 00UTC, around the Baltic Sea and up to the Oresund region. Therefore, it

is expected that the cloudburst potential is greater in the cooler troposphere that Copenhagen

entered after the front passage on 30th of August in the afternoon, figure |72} due to the high

content of moisture according to the theory in section 2.2.3.
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Figure 71: Columnar precipitable water, composite mean in the units of kg/m?,
29th of August 2014, 00UTC (A) and 31st of August 2014, 00UTC (B).

Stevns reflectivity 2014-08-30 1705 UTC
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-32

Figure 72: Reflectivity (dBZ) from the radar
at Stevns 17.05UTC 30th of August 2014. The
radar image are generated by Thomas Bevith,

DML

The radar echoes from the Stevns radar in fig-
ure[73|shows the sequense of the cloudbursts.
The first echoes can be observed around
20.25UTC south-southwest of Copenhagen.
These echoes drifted north-northeast, while
new ones emerged upstream over Koge Bay
(20.55UTC) as a multicell system (see sec-
tion 2.3.3 for multicell systems). These could
be detected between 21UTC and 22UTC and
were a precursor for the later cloudburst
event.

A new band of echoes is registered in western
Copenhagen (22.25UTC). This band of echoes
are moving slowly in a north-northeast di-
rection and from 23UTC almost stationary
along UJresund. Throughout this process,
new cells emerged once again, upstream of
the old ones over Koge Bay as a particularly
active area for the initiation of the new thun-
der cells. Then they drifted north-northeast

over Copenhagen and further up the coast where they slowly decreased in intensity.
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Between 23.30UTC and 00UTC, new echoes appeared in the Baltic Sea east of Mon (south of
Stevns radar). This new band of echoes gradually became longer, with new cells still being
formed north of this band in Kege Bay. From around 01UTC, the two echo bands are almost one
band from Helsinger in the northern part of Sjeelland to Men with the highest intensities over
the stretch from Copenhagen to Men. After the merger, the center of gravity for the strongest
echo intensities drifted over to Malmo on the Swedish side of Oresund.
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Figure 73: Reflectivity (dBZ) from the radar at Stevns in the period 20.25UTC
30th of August to 01.55UTC 31st of August. The radar images were generated by
Thomas Bevith, DMI.
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There was thus a rel-
atively narrow band of
thunder cells. New cells
emerged both over land

and over sea, the most

powerful cells being formed

over the sea, probably due
to warmer and more hu-
mid surface air. A signif-
icant contribution to the
thunder cells becoming
so powerful over Copen-
hagen can probably be de-
scribed by the fact that
many of the new cells
arose upstream of the old
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Figure 74: Accumulated precipitation (mm), hourly 10UTC, 30th
of August 2014 to 06UTC 31st of August 2014 from Livgardens
Kaserne and DMI. Front passage 15UTC to 18UTC.

ones overseas after the reverse wind shear concept in figure

Figure [74| shows precipitation amounts for the two stations Livgardens Kaserne and DMI (4

km distance between these locations). The figure reflects the three precipitation events from

the radar images in figure 73| The frontal zone that passes Copenhagen in the afternoon hours
results in precipitation 16UTC to 17UTC. According to the radar imgaes in figure[73|the echoes
passed the measuring station around 21UTC and 22UTC before the heavy rain hit around mid-

night.
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Figure 75: 850 hPa geopotential [gpdam] and temperature advec-
tion. H is high pressure and T is low pressure. 18UTC 30th of

August 2014. [34]

The satellite images in
figure and the GFS
geopotential maps in fig-
ure show that Den-
mark in the evening is in
the air mass connected to
the low. The two sound-
ings closest to Copen-
hagen are Schleswig and
Greifswald in Germany,
but since Greifswald is in
the frontal zone, the most
representative sounding for
the low is the one located
in Schleswig, see figure
(76l

The first sounding from
12UTC (figure[76/A) has no
CIN. Therefore the show-
ers that occur at this point

will occur spontaneously. However, there is still a potential for showers to occur in the air mass.

In fact, a few showers were formed in Schleswig this day. That no more showers were formed
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can be attributed to a dry inversion layer around 850 hPa while the wind is reversing, which

in the northern hemisphere means cold advection (figure 9), which can also be attributed the

temperature advection in figure[75| This shows there is a weak cold advection in 850 hPa over

Schleswig, while over Copenhagen there is a weak warm advection which is according to the

omega equation (14) is an important trigger for thunder cells.
The sounding in figure also shows a surface temperature of 15°C and a dew point of 14

°C, which shows an atmosphere that is almost saturated. Figure /6B shows the sounding for
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Figure 76: Sounding from Schleswig, Germany, 12UTC, 30th of
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scription as figure 39}
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O0UTC - the same time
when the cloudbursts were
most intense over Copen-
hagen. Up through the en-
tire troposphere to an al-
titude of about 10 km, the
temperature and the dew
point temperature are close
to each other, respectively
13°C and 12.3°C at the
In addition, the

temperature curve almost

surface.

follows a moist adiabat,
which indicates a moist
air mass. The wind is
quite weak and hardly
changes direction - 0-6
km wind shear reaches
around 8 m/s, while the
maximum is 17 m/s at
the tropopause. The weak
wind shear may be a rea-
son for the high rainfall
amounts in Copenhagen,
as precipitation intensity
grows with a decreasing
vertical wind shear [48].

LCL is at an altitude in
962.6 hPa where an air
parcel will be saturated by
adiabatic cooling. LFC
is achieved at 814.2 hPa
while EL is at an altitude
of 525.4 hPa - relatively
far from the tropopause

at 275 hPa. CAPE has a

value of 52.34 Jkg~! on 31st of August, 00UTC, which is slightly lower than the CAPE value
from 30th of August, 12UTC of 59.92 Jkg~!. The indices from Schleswig indicate an atmosphere
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in the low with only weak convection and only a small chance of scattered thunder cells.

The sounding from 00UTC is slightly more unstable than the one from 12UTC where the lower
CAPE value is most likely because 00UTC is slightly colder than 12UTC.

A hypothetical sounding in Copenhagen would probably looked like the one in Schleswig -
just a little warmer. At DMI, air temperature of 16°C and a dew point temperature of 15.3°C
were measured. This may indicate a higher CAPE value for Copenhagen as well as a less neg-
ative value for CIN and EL closer to the tropopause. That is, a more unstable troposphere with
greater probability for cloudbursts.
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Figure 77: CAPE (blue) CIN (orange), unit: m?/s% and Wy, unit: m/s, for the
sounding from Schleswig, 12 hours intervals from 12UTC, 28th of August 2014 to
12UTC 31st of August 2014.
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Figure 78: LCL (blue) LFC (orange) and EL (grey), unit: /#Pa, for the sounding from
Schleswig, 12 hours intervals from 12UTC, 28th of August 2014 to 12UTC 31st of
August 2014.

It is now examined how the soundings have changed during the development period for the
low with selected parameters from the sounding in Schleswig to gain a better understanding
of why the air mass in the low had cloudburst potential. Figure[77|shows the changes of CIN,
CAPE and w4y during the period. The first few days indicate absence or only a small value
of CAPE from 28th of August 12UTC to 29th of August 00UTC, which according to figure [69A
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corresponds to a high ridge that passed over Schleswig during this period. From 29th of Au-
gust 12UTC Schleswig begins to be in the air mass of the low and CAPE grows to a maximum
on 30th of August 12UTC. In the surrounding times (£ 12 hours) there are slightly lower CAPE
values, but CIN is approximately — %CAPE . Falling surface temperatures during these periods
due to the nighttime contribute to a stable stratified air layer which can result in these negative
CIN values.

In figure |78} LCL, LFC and EL are shown for Schleswig. During the period of absent CAPE
values, the values for LCL, LFC and EL are almost the same, which means that there is no pos-
sibility of the formation of showers. The acceleration path that is the distance between LFC and
EL, reaches a maximum on 30th of August 12UTC - the same time where w,,,, has its highest
values in figure /7] A sounding in Copenhagen would have had the longest acceleration path
as well as the largest values for CAPE and w;;,x on 31st of August 00UTC due to higher tem-
perature and dew point temperature.

It can be argued that a self-organization takes place based on the clumping of echoes in the
radar images after midnight. In figure [77| for CAPE and CIN, it was argued that Copen-
hagen, 31st of August 0OUTC probably reminded of Schleswig, 30th of August 12UTC. A self-
organization among the showers means that new showers occur along the gust fronts of old

cells (see section 2.3.3 for a description of gust fronts).

The sounding from Schel-
swig gave an impression
of a humid troposphere
with a relatively weak
wind shear. These condi-
tions will not immediately
provide favorable condi-
tions for lifting surface air
along gust fronts. Nev-
ertheless, based on the
numerically small CIN,
one can argue that self-
organization of new cells
has been possible. Self-
organization also causes

the precipitation band to

Figure 79: 10 m wind (m/s), 02UTC 31st of August 2014, from 8foW in width over time

DMTI’s operational model. The orange line “C” is the convergence and helps to shield from

line and ”1” and ”2” are the convergence zones. Dark blue: 0-1 the ingress of dry and cool

m/s. Yellow: 6-7 m/s. [47] air, which increases the
precipitation intensity.
A possible reason for the formation of the multicell cloudburst over Copenhagen and later also
Malmo is the formation of a convergence line along the shower line. Figure [79 shows 10m
wind from DMI’s operational weather model, 02UTC 31st of August, where the convergence
line (see section 2.1.2 for the theory for this) is drawn as the orange line. Southeast of Amager,
several cells are formed at this time in convergence zone 1, which move towards Copenhagen
and produce considerable amounts of precipitation. The reason for these showers is, as men-
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tioned earlier, the relatively warm seawater in Koge Bay as well as a land breeze circulation
that has developed this pattern.

Convergence zone 2, in the northern part of the convergence line in figure [79| arose over the
western suburbs (see the early radar images) and drifted over Copenhagen where it became
quasi-sationary along the Jresund coast. Based on the wind model, convergence along the
coast and the land breeze circulation have played a role in this convergence zone becoming
stationary. As can be observed in the radar images, the cells move north along the headwind.
The cloudburst over Copenhagen this late summer evening and night had several factors con-
tributed to high precipitation intensities and precipitation amounts recorded. A humid and
unstable troposphere with high PW values, a weak wind as well as a weak wind shear, the
presence of CAPE, the stationary nature of the precipitation band and the fact that the pre-
cipitation band was self-organized, where new cells arose upstream of the old ones and thus
passed over the same area, have all caused the multicell cloudburst to become as powerful as
it was. Self-organization could also shield against the intrusion of drier and cooler air at the
same time as more thunder cells could pass across Copenhagen.

According to SVK’s records, the fourth highest precipitation intensity in Denmark in 2014 was
measured this summer night with an intensity of 33 um/s at Treeholmen in the southwestern
part of Copenhagen. The records also show that the largest total rainfall during a day in 2014
was accumulated at Delfineﬂ with 102.8 mm on 31st of August.

Hgee figurein appendix D for the location
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5.6 Case 6: 4th of September 2015: A Morning Cloudburst in Copenhagen, 06UTC
to 08UTC

In the early autumn of 2015, the southern part of Scandinavia was hit by heavy rain and cloud-
bursts in several places. One of the most significant cloudbursts in Denmark was the morning
cloudburst in Copenhagen, 4th of September 2015, which is the focus in this section. Around
Hellerup in the northern part of Copenhagen, 30 to 40 mm fell in a short amount of time. Where
some of it fell as hail, afterwards cascades of hail could register in several places well into the

day [49].

RIS
L

%

030 P
SO0 hPa Geopotential [gpdam], Bodendruck [hPa], relative Topographie HSOO-H1000 [gpdam]
Dienstag, 01-09-2015 00 UTC (GFS) {Analyse) (@) warw wetlerd de A

500 hPa Geapetential [gpdam]. ].
Mittwoch, 02-09-2015 00 UTC (GFS] {Analyse) © www wetters.de

N

500 hPa Geapolenticl [gpdam]. Bodendruck [hPal, relotive Topographie HSGO-H1000 [gpdam]
Donnerstag, 03-09-2015 00 UTC {GFS)  {Analyse) @ www wetter3.de

T /.
500 hRa Geopeteniial [gpdam]. Bedendruck [hPal, relative Topagraphie HSG0-HT00O0 [gpdam]

Freitog, 04-08-2015 00 UTC {6F3) {(Anclyse) (©) www wetter3.de D

Figure 80: GFS 500 hPa geopotential, black curves [gpdam] and surface pressure,
white curves [hPa]. His high pressure and T is low pressure. 00UTC, 1st of Septem-
ber 2015 (A), 00UTC, 2nd of September 2015 (B), 00UTC, 3rd of September 2015 (C)
and 00UTC, 4th of September 2015 (D). [34]

The precipitation episodes, which were registered in Denmark and southern Scandinavia, orig-
inated from a low circulation, that increased in strength from 31st of August until 2nd of
September in the morning (see figure [81| for full development). Figure |80| shows the course
of the low circulation, which can be divided into 3 phases.

In the first phase, the low is located on the warm air side of the upper jet in the troposphere
(80JA). The low circulation is located over northern Germany around Schleswig. A sounding
from Schleswig (figure 84A, p. 82) shows a relatively warm and humid air mass with a high
tropopause. A frontal zone is located across Denmark (see water vapor figure 82)A). There is
also a relatively large distance from the low to the jet core which lies across Great Britain and
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bends anticyclonally over Central Scandinavia and ends up at southern Finland, figure[85A (p.
83). Phase one can be called the start of a deepening period of the low, which is also shown in

figure

The sequences in figure 0]
and [85 show how the jet
axis in the upper tropo- 1014
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2. The low moves into 994 00 12 P 12 00 2 00 12 0

31/8 319 4/9

. . 2/19
the jet stream sometime i Time (UTC)

during the evening, 1st of

September (in figure / Figure 81: Graph showing the development of the low that domi-
the crossing has just hap- nated the weather in the southern Scandinavia. The pressure val-
pened). The small bump yes are center air pressure at sea level (hPa).

in the graph in figure[81|is

a signal that the low is beginning to cross the jet stream axis and is now continuing into its
maximum deepening period. During the maximum deepening period which lasts until 06UTC
2nd of September, the low moves under the trough axis and the jet axis is now on the east side

of the low. During the deepening period, the low creates a characteristic spiral pattern (see

figure[82A).

Figure 82: Water vapour images, channel 5, from the geostationary MSG satellite.
White colours is water vapour and darker areas are drier. 06UTC, 2nd of September
2015 (A), 06UTC, 3rd of September 2015 (B) and 06UTC, 4th of September 2015 (C).

[49]

In phase 3 (figure [80D), the low is now on the cold cyclonic side of the jet core in the left exit
area of the jet which is a characteristic of extratopical cyclones as indicated in the analysis of
case 2 (see appendix F and G for jet streaks and extratopical cyclones). At this point, the low
has been under filling for about 2 days according to figure |81 In phase 3, the low has moved a
short distance from southern Norway to the south of the North Sea. Throughout the phase, the
low circulation ensures that the atmosphere is homogeneous and almost equalizes the amount
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of water vapor in the atmosphere (see figure ). The frontal zone that previously lay across
Denmark on 31st of August has almost disintegrated, where the warm and free air has now
been mixed with the dry and cool air. Each phase has its own precipitation events, where the
cloudburst in Copenhagen takes place in phase 3.
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Figure 83: Columnar precipitable water, composite mean in the units of kg/m?, 1st
of September 2015, 00UTC (A) and 4th of September 2015, 00UTC (B). [35]

Figure [83| shows PW values for 1st of September, 00UTC and 4th of September, 00UTC, resp.
which support evident from the water vapor images. In figure 83)A, there is a large difference
in PW across the frontal zone. In the warm air, the PW values are somewhat higher than they
are on the cold side of the frontal zone.

In figure[83B, there is a slight difference and PW is almost equalized. From being two different
air masses in the deepening phase, the low circulation in the filling phase has now ensured that
the air mass is homogeneous with significantly lower PW values. The lower values of PW are
a result of mixture of warm and humid air with cold and dry air.

In a low circulation like this, the most favorable conditions for cloudbursts are downstream of
the trough where there is ascent of air. In the filling phase, the low has a vertical temperature
profile that is almost moisture diabatic as the sounding from Schleswig (figure [84) indicates.
There is no sounding close to Copenhagen on this day, which makes an analysis considerably
more challenging, but the sounding from Schleswig on 4th of September, 00UTC, figure [34B,
it strikingly similar to the sounding that represented Schleswig from 2014, figure 76| The dew
point and surface temperature are quite similar, where in the sounding from 2015 it is 9°C and
10°C resp. The course of the temperature profiles is almost the same, as is the dew point. The
most remarkable difference is a dry intrusion around 450 /1Pa in the sounding from 2015. Itis a
light wind shear in both cases, where 0-6 km wind shear in 2015 is around 10 m /s (indicate the
possibility of multicells, see figure[7) while the wind at the tropopause is around 15 m/s. This
weak wind shear may as noted be a contributing reason to why the showers over Copenhagen
became so strong as noted in the analysis of case 5.

Of the indices from the method section, only the TOTL-index indicates that there may be scat-
tered thunder cells during the day. The others report a stable troposphere with no CAPE, so
the Schleswig sounding does not appear to say anything about how the preconditions for the
formation of cloudbursts are present in Copenhagen this morning.
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In the satellite images from
EUMETSAT’s visible chan-
nel 0.6 um, figure 87 (p.
85), it can be seen from the
sequence that the show-
ers in the green ring are
formed over the Jresund
region before they move
to Sweden around 08UTC.
Furthermore, the location
of the low is located in the
North Sea, where the spi-
ral pattern is felt. There
are no fronts close to Den-
mark. It also appears that
the formation of the show-
ers is under very local
conditions. The only other
places where heavy rain
were formed, without reg-
istered cloudbursts are in
Kattegat and in the west-
ern part of Jylland around
Esbjerg on this day. This
area is seen as a greater
radar reflectivity in fig-
ure B9 (p. 87), but also
with higher content of wa-
ter vapour than in Copen-
hagen in figure [82[C. The
same area is also brushed
out as the orange ring in
the satellite images in fig-
ure 871 The area is almost
an extension of the spiral
of the low circulation. At
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Figure 84: Sounding from Schleswig, Germany, 00UTC, 1st of
September 2015 (A) and 00UTC, 4th of September 2015 (B). Same
description as figure@ [36]

first, it seems that it is more powerful than in Copenhagen, but the intensity was actually

strongest in Copenhagen this morning.

According to SVK, Esbjerg had a single extreme rain event (rain uninterrupted) at Esbjerg

Renseanleeg of 69 mm for several hours, where no cloudburst intensity were recorded under

this event at no time. It was however in Copenhagen. 4 measurements from the capital are in

the top 10 for the most intense measurements of 2015. This applies to 28.67 pum /s at Hellerup
Cemetery, 27.00 um/s at Lygten, 25.67 um/s at Delfinen and 25.33 um /s at Seborg Vandveerk.
Hellerup had the highest intensity, having measured a double cloudburst.

Figure [86/might explain the circumstances of the heavy rainfall events is. 850 hPa temperature
advection (A) and 500 hPa vorticity advection (B) are shown here. This morning in 2015 there
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was weak warm advection above especially Jylland. The wind at Scleswig supports this as it is
veering in the sounding in figure [84B. The heavy rain at Esbjerg could have developed due to
rising air during warm advection according to the qausi-geostrophic omega equation (14).

In Copenhagen, on the other hand, it is more on the border between cold advection and warm
advection. It looks like there is slight cold advection, which could indicate that the wind is
backing with the altitude as stated in the theory in section 2.3.1 - e.g. in relation with a weak
cold front.

In figure 86B, there is a weak PVA at both locations which may indicate that there is an upper
level divergence and thus rising air at the surface (described in section 2.2.3). The highest PVA
values are found above Copenhagen, which may be a contributing factor to the intensities in
Copenhagen becoming stronger than in Esbjerg. This means that at Copenhagen there is the
possibility of convergence and thus the rising of air, which may have been the necessary trigger
for the cloudburst event. At the same time, there are many indications that the water off Kege
Bay has once again been an important initiator as in case 5.
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Figure 85: GFS 300 hPa wind [kn] and relative vorticity [107°s~!]. H is high pres-
sure and T is low pressure. 00UTC, 1st of September (A), 00UTC, 2nd of September
(B), 00UTC, 3rd of September (C) and 00UTC, 4th of September (D). [34]

The satellite images are supported by the radar images in figure [88| which show reflectivity
in the period from 05.25UTC where the first showers are formed until 09.05UTC when the
showers are drawn over Sweden. The radar images have similarities with the cloudburst in
2014. The first cells appeared west of Copenhagen and moved north and northeast across the
central part of the capital. Furthermore, it is noted that in both cases showers are formed in
an area extending from Amager to Men which once again resembles a convergence line in the
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Figure 86: GFS 850 hPa geopotential, black curves [gpdm] and temperature advec-
tion, 06UTC, 4th of September 2015 (A) and absolute vorticity advection, 06UTC,
4th of September 2015 (B). H is high pressure and T is low pressure. [34]

same area. In both cases, the precipitation area drifted over Malmo and Skane.

The most significant difference between the two cloudbursts is the duration. The cloudburst
in 2014 had a duration of about 3 hours from approximately 22.55UTC to 01.55UTC, while the
cloudburst in 2015 only has a duration of give or take 1 hour. For case 5, new cells were formed
upstream of older cells in a reverse wind shear. That does not seem to be the case for the 2015
case where new cells, according to figure 8|in section 2.3.1, must be formed in a forward wind
shear. However, the cloudburst was severe. An official measurement from DMI measured
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34.7 mm in 22 minutes between 07UTC and 08UTC. An intensity that is more than twice the
defined intensity (15 mm / 30 min) for a cloudburst in Denmark. Another difference is that the
cloudburst in 2014 took place at night, while the one in 2015 took place in the morning.

Figure 87: HRI Level 1.5 Image Data - MSG - 0 degree, EUMETSAT [31]. Visible,
channel 0.6 ym. 04 Septebmer 2015, 06UTC to 08.30UTC. The analysis are based on
15 minute intervals - in the figure are the intervals 30 min. The green ring is the

location of Copenhagen and the cloudburst area and the orange ring is the extreme
rain above Esbjerg. A low is marked by the "L”.

In Figure 00| (p. 87), CAPE from the GFS model is shown for 06UTC, 4th of September. It im-
mediately shows there is some CAPE in the area above Copenhagen that may have given a
sufficiently unstable troposphere. The CAPE values agrees with the sounding from Schleswig
in figure |84 with no CAPE values. On the contraryis the CAPE values in Copenhagen at the
given time is approximately 200 Jkg~!. A sounding from Greifswald, in northern Germany,
12UTC, figure 91}, actually has a similar amount of CAPE. Around noon the same day as the
cloudburst, heavy showers formed southeast of Greifswald, which lies in a line that reaches
the southern Sweden with the showers that previously ravaged Copenhagen. It is not incon-
ceivable that the air mass in Copenhagen may have resembled the air mass in Greifswald. In
the sounding, there is only a very small value of CIN, which might mean that the showers can
be formed spontaneously. The convective temperature in the sounding is around 18°C. It does
not take much for showers to form if air temperature is rising. A moderate 0-6 km wind shear
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of about 15 m/s gives indications that multicells can form (see figure [7), while for the entire
troposphere there is a wind shear of about 20 m/s. LCL is present at an altitude of 900 hPa
while LFC is at around 890 hPa. EL is at an altitude around 470 hPa, which is a little distance
from the tropopause at around 250 hPa. Just like 2014 as well was a distance away. The indexes
in Greifswald indicate a marginally unstable troposphere with widely scattered thunder cells.
Hypothetically, a sounding in Copenhagen could have looked like this in Greifswald.
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Figure 88: Reflectivity (dBZ) from the radar at Stevns in the period 05.25UTC to
09.05UTC 4th of September 2015. The radar images are generated by Thomas
Bovith, DMI.
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Composite reflectivity 2015-09-04 0800 UTC It can be assumedl as in the case
from 2014, that there have been lo-

dBZ cal trends that led to forming of
20 cloudbursts over Copenhagen this
80 early autumn. This case shows
70 : : .
65 a greater low circulation during
60
55 deepening on the anticyclonic side
45 of the jet stream and later during
33 filling in the North Sea on the cy-
25

20 clonic side of the jet stream. Here
10 strong showers were formed down-
0 stream in the filling phase. It resem-
bles a multicell system, but where
the showers were not formed up-

stream on the gust front of the old

Figure 89: Reflectivity (dBZ) from the Danish radar net- cells as the system was relatively

work 08UTC 4th of September 2015. The radar image are
generated by Thomas Bevith, DML

fast. Since the propagation vector
and the cell motion vector (see fig-
ure2Tlfor the idea behind these vec-
tors) have had the same direction
related to a forward wind shear. But despite that, there was a heavy cloudburst event sev-
eral places over Copenhagen this autumn day.

This cloudburst is an ex-
ample that cloudbursts in

certain circumstances can h A\ '- 3200
. ; I . 3000

occur in a low pressure - . 2800
¥ =S B 2600

. 11 . . r w 2400
during filling, which is |{ P 2200

otherwise mostly seen in W& BT 1800
winter, and that cloud- . " J : 10D
bursts often happen very | ! / =i e 1300
locally. Based on radar [ K 5 ' 1H 1 oo0
images, it was assumed
that the heaviest precip-
itation was measured at
Esbjerg due to warm ad-

vection, but it turns out

Lifted Index [K], Mixed Laysr Conwestive Available Potential Energy 'ML CAPE' [J/kg]

that CIOUdburSt lntenSIty Freitag, G4-09-2015 C©F UTG {GFS)  {Analyse) @www wetter3. de

was only measured at
Copenhagen, which can Figure 90: GFS CAPE [Jkg~'] and lifted index [k]. 06UTC, 4th of

be attributed to CAPE and  September 2015. [34]

PVA, but also a weak

wind shear in the troposphere.

In addition, the cloudburst in 2015 differs from the other cloudbursts. Where the 6 other cases
happen during the afternoon and late evening, this cloudburst event happens in the morning
- and as the only one in September. In the table in appendix C of the strongest cloudbursts
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registered by SVK in Denmark in the period 1984-2019, there are only two that fall outside the
summer months - one in May and one in September (see figure B2).

10184 Greifswald
100

SLAT 54.10
\J SLON 13.40
SELY 2.00
SHOW 2.09
N\ \?;/ LIFT -044
LFTV -047
SWET 154.9
> KINX  27.30
CTOT 2540
200 NS VTOT 27.10
TOTL 52.50
g/ CAPE 2064
\§/ CAPY 2326
CINS  -1.04
g CINV  -0.19
EQLY 468.0
300 »/ EQTY 4682
§/ LFCT 888.3
LFCV §94.9
. BRCH 14.58
400 BRCV 1643
LCLT 2680.2
97/ LCLP 9016
LCLE 308.8
500 < $/ MLTH 288.7
MLMR 7.08
600 ﬁ/ THCK. 5444,
PWAT 20.67
700 i s
7 1+
800
900 gt vJ/
1000 | ) =4 =
-40 -30 -20 -10 0 10 20 30 40
12Z 04 Sep 2015 University of Wyoming

Figure 91: Sounding from Greifswald, Germany, 12UTC, 4th of September 2015.
Same desription as figure

Unfortunately, it is probably impossible to pinpoint the exact circumstances for the cloudburst
in 2015, as well as in 2014, when the lack of soundings makes it difficult to describe the right cir-
cumstances, but there has probably been - just like in 2014 - a convergence line and orographic
conditions, such like the land/sea distribution for Copenhagen, that have caused cloudburst
events this morning to occur.

Overall, the same low circulation causes a series of incidents in both Holbeek on the 31st of
August, floods in southern Norway as well as the heavy rain in Jylland and the cloudburst in
Copenhagen on 4th of September.
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5.7 Case 7: 14th of June 2019, the Tornado in Aabenraa, 14.30UTC

On Friday 14th of June 2019, Denmark was hit by a severe thunderstorm that swept over large

parts of the country. Especially one place in the country, the situation developed into something

that is very rare in Denmark. In a parking lot at Aabenraa Hospital, cars were reported to have

flipped. The messages

sounded on a landspout,
but previous analyses de-
scribe this phenomenon
as a real tornado
[22].

The weather map from
14th of June, 12UTC, fig-
ure 92, shows the weather
situation on this summer
day. A greater low cir-
culation west of Scotland
dominates the weather in | /
northwestern Europe, while N N

L :

a SeCOI’IdaI‘y low in the 500 hPa Ge;:;potanﬁul [gpdu‘m]‘ Elodedruck [hPa], relative Topagraphie HS30-H1020 [gpdam]

Freitag, 14-08-2019 12 UTG {GFS)  {Analyse) @www wetter3. de

south of France helps to

establish a frontal zone Figure 92: GFS 500 hPa geopotential, black curves [gpdam] and

marked in the satellite im- surface pressure, white curves [hPa]. H is high pressure and T is
ages (figure[0d) as a warm low pressure. 12UTC, 14th of June 2019. [34]

front, separating the cool

air from the low circulation to the west-northwest and
warm air to the southeast. Furthermore, there is a high
east of Denmark over the Baltic Sea. Between the two pres-
sure systems, warm and humid air flows from the south
and southeast above Denmark, while in the height there is
a south-westerly flow which will be described later. The
satellite sequence in figure[94/shows cumulonimbus clouds
above Denmark to the southwest, which are constrained
to the northeast by less convective showers of clouds over
Sweden. A high over the Baltic Sea contributes to the fact
that the warm air mass has a movement to the northwest,
where it collides with the air mass from the low. To the east
of the frontal zone, the high forms a cloudless belt, which is
replaced even further to the east by unsettled air with nu-
merous CBs, some of them can be sensed rightmost in the
satellite images and in appendix H (figure [IT1).

Figure 04 and the radar image in figure 98 (p. 89) there is
shown thunder cells in most of Jylland, but it appears that
the potential for cloudbursts is smaller in the northern part

Figure 93: Screenshot of a video

of the tornado taken by Christian
Fredsholm.

of Jylland than in the southern part of Jylland. A hook echo-like structure can be sensed in
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Aabenraa in figure where tornadoes are often formed according to [22].

The radar images in figure @ (p- 92) shows radar images in a 10-minute resolution, with the
shower area pulling up from the southwest. From 13.35UTC, the intensity increases in the
south-eastern corner of the precipitation field, where the satellite image at 14UTC shows that
an anviﬂ is being formed in relation with the cell development in southern Jylland. In the
period 14.15UTC to 14.25UTC, the thunder cell almost splits in two and forms, as mentioned
before, a hook echo-like structure. The precipitation is heaviest above Aabenraa at 14.35UTC.
During this time a tornado was filmed by a motorist, depicted in figure Shortly after, the
cell structure is about to disintegrate.

Figure 94: HRI Level 1.5 Image Data - MSG - 0 degree, EUMETSAT [31]. Visible,
channel 0.6 ym. 14th of June 2019, 12.30UTC to 15UTC. The analysis is based on
15 minute intervals - in the figure are the intervals 30 min. The orange ring is the
location of Aabenraa. A high is marked by the "H”, but is found a little bit out of
the images indicated by the yellow arrow. The red line are the warm front.

12Gee section 2.3.3 for a description of an anvil
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In figure the PW val-

ues for 14th of June, 18UTC i
The figure ™
shows high values of PW

are shown.

from Germany and over
That day, there
was actually a streak of o

France.

powerful thunder cells in
the area. Meanwhile,
radar images also show
powerful thunder cells in g
the eastern Europe in the
area with high PW values.

Both situations are indi- 35N

cated in figure in ap-

pendix H. However, there
are not as high values of
PW in Denmark. This
may be because the air is
colder in Denmark due to
the colder and drier air

“b'mml' 10E

Columnar Precipitable Water (k

6/14/19 18z to

15 20E 25 30E 5 4OE  45E 0

g/m*2 Composite Mean
6//14)19 18z

NCEP/NCAR Reanalysis

Figure 95: Columnar precipitable water, composite mean in the
units of kg/m?.

from the low circulation above Scotland in figure (92| and thus the air mass must contain less

moisture than further south. It can be sensed in figure 95| there is a tongue of humid air above

Denmark, while the clear and dry high pressure weather over the Baltic Sea is quite clear, cf.

the satellite images. The PW values thus show that there is potential for strong thunder cells to

be formed above Denmark this day.

Compared to the other cases de-
scribed in the previous analyses, the
precipitation is not as remarkable as
when there were no floods or def-
inite damage apart from the cars
mentioned in the parking lot. A
raingauge from Kliplev registered
10.6 mm measured in 11 minutes
(see figure @, which is actually
an intensity equivalent to twice as
much as a Danish cloudburst (15
mm in 30 minutes). This shows
that there was heavy rain in relation
with the thunder cell, but the thun-

12

o

@

s

N

13UTC

Precipitation, Kliplev

14UTC

B Kliplev, precipitation (mm)

15UTC 16UTC 17UTC

M Kliplev, precipitation (minutes)

Figure 96: Precipitation (mm), blue bar. Minutes of rain,
orange bar. Data: DMI.

der cell itself was like a “sprinter”, which did not result in large amounts of precipitation.

Figure 99 (p. 93) depicts a sounding from Schleswig displaying a saturated layer from 700 hPa

to 630 hPa before a rapid drying around 630 /Pa occurs. It can be argued that the troposphere

is convective unstable at that time because the troposphere is dry in the middle layer from 630
hPa to 425 hPa due to the dry intrusion.
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Figure 97: Reflectivity (dBZ) from the radar at Reme in the period 13.15UTC to
15.05UTC 14th of June 2019. The radar images are generated by Thomas Bevith,
DML

The lifting curve for the Schleswig sounding has a surface temperature of 22.8°C, where the
LCL is found at 826.8 hPa and the LFC at 729.1 hPa. This means that CIN is a necessity to
create the necessary lift according to the theory in section 2.2.3, but at the same time you can
see that it does not require much for spontaneous showers to occur in the area, as the convective
temperature is around 24°C.
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EL is at a height of about 614.4 hPa
where a dry intrusion occurs, which
in this case does not give much
more than cloud tops at an altitude
of 4 km.

The indices LIFT, SHOW, KINX and
TOTL in fiugre show only a
marginal unstable atmosphere with
a small chance of the formation of
scattered thunder cells. A more pro-
nounced factor in this case is the
presence of a significant vertical 0-
6 km wind shear of about 23 m/s
which meets a necessary condition
for the formation of supercells as
stated in figure[7] At the same time,
the sounding shows that the wind is
veering with the height, which indi-
cates the presence of warm advec-
tion (see section 2.3.1).

Composite reflectivity 2019-06-14 1430 UTC

dBZ

Figure 98: Reflectivity (dBZ) from the Danish radar net-
work, 14.30UTC, 14th of June 2019. The radar image are
generated by Thomas Bevith, DML

The total wind shear in the entire troposphere is registered to be between 40 to 45 m /s, which is
underlined by figure 100 which shows the forecast for 14UTC for winds in 500 #Pa (A) and 300
hPa (B) as well as the air pressure at sea level. In the model, the most significant wind shears

10035 Schleswig

are in a band from west-
ern Jylland to Schleswig,

100 16490
X

SLAT 5453 .
SLon 355 where the mentioned 23
2o m/s is the wind speed

LFTY 1.84

200

SWET 1259 gt 6 km altitude above

KINX  27.90
CTOT 19.70

vior 2670 Schleswig. There is warm

TOTL 4640
CAPE 61.09

caev nor - advection above Denmark

CINS -77.0

ti i as seen in figure [I0T)

300

EQTY 605.8

tret 7231 12UTC. The directional

LFCY 7342

BRCH 0.83 .
ercv 0% shear that occurs in rela-

400

LCLT 2788
ek 3% tion with the warm advec-
500 MLTH 2944 . . .
MLMR 7.02
600 ‘ , mmr 702 tion can in special cases
N\ VA XN PWAT 2158 .
700 Koss 7N lead to the formation of
800 [ [ Vi a rotating buoyancy - a
900 [ 7 “— < VA4 . .
1000 B ZS 5 RV //;7((, 2 /Jlm/; fods mesocyclone [22] which is
-40 -30 -20 -10 0 10 20 30 40 also described in section
12Z 14 Jun 2019 University of Wyoming 231

Figure 99: Sounding from Schleswig, 12UTC, 14th of June 2019. In figure [100B, there are

Same description as figure @ [36]

two currents in particu-

lar that are worth noting.

One is an elevation trough across the North Sea that is upstream of the large low circulation

over Scotland (figure(92) and through extends southeast to the northern Germany:.
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Figure 100: (A) Forecast 14UTC from the weather model TIT, 14th of June 2019.
Dotted lines show air pressure at sea level with 2 hPa intervals. The colors show
wind in 500 hPa and wind barbs are WMO standard. (B) As figure A but for 300

hPa. [13]

The second is a jet streak
that stretches from the
North Sea coast of the
Netherlands to Sjeelland
with a wind maximum
over the northern part of
Germany. The mentioned
wind maximum seen in
A is located downstream
of the axis of the ridge.
In both the height trough
and the jet streak, the
wind is sheared more than
20 m/s - which character-
izes the formation of su-
percells (figure 7).

Figure shows the rel-
ative vorticity in 300 hPa,
where relative vorticity
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Figure 101: GFS 850 hPa geopotential [gpdam] and temperature
advection. H is high pressure and T is low pressure. 12UTC, 14th
of June 2019. [34]

values higher than 2 indicate stratospheric air. It means that the trough is probably located

around the tropopause or in the stratosphere. In addition, around the jet axis figure (I00B there

is a shift from stratospheric air on the north side to tropospheric air on the south side of the

jet axis. The dry intrusion from the Schleswig sounding is probably of stratospheric origin in

relation with a tropopause fold.
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A cross section perpendic-
ular to the jet axis in fig-
ure from an analy-
sis made by Niels Woet-
mann Nielsen [13] con-
firms this hypothesis of
a tropopause fold. In
figure the tropopause
fold is seen as the blue
area that is dry and cold
air from the stratosphere
that penetrates into the
troposphere, where the
tropopause can be de-
scribed as the boundary
between blue and yellow.
The jet core is seen at
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Figure 102: GFS 300 h1Pa wind [kn] and relative vorticity [1079s71].
His high pressure and T is low pressure. 14th of June 2019, 12UTC,

300 hPa at a speed of 51
m/s around 54.25N and

1st of September [13]

10.38E. It appears that the troposphere is lower in the trough to the left of the jet core than

to the right of the jet core, where the troposphere is considerably deeper due to a warmer air

mass.

The fact that a tornado was formed, cf. the
eyewitness account in figure 93] emphasizes
that it may be that a supercell was formed
over Denmark on this summer day. The col-
lision of warm and humid air form southeast
and dry and cold air from west, provided fa-
vorable conditions for an unstable air mass
with the possibility of strong thunder cells
over Denmark and where a jet streak was
formed on the jet stream axis in the bound-
ary zone of the two air masses. The largest
chance for the development of a supercell
was in the left exit area of the jet streak in the
southern part pf Jylland, where a dynamic lift
in the form of low level warm advection, rel-
atively high PW-values and a strong vertical
wind shear have been contributing factors to
the formation of what was probably a low-
topped supercell. The radar images makes
the developmental stage of a low-topped su-
percell likely to be in the left exit area of the
jet streak and furthermore shown a hook echo
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Figure 103: Forecast 14UTC from the weather
model TIT, 14th of June 2019. A vertical cross
section perpendicular to the jet axis at 300 hPa.
Shows the relative humidity (colors) in %. The
wind component is perpendicular to the cross
section in 2 m /s intervals. [13]

like structure, which is characteristic of supercells. A low-topped supercell is a miniature ver-
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sion of supercells as seen in the USA and where the cloud top does not reach the same height
due to a lower troposphere, see section 2.3.4 for a more detailed description of low-topped su-
percells. The EL in the sounding in figure (99 underlines this statement, where the EL is at a
height of approximately 4 km and cut off the buoyancy and then give a low-topped supercell.
Due to a strong vertical wind shear over the southern parts of Denmark is likely that a tornado
(see section 2.4.1 for the theoretical background for tornadoes in a strong wind shear) has been
able to develop in a low-topped supercell. In figure[93| a photo of a rotating trunk is shown at
the same time as heavy precipitation in the supercell. Therefore, it is highly probable that there
was a mesocyclonic tornado in Aabenraa, which is an extremely rare case in Denmark. This
tornado event is included in the analysis due to the cloudburst intensity in figure [96|- despite
the more sparse amounts of precipitation.
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6 Discussions and Conclusions

The analysis of section 5 shows that cloudburst events in Denmark do not always occur un-
der the same conditions. Local conditions are often the decisive trigger for cloudburst. Nev-
ertheless, there are in the analysis some common characteristic for cloudburst formation in
Denmark. Including the instability in the troposphere, the amount of water vapor in the tropo-
sphere and quasi-geostrophic forcing.

All cases are phenomena in the summer season primarily due to the higher content of water
vapor and high temperature differences up through the troposphere. The high water vapor
content, represented by high PW-values in the analysis, provides better conditions for the for-
mation of convective clouds and subsequently cloudburst. The trends of table [3|in appendix C
with the 43 most powerful cloudbursts in Denmark from SVK, show that heavy rainfall in Den-
mark is associated with the summer season. This agrees with figure 32| that shows that there is
a predominance of cloudbursts in June to August, with May and September on the flanks and
where August has the most cases.

Typically, cloudbursts in Denmark occur in the late afternoon or evening hours due to the phase
shift. This means that as the sun rises higher in the sky, the showers can start to bloom due to
convection, and then reach maximum intensity at the end of the day. A cloudburst will typi-
cally occur in relation with two different air masses. From the case analysis, we can see that
in Denmark this is happen with warm and humid air (associated with high values of CAPE)
from east and southeast due to a high pressure system over the eastern part of Europe, and a
flow from the North Sea with cold and dry air coupled with a low pressure system on synop-
tic plane. The transition zone between the cold air mass from the through and the warm air
mass from the ridge is associated with potential or conditional instability in the troposphere.
The instability in combination with quasi-geostrophic forcing such like differential advection
of relative vorticity, warm advection, diabatic heating, jet streaks or/and orography forcing are
favorable triggering parameters for cloudbursts in Denmark.

Thus cloudburst events are formed in the boundary zone between the air masses, i.e. the cloud-
bursts seem to organize themselves in bands in the warm air along frontal zones, including
convergence zones which is also an option cf. case 5 or in the WCB in case 2. These frontal
zones occur in most of the cases in connection with a low pressure west of Denmark, which
during deepening creates favorable conditions for thunder cells to develop downstream of the
trough.

Once the cells are formed, the wind conditions play a decisive role in how the cells move and
in how severe the rainfall is. A classic example is case 4, when the cells were almost stationary
over Copenhagen due to a reverse wind shear. Also case 5 and 6, which in many aspects are
similar to each other with a presumably orographic forcing with the land /sea distribution and
the showers were formed out over the sea off Koge Bay and along a convergence line drifted
over Copenhagen. However, they became very different in time, as a reverse wind shear made
the system almost stationary across Jresund in case 4, while it drifted faster in case 5 due to a
forward wind shear.

Case 6 is different from the others, as this one occurs in the morning. The fact that there are
generally more cloudburst events in the afternoon is because the temperature in the afternoon
hours more easily reaches the convective temperature and thus there is a greater probability
that cloudbursts can occur spontaneously.

97



In addition, the cases confirm that severe rainfall events require a moderate to strong wind
shear according to figure [} with the strongest events in Denmark on the border between a
moderate wind shear and a strong wind shear. The only low-topped supercell in the thesis in
case 7 in the southern part of Jylland was formed during a strong wind shear along a triggered
jet streak. This case shows that a strong wind shear provides favorable conditions for torna-
does to form, which is what the theory tell us in section 2.4.1.

The connection between the various events is thus a moderate wind shear that helps forming
multicell systems which can be stationary under the right conditions, including wind condi-
tions (reverse wind shear) in combinations with forcings and then cause thunder cells with
cloudburst intensity. Incidentally, none of the cases were designated as a single cell.
Copenhagen and southern Jylland looks like two particularly vulnerable places due to the lo-
cation of the 7 cases. It must be noted here that e.g. in Copenhagen there is a much larger
network of raingauges that can distort the picture, but looking at the climate atlas from DMI,
which will be briefly put into perspective in the next section, Copenhagen is actually one of the
places where the amount of cloudbursts will have the largest increase with a high CO, level in
the future.

An important tool in analysis of cloudburst cases is the local soundings, because they provide
valuable measurements for vertical profiles of the troposphere, so that better criteria for cloud-
burst potential can be established. To formulate an overall description for the formation of
cloudbursts in Denmark, analysis of all cloudburst events would be required, which there was
neither time or space for in this thesis. With that said, the analyses in this thesis can help pro-
vide insight in how cloudbursts are formed and develop.

Allin all, the conclusion for cloudburst formation in Denmark is that the right conditions must
be met at a synoptic level with two different air masses meeting, which under the right stability
conditions and wind conditions in combination with quasi-geostrophic forcing in connection
with forcing in extratropical cyclogenesis can develop into cloudburst. The classic example
derived from the analyzes is a low pressure system over the North Sea or the British Isles and
warm and humid air from a high pressure ridge east of Denmark, where in a frontal zone as-
sociated with the low there can be thunder cells which later can be a cloudburst. However, it is
local conditions that become the decisive trigger, e.g. the convective temperature, a jet streak,
ocean/land distribution or convergence zones. Precisely these local conditions make it difficult
to predict these events, but just as much to make completed analyzes.
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7 Perspective Words About Cloudburst in a Future Climate

The analyzes in section 5 show that local circumstances are the decisive trigger for the forma-
tion of heavy rainfall events. In a warmer future climate, cloudburst incidents in Denmark will
become more frequent - and this is despite the fact that the summers will be drier [52]. This
is shown by DMI’s climate atlas, which makes an overall data base for the future climate in
Denmark.

In figure[104} the percentage change
of cloudburst is shown by a medium
CO; level (blue) and a high CO;
level (red) resp.. The reference pe-
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Figure 104: Percentage change in the frequency of cloud- greenhouse gases in the atmo-

bursts in Denmark with the reference period 1981-2010 sphere.
and the future periods 2011-2040, 2041-2070 and 2071- At the end of the period, 2071-
2100 in the scenarios RCP4.5 and RCP8.5. The expected
change at the end of the century for RCP8.5is 70 % (20 to

150 %). [52]

2100, RCP8.5 expects a percentage
increase in cloudburst events of 70
% with an uncertainty of 20 to 150
%, while RCP4.5 expects an increase
of 44 % with an uncertainty of 7 to 106 %. There are thus clear indications that the number of
cloudbursts per. years will increase on average. The uncertainty is very high in the different
scenarios. Thus, the future scenarios have that there may be more cloudbursts in 2040 at a
medium CO; level than can be done in the year 2100 at a high CO, level, if the uncertainties
are kept in mind. Therefore, one must be careful when looking at these values. However, it can
be argued that the major changes do not occur at a medium CO; level, while there are slightly
clearer trends for more cloudbursts at a high CO, level.

The fact that there will be more cloudbursts in the future is not surprising, as studies show
that the intensity of extreme rainfall will increase remarkably at higher temperatures, partly
because convective plumes can receive more moisture from the surrounding atmosphere when
the temperature rises [50].

However, there are variations nationwide. Figureshows the change in the number of cloud-
burst incidents in the municipalities. At RCP4.5 (A), the largest changes are expected to occur
in the southern part of the country and especially in the western part of Jylland, while at RCP8.5
(B) it is especially the capital area and areas in northern Jylland that can change in the number
of cloudbursts with an increase of 80 %. What is behind these differences is a bit unclear - and
statistically, according to DMI, there is no basis for saying that cloudbursts hit one place more
than others.
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Therefore, it may be questioned how well the climate atlas works. An example is two neighbor-
ing municipalities. As concluded in section 5, cloudbursts hit very locally. But as can be seen
from figure [I04A, there may be a difference between two municipalities that border on each
other. E.g. has the climate atlas that at a medium CO; level there is a greater increase in the
number of cloudbursts in Herning municipality in Jylland than there is in Viborg municipality,
which are border municipalities to Herning. Why this difference? And why are the large dif-
ferences almost offset national by a high CO, level? There is not much evidence to say where

more cloudbursts immediately hit than elsewhere.

A Skybrud = B Skybrud S
Middel CO2- ! Hejt CO2- E
niveau (RCP4.5) = niveau, RCP8.5 =

Figure 105: The percentage change between 1981-2010 and the future period 2071-
2100 in the frequency of cloudburst precipitation over the year for the whole of
Denmark in the scenario RCP4.5 (A) and RCP8.5 (B). Background map (©) The Dan-
ish Agency for Data Supply and Efficiency. [52].

However, there may be something about Copenhagen being additionally exposed to cloud-
bursts, as was mentioned in the conclusion. Near Copenhagen, there is a significant sea-land
distribution, where the wind meets different resistance depending on whether it is above water
or above a large urban area as Copenhagen where there is greater resistance due to buildings.
Additionally, Copenhagen has a heat island effect that makes it easier to trigger cloudbursts
over the capital than anywhere else in the country, but it requires a larger database and a dif-
ferent project focus to reach conclusions on this subject.

Taking the change in cloudburst events into account, there is a basis for addressing analysis in
the future within the topic of cloudbursts, so that we will have an easier way to adapting to the

climate which will offer more extreme cloudburst events.
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8 Appendix

8.1 Appendix A: Abbreviations

CAPE
CAPPI
CIN
DMC
DMI
EL
EUMETSAT
GFS
HRV
HRI
IR
KINX
LCL
LEC
LIFT
LPP
MCS
MFG
MSG
NCEP
NCAR
NPP
PVA
PW
RHS
RCP
SEVIRI
SHOW
SMC
SVK
TOTL
VIS
WCB
WMO
\4'AY%

Convective Available Potential Energy
Constant Altitude Plan Position Indicator
Convective inhibition

Deep Moist Convection

Danish Meteorological Institute
Equilibrium Level

European Organization for the Exploitation of Meteorological Satellites
Global Forecast System

High Resolution Visible

High Resolution Image

InfraRed

K-index

Lifted Condensation Level

Level of Free Convection

Lifted Index

Linear Perturbation Pressure

Mesoscale Convective System

Meteosat First Generation

Meteosat Second Generation

National Centers for Environmental Prediction
National Center for Atmospheric Research
Non-linear Perturbation Pressure

Positive absolute Vorticity Advection
Precipitable Water

Right Hand Side

Representative Concentration Pathway
Spinning Enhanced Visible and InfraRed Imager
Showalter Index

Shallow Moist Convection
Spildevandskomiteen

Total Total Index

Visible

Warm Conveyor Belt

World Meteorological Organization

Water Vapour
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8.2 Appendix B: Low-Topped Supercell

Figure 106: Low-topped supercell north of Topeka, close to Kansas City, USA. A

tornado was produced to the left. Photo: James Wilson, https://stormtrack.org/

|community/threads/low— topped-supercell-produces-tornado. 30748/|
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8.3 Appendix C: The 43 Largest 10-minutes Intensities, 1984-2019

um/s mm /min | Date Locality

52.00 3.12 02-07-2011 Ishgj Varmevaerk

48.67 292 23-06-2016 Aroskebing Renseanleeg

45.00 2.70 27-08-2011 Malov Renseanleeg

42.33 2.54 11-07-2008 Copenhagen

41.67 2.50 22-05-2014 Jelling

41.33 2.48 15-07-2009 Sulsted

40.67 2.44 21-08-2006 Norresundby

40.33 2.42 02-07-2011 Lygten

39.67 2.38 02-07-2011 Delfinen

38.00 2.28 02-07-2011 Avedorelejren

38.00 2.28 26-08-2011 Odense Korup

38.00 2.28 09-06-2017 Vejle Pumpestation

37.33 2.24 02-07-2011 Lygten

37.00 222 29-07-2016 Odense NV Renseanleg

36.67 2.20 07-08-2019 Vejle Centralrenseanlaeg

36.67 2.20 02-07-2011 Klovermarksvej

36.67 2.20 21-06-2005 Skive

36.00 2.16 14-07-2012 Holbaek Renseanleeg

35.67 2.14 02-07-2011 Brendbyvester Vandvaerk

35.67 2.14 02-07-2011 Elmegarden

35.48 2.13 23-09-1988 Viby, Jylland

35.33 212 07-08-2019 Vodskov

35.33 212 18-06-2012 Renne C

34.67 2.08 11-08-2007 + 14-06-1997 Brondby + Senderborg

34.33 2.06 11-08-2007 Copenhagen

33.67 2.02 30-07-2017 Slagelse Centralrenseanleeg

33.33 2.00 10-08-2019 Kalundborg + Hornbaek

33.33 2.00 07-08-2005 + 10-12-1987 Tarnby + Herning

33.00 1.98 10-08-2009 Gistrup

32.67 1.96 01-08-2002 + 02-08-2000 Mosede + Slagelse

32.33 1.94 30-07-2019 Viborg + Horsens

32.33 1.94 04-07-1988 + 01-08-1996 + 04-08- | Sulsted + Holbeek + Ishej
1997

32.00 1.92 29-07-1986 + 23-06-2007 + 19-07- | Copenhagen + Vejle + Jyllinge +

2012 + 25-07-2016

Frederikssund

Table 3: The 43 largest mean intensities over 10 minutes, 1984-2019, calculated for
all stations from SVK [1]]
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8.4 Appendix D: Locations

a
KoId!r{JgJRe@ggﬂaEg

Esbjlerg
Aabenraa

19

- Grasten

Figure 107: Different locations in Denmark mentioned in the analysis. The map is
from Google Earth.
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8.5 Appendix E: Sounding in the warm air, 1997

12120 Leba
100 1EE50-m
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’ j SWET 97.12
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200 (s s
CAPE 5713
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Figure 108: Sounding from Leba, Poland, 12UTC, 30th of June 1997. Same describ-
tion as figure 36| This sounding was farther inside the warm air this day and thus
had higher values of CAPE than the sounding in Jeegersborg (figure @
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8.6 Appendix F: Jet Streaks

Jet streaks are a local wind maximum on the jet stream. Jet streaks can be a contributing factor
to trigger severe thunderstorms and are often associated with troughs or ridges. Jet streaks can
have wind speeds of more than 50 m/s.

The reason why a jet streak may be a favorable condition for thunderstorms to develop is the
rising air associated with the jet streak. Somewhere in a jet streak is more favorable for the
rising or sinking of air. Upper level convergence results in sinking motion and upper level
divergence results in rising motion. Convergence and divergence are the results of an imbal-
ance of forces when an air parcel accelerates in a jet streak and later accelerate out of the jet
streak again. Figure [109 shows divergence and convergence below a stragiht jet streak (A),
cyclonically jet streak (B) and anticyclonically jet streak (C) respectively.

A

Figure 109: Divergence and convergence for a straight jet streak (A), a cylonically
curved jet streak (B) and a anticyclonically curved jet streak (C). Photo: https:
//www.estofex.org/guide/1_3_2.html.

Based on quasi-geostrophic arguments, it can be argued that in a jet streak, air rises in the right
entrance area and left exit area, while air sinks below the left entrance area and right exit area.
During temperature advection, the ascent areas during warm advection will move closer to the
jet axis and further away from the jet axis during cold advection. The opposite applies to the
subsidence areas. The result is that thunderstorms will most often occur in the right entrance
region.
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8.7 Appendix G: Extratropical Cyclones

Extratropical cyclones (also called mid-latitude cyclones) are a large low-pressure system with

clouds, rain and strong winds. in contrast to DMC, the vertical motion in an extratropical

cyclone is much weaker. Typically air parcels enter at the surface and reach the top of the
cyclone at the tropopause after 1000 km.

Extratropic cyclones are divided
into primary and secondary cy-
clones. The primary lows occur
in large baroque zones and have
a slow development from 2 to 4
days. They have a large horizon-
tal scale. The secondary lows oc-
cur along fronts and develop faster,
typically within 1 to 3 days and
have a small horizontal scale, about
1000 km. le. extratropical cylones is
a shallow phenomenon with a verti-
cal to horizontal dimension of 102
(10 km /1000 km), whereas e.g. cu-
mulosnimbus clouds are of the or-
der of 1 (10 km /10 km).

The deepening of an extratropical
cyclone is a result of the conversion
of available potential energy into ki-
netic energy. This conversion leads
to a lowering of the center of the
air mass involved in the extratopi-
cal cyclogenesis. Intensification of

Creat =
Britain

Figure 110: Extratropical Cyclone over the United King-
dom. Photo: NASA Earth Observatory image by Jesse
Allen, using data from the Land Atmosphere Near real-
time Capability for EOS (LANCE).

extratopical cyclogenesis can occur by release of latent heat in the rise of warm and moist air.

Extratopical cyclogenesis is a type of instability that involves positive feedback mechanisms

between advective and diabatic processes in the atmosphere and can be described with the

quasigeostrophic approximations [51].
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8.8 Appendix H: Thunder cells in Europe on 14th of June 2019

Mmf}(d GPERA ey, Reflediviiy 2016-06-14 14:30 UTG

"J'? Q

NSNS NS U SCNSCESUT

[~
BT

= O A Lo P

b

Figure 111: Reflectivity (dBZ) from the European radar netowork, OPERA, 14th of
June 2019, 14.30UTC. The radar image are generated by Thomas Bovith, DML
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