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Abstract

The impact of land-surface properties like vegetation, soil type and soil moisture,
and the orography on the atmosphere is manifold. On one hand, these features
determine the evolution of the atmospheric boundary layer, in particular, the con-
vective conditions and further the exchange of mass, momentum, heat, and hu-
midity with the free troposphere. Subsequently, the land surface also influences
the pre-convective environment. On the other hand, land-surface heterogeneity
results in the spatial variability of the land-surface parameters, which often leads
to thermally-induced circulations and associated convergence zones in the con-
vective boundary layer. These, in turn, act as trigger mechanisms for convective
clouds and precipitation. That means in simulations, the distribution and amount
of clouds and subsequent precipitation depend on the resolution of land-surface
and model grid spacing (A) alike. Therefore, the focus of the study is to (i) com-
pare areal mean precipitation for different model grid spacings and land-surface
resolutions, (ii) analyse reasons for their differences, (iii) investigate spatial pre-
cipitation patterns, and describe relevant trigger mechanisms of convection.

The impact of model grid spacing and land-surface resolution on convective pre-
cipitation is investigated within the framework of the HD(CP)? project (High
Definition Clouds and Precipitation for advancing Climate Prediction). For that
purpose, geographical areas with different types of complexity in the orography
and considerable number density of lightning strikes (deep convection) are selec-
ted. The areas are: the flat terrain near Berlin (A1), the isolated Harz mountain
range in central Germany (A2), and the complex terrain, the Black Forest moun-
tains (A3). Six suitable days with weak large-scale forcing but a considerable
number of lightning strikes are chosen. ICOsahedral Nonhydrostatic (ICON) sim-
ulations in large eddy model setup have been performed using six model grid
spacings: Numerical Weather Prediction (NWP) mode (Asgoom, A2s00m), Large
Eddy Simulation (LES) mode (A1250m> A625m»> A312m and Aqsg,,) in a nested do-
main setup (control runs). The A;se,, control run is the reference run. The impact



Abstract

of land-surface resolution on areal mean precipitation and precipitation patterns
has been deduced by reducing the resolution of land-surface properties, e.g. ve-
getation, soil type, and the orography. The differences in simulated areal mean
precipitation are explained through heat and moisture budget calculations. Vari-
ations in the precipitation patterns are analysed by investigating relevant triggering
mechanisms. The source regions of the convective precipitation are identified by
applying a backward trajectory model. To diagnose the turbulent sensible and
latent heat fluxes at the Earth’s surface in the source regions of convection, their
dependence on parameters like orography, soil moisture index, transpiration area
index, and net radiation is determined using the standardised multiple regression
techniques.

The results show that the areal mean accumulated precipitation amount for
most of the cases decreases systematically across the LES grid spacings from
A1250m to Aqs6,,- The relative precipitation difference normalised by the precipit-
ation in the reference run is in the range of -26 to 400 % with the 75th percentile of
155 %. In four out of the six days, Aj250,, results in intenser precipitation patterns
and an earlier onset of precipitation by 1 to 2 hours in comparison to the reference
run. The modification of land-surface resolution from 156 m to 1250 m leads to
variability in the mean precipitation in the range of 17 to 37 % with the 75th per-
centile of 7 % which increases to a range of -17 to 49 % and the 75th percentile
of 22 % with the land-surface resolution of 5000 m. The land-surface sensitivity
experiments show a negligible impact on the onset time of precipitation and the
precipitation patterns. Thus, the modification in land-surface resolution results in
much smaller variability in the areal mean precipitation amount in comparison to
the model grid spacing.

To understand the differences of areal mean accumulated precipitation and
onset of precipitation between the control runs, the heat and moisture budgets are
analysed in detail for one day, for which the relative difference in the mean precip-
itation by A1250,, and Ajsg,,, is ~175 %. Unlike A1250., A156m first shows intensive
evaporative cooling due to the formation of numerous small clouds. Evaporative
cooling is generated at the edge and shell regions of the small clouds. As a res-
ult, the clouds often dissolve before they could grow deep enough to precipitate.
In the subsequent hours cloud aggregation is a crucial step causing precipitation
generation in Ajse .

il
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Concerning initiation of convection, overall the LES grid spacings show the sim-
ilar thermally- and orographically-induced circulations in all areas (A1, A2, and
A3). However, as demonstrated for Al considerable differences in triggering
could occur when the land-surface resolution is reduced down from 156 m to
5000 m. This finding holds when the resolution of 5000 m smoothed out those
land-surface heterogeneities (e.g. lake breezes and urban heat island) which are
responsible for convection initiation at 156 m land-surface resolution.
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1. Introduction and motivation

Clouds are complex bodies because they consist of numerous droplets interact-
ing through a variety of cloud-physical processes. For example, its growth and
dissolution due to evaporation are very complex and take place at a very fine
scale. On the global scale, clouds are one of the largest uncertainties in the
climate projection by models (Bony and Dufresne, 2005; Boucher et al., 2013)
and NWP models (Zhang et al., 2019). Numerical models provide opportunities
to study the different multi-scale processes and their interactions. As the NWP
models at high resolution can resolve the deep convection, the parametrization of
deep convection is not required for model grid spacings of a few kilometres and
finer (Weisman et al., 1997). The convection-resolving simulations of short-range
NWP (Weusthoff et al., 2011) and longer-range projections (Hohenegger et al.,
2008), explicitly resolve the governing nonhydrostatic processes of deep convect-
ive storms. Hence, they perform better than convection-parametrizing simula-
tions. However, the resolved convection and the resulting precipitation on kilo-
and hectometre scale may vary depending upon the embedded resolved (and un-
resolved) processes.

Therefore, the selection of suitable model grid spacings to study deep con-
vection, clouds, and precipitation is a difficult task as it poses questions about the
extensive usage of the computational power and the complexity of resolved and
other parameterized processes like turbulence and cloud-microphysics. Convect-
ive precipitation is one of the difficult phenomena to capture in the model sim-
ulation. There are several challenges in the forecast of precipitating convective
events, e.g. the onset time and the precipitation patterns that could be dependent
on the model grid spacing, parameterization schemes, initial and boundary condi-
tions, land-surface resolution, etc. Model simulations are sensitive to the factors
mentioned above; therefore, it should be chosen carefully based on the applica-
tions. With this, the forecasting systems using kilometre to hectometre resolution
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provide insights into the scalar dispersion, city ventilation, cloud modelling and
wind energy production (Liu et al., 2011; Zhu et al., 2010; Taylor et al., 2016).
Concerning moist convection, the processes of Convective Boundary Layer (CBL)
are quite decisive. The CBL properties determine the convection initiation, which
are, e.g. represented by parameters like Convective Available Potential Energy
(CAPE) and Convective Inhibition (CIN). The spatial heterogeneities of the CBL
often generate mesoscale circulations which then act as trigger mechanisms for
convection. The state of the CBL, in turn, is determined by the surface fluxes,
i.e., how the available energy at the Earth’s surface is partitioned into the sensible
and latent heat flux. This partitioning in turn depends on the land-surface condi-
tions (Kalthoff et al., 1999; Western et al., 2002; Koster et al., 2004). Land-surface
heterogeneity results from the variations in land cover and land use across a range
of length scales, i.e. the evolution of moist convection are strongly coupled with
the characteristics of land-surface types (Avissar and Chen, 1993).

The aforementioned factors and processes influence the distribution and amount
of convection, clouds, and precipitation. But the question of characteristic model
grid spacing in conjunction with an optimal land-surface resolution to study the
moist convection processes is still difficult to address as their relative sensitivity
to convective precipitation over scale of a kilometre and hectometre is not well
known. With this overview, the scientific objectives addressed in this thesis are as
follows:

1. To investigate the impact of model grid spacing and land-surface resolution
on clouds and precipitation.

2. To monitor the processes causing different precipitation behaviour across the
model grid spacings.

3. To identify the triggering mechanisms over the grid spacings resulting in
different precipitation patterns.

To achieve the above goals the ICON model has been used in this thesis which
is a crucial motivation of this thesis and allows to test the capability of the new
ICON model. This study focuses on the inter-comparison of locally induced con-
vective precipitation simulated in ICON over a range of model grid spacings and
land-surface resolutions. ICON is a unified model system which is now oper-
ational at Deutscher Wetterdienst (DWD) since January 2015. This model has
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been developed in collaboration with DWD and Max-Planck-Institute for Met-
eorology (MPI-M). It can be run in three different modes depending upon the
application of the users. These modes are: ICON-ECHAM, ICON-NWP, and
ICON-Large Eddy Model (LEM). The details of the general configuration and
model setup are discussed in Chapter 4. ICON atmospheric model in LEM mode
has been used in this study. LEM is a setup in limited area mode with LES turbu-
lence.

Convective precipitation is often localised, intense, and short-lived in nature. To
identify the hot spot areas of deep convection, the number density of lightning
strikes for the summer period (MJJAS) from 2000 to 2018 is investigated, light-
ning being a proxy of deep convection (Leary and Ritchie, 2009). The lightning
data is retrieved from Siemens lightning information service (BLIDS), which is a
part of the European Cooperation for Lightning Detection (EUCLID). The details
of the used lightning data are discussed in Chapter 3. Deep convection preferably
occurs over orographically complex terrain (Kottmeier et al., 2008; Kalthoff et al.,
2011; Barthlott and Kalthoff, 2011). Therefore, depending upon the complexity of
the orography and the associated number density of lightning strikes, three areas
turn out to be most suitable which are: the flat terrain near Berlin (A1), the isolated
mountain range, Harz mountains (A2) and the complex terrain, the Black Forest
(A3).

As the impact of land-surface resolution is expected to be most prominent for
locally induced circulation, the conditions with weak large-scale forcing over the
above-selected areas are chosen. In total six cases are chosen, two for each area,
in this study (Chapter 3). These days have been analysed by performing the ICON
simulations (See Chapter 5 for details of the configuration of ICON simulations).
An overview of the relative impact of model grid spacings and land-surface resol-
ution on convective precipitation is presented (Chapter 6). The reasons for differ-
ences have been analysed using the heat and moisture budgets. The budget com-
ponents have been implemented in ICON in online mode. The budgets infer the
role of heat and moisture in regulating the processes of mass, momentum, heat and
moisture exchange between the Earth’s surface and CBL, and further to free tro-
posphere activated at a particular grid spacing. Furthermore, to identify the source
areas of this triggered moist convection, the backward trajectories are calculated
using the trajectory model LAGrangian ANalysis TOol (LAGRANTO) (Wernli
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and Davies, 1997). LAGRANTO has been adapted for ICON model fields (for
details of LAGRANTO see Section 5.6). The backward trajectories facilitate the
understanding of the conditions of the source region resulting in the formation of
convective clouds (Chapter 7).

To understand the impact of land-surface resolution on precipitation, the sens-
itivity simulations have been performed where the combinations of model grid
spacing (Ap), land-surface properties (L)- and orography (O)- resolution are used
in a way that addresses their relative importance to convective precipitation. This
way, the study contributes to the second phase of the Federal Ministry of Educa-
tion and Research (BMBF) project “HD(CP)? ” which stands for High Definition
Clouds and Precipitation for advancing Climate Prediction. This project focusses
on cloud processes by combining current low-resolution global climate simula-
tions and regional high-resolution simulations. The high-resolution simulations
facilitate the process-based comparisons with observations, which should give an
added value to the understanding of cloud processes. The current work is a syn-
thesis part of the project HD(CP)? . In this part, the land-surface heterogeneity will
assess and reduce the uncertainties of climate models caused by non-resolved sub-
surface processes and its feedback to the CBL, the exchange processes between
CBL and the free troposphere including the cloud development, convection initi-
ation, and precipitation. In the HD(CP)? framework, the present thesis contributes
to the investigations about the impact of the land including sub-surface, vegeta-
tion and anthropogenic structures on the regional climate of central Europe with a
focus on cloud and precipitation development, intensity, and distribution (Stevens
et al., 2020).

This study is not a model evaluation but a model inter-comparison. Nevertheless,
the assessment concerning the plausibility and the more realistic ICON simula-
tions are based on qualitative comparison with observational data.

To summarize the outline: in the next chapter, the literature synthesis of the
various aspects of model strategies and their limitations are presented (Chapter 2).
In Chapter 3, the details of the selection of suitable areas and cases are dis-
cussed. Chapter 4 describes the ICON model system (physics, dynamics and
their coupling) along with its most interesting and related aspects used in this
thesis. Chapter 5 presents the details of the ICON model simulations performed
in this study. It also describes the developed simulation strategy and the traject-
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ory model LAGRANTO. The results from these simulations are split into two
chapters: Chapter 6 discusses the first aim of this thesis which is to investigate
the impact of model grid spacing and land-surface heterogeneity on clouds and
precipitation. Chapter 7 addresses the identified important triggering mechanisms
at the most appropriate grid spacing from all the cases and areas. Ultimately, the
findings are summarised together with an overall conclusion in Chapter 8.






2. Literature synthesis

This chapter provides a literature synthesis of the studies analysing clouds and
precipitation at different grid scales, especially in the numerical simulations. At-
mospheric processes occur at different length scales. Even with the advent of
advanced numerical models with much improved representation of physical pro-
cesses, it is a challenge to decide the optimum model grid spacing, land-surface
resolution, and suitable parameterization schemes which solve the closure prob-
lem of the equation of motion entirely efficiently. The atmospheric and land-
surface based processes play crucial roles in the evolution of convection. There-
fore, modelling and understanding the processes of clouds and precipitation re-
quire the selection of a suitable grid scale. According to the scale definition of Or-
lanski (1975), the relevant scales in this study belong to the meso-f3, meso-7, and
micro-¢, i.e., the atmospheric processes with a characteristic horizontal scale of ~
20 km, 2-20 km, and 200 m - 2 km, respectively whose time scale ranges between
a diurnal period to few hours (Figure 2.1).

Further, Inoue et al. (2008) uses the global cloud-resolving model (Nonhydrostatic
icosahedral atmospheric model (NICAM)) and resolve clouds at a grid spacings
of 3.5 km and 7 km. A thorough comparison of cloud properties against Japanese
geostationary meteorological satellite (MTSAT-1R) proves that the overall cloud
size distribution simulated in 3.5 km grid spacing is closer to the observation in
contrast to 7 km. However, 3.5 km underestimates the number of small clouds
and is incapable of producing very large clouds. Moreover, these processes are
parameterized in the conventional climate models, which is examined as a major
source of the model errors and uncertainty in the climate projections (Henderson-
Sellers et al., 1993; Déqué et al., 2007). The approach of explicitly simulating
the crucial processes at hecto- or kilometre scale is already in practice by the op-
erational institutes and the scientific community. For example, the studies using
Convection-Permitting Models (CPMs) like Prein et al. (2015) prove that the ho-
rizontal grid spacing < 4 km not only outperforms the traditional Large-Scale
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Figure 2.1.: Scale definition and the characteristic time and horizontal scales of different
processes (adapted after Orlanski (1975))

Models (LSMs) (horizontal grid spacing > 10 km) and present more realistic in-
sights on climate and regional scales. The modes of explicitly resolving convec-
tion at a kilometre and finer-scale were already adapted more than twenty years
back (Weisman et al., 1997). All in all, the atmospheric mesoscale models are now
actively used across an extended range of spatial scales with tens of kilometre to
< 1 km (Chow et al., 2006; Leung et al., 2006; Knote et al., 2010). But even at
hecto- or kilometre scale the processes like turbulence, cloud microphysics are
not resolved. Therefore, they have to be parameterized (Bryan et al., 2003). In
this regards LES runs have been examined for studying clouds (Mellado et al.,
2018). Moreover, the question is how fine grid spacing is enough to represent
above small-scale processes, how are they represented in the models, and how
much uncertainty can be expected over a range of grid spacings in LES.

Several studies are comparing the behaviour of cloud properties across deca-
, hecto- to a few kilometre scales and provide possible limitations over these
scales. Chow et al. (2019) addresses the importance of scale-aware parameter-
ization schemes to study the cross-scale interactions occurring in complex terrain
within the grey zone continuum (convection, turbulence and topography) at a scale
ranging from ~ 10 km to ~ 10 m. The grey zone, which is also referred as terra
incognita, corresponds to the grid resolutions where certain features are partly re-
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solved and subgrid (Wyngaard, 2004). The scale-aware parameterization enables
a consistent representation of subgrid (turbulence) and grid-scale processes with
the refinement of grid spacings. For example, a smooth transition from NWP to
LES-type turbulence closure will be enabled in the so-called scale-aware para-
meterization schemes (Chow et al., 2019). Exclusively, the uncertainties in these
models may come from initial and lateral boundary conditions, incomplete set of
parameterized physical processes, or the numerical methods themselves, which
influences the Convection Initiation (CI), onset and distribution of clouds and pre-
cipitation (Barthlott et al., 2011).

Another crucial component is the representation of land surface in these models.
The main land-surface characteristics can be categorised as land-surface proper-
ties like vegetation, soil type, soil moisture, and orography. The land surface is
an integral component to represent in the atmospheric models because of their in-
tensive impact at different length scales. Land-surface properties and orography
directly influence the surface temperature and moisture distribution and therefore,
the partitioning of available energy into sensible and latent heat flux. The het-
erogeneity of land surface and its associated energy exchange results into a dif-
ferential heating of the CBL and may modify the atmospheric state by inducing
secondary circulations which further influences the turbulent transport of heat and
energy in the CBL and the free troposphere (Avissar and Liu, 1996; Taylor et al.,
2007). That means the clouds and convection are interactively coupled with the
underlying land surface, which also impacts the initiation and evolution of con-
vective systems (Banta, 1990; Weckwerth, 2000). The studies based on in-situ
observations and NWP runs address the importance of land surface-based trig-
gering mechanisms in the modulation of atmospheric systems (Entekhabi et al.,
1996; Taylor et al., 2007; Garcia-Carreras et al., 2011; Wulfmeyer et al., 2011;
Khodayar et al., 2013). The land surface-induced thermal and radiant energy ex-
change processes which occur when there is differential heating caused by land-
surface heterogeneity, for example, thermally-driven wind system in complex ter-
rain (Zardi and Whiteman, 2013). Over flat terrain, the impact of variability of
land-surface properties on convection and turbulence is intensively studied us-
ing observations (Pielke Sr, 2001; Maurer et al., 2016) and NWP and LES mod-
els (Shao et al., 2001; Adler et al., 2011; Khodayar and Schidler, 2013; Maurer
et al., 2016; Liu et al., 2017). The horizontal extent of land-surface anomalies
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is an important factor for the development of secondary circulation systems. For
example, the soil-moisture anomalies having a horizontal length scale in the order
of 2.5 to 10 km tend to generate thermally-driven circulations, for example, the
atmospheric flows at meso-f3 and meso-y scales (Figure 2.1) (Shuttleworth, 1991;
Taylor et al., 2007; Gantner and Kalthoff, 2010). As the interactions between the
soil and overlying atmosphere are crucial to the climate and weather system over
a spectrum of spatial and temporal scales (Pielke Sr, 2001; Koster et al., 2004),
the initial state of soil moisture fields must be estimated correctly (Van Weverberg
etal., 2010; Barthlott and Kalthoff, 2011). The positive soil moisture-precipitation
feedback has been consistently proven in observation and model studies (Findell
and Eltahir, 1997; Schir et al., 1999; Pal and Eltahir, 2001). The wide range of pre-
cipitation response over the complex terrain has been systematically studied using
high-resolution simulations (Schneider et al., 2018; Baur, 2019). The model res-
olution up to 500 m allows to capture thermally-induced circulations occurring at
micro-o to meso-y scales. Especially under fair weather conditions, the onset time
and precipitation amount shows considerable improvement in the high-resolution
simulations (Schneider et al., 2018). Moreover, the field campaigns like Interna-
tional H20 Project (IHOP)_2002 (Weckwerth, 2000), Convective Storm Initiation
Project (CSIP) (Browning et al., 2007), Convective and Orographically-induced
Precipitation Study (COPS) (Kottmeier et al., 2008; Wulfmeyer et al., 2011) were
conducted especially to understand the line of processes leading to convective pre-
cipitation in complex terrain. The low-level convergence zones, heat and moisture
distribution show significant impact on CBL resulting in deep convection (Wilson
and Schreiber, 1986; Kalthoff et al., 2009).

Thus LES is well-suited option to study these small scale processes from micro-
scale turbulence to the organised mesoscale structures specifically dependent upon
atmospheric stability, land-surface heterogeneity and orography (Deardorff, 1972;
Courault et al., 2007; Gantner et al., 2017; Imamovic et al., 2017). On one hand,
the diversity of the small-scale processes leads to the complexity of their mutual
interaction, on the other hand, the inclusion of corresponding optimised paramet-
erization schemes are computationally expensive. For example, in the case of tur-
bulence parameterization, the 1D TKE-based NWP and 3D classical Smagorinsky
LES comprehend differently as per the applicative area of study. The differences
on the impacts of convection due to the different turbulence closure are analysed

10
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in several studies, for example, Simon et al. (2019). This study shows that the on-
set time of convection between 1D TKE and 3D Smagorinsky differs almost by 2
hours. Their research also introduced the Dynamic Reconstruction Model (DRM),
a mixed model using explicit filtering and reconstruction technique, a turbulence
closure which results into a shorter extent of the grey zone.

The intriguing scenario is that over heterogeneous land surfaces and for a given
model grid spacing, the representation of land-surface heterogeneity is less ap-
prehended which leads to inaccuracies like the aggregation effect and the dynam-
ical effect (Giorgi and Avissar, 1997; Mahfouf et al., 1987; Avissar and Schmidt,
1998). The aggregation effect, which is the result of highly nonlinear subgrid-
scale processes, primarily affects the surface sensible and latent heat fluxes, the
dynamics of soil moisture, intercepted water and runoff. The dynamical effect
results when the heterogeneity induced circulations are not explicitly resolved
by a model. It influences the CBL structures, evolution of clouds, precipitation
occurrence and vertical exchange of energy, heat and moisture up to the free tro-
posphere. Shao et al. (2001) studied the behaviour of these effects by performing
numerical experiments using the flow model FOOT3D (Briicher, 1997) at atmo-
spheric resolution of 1 - 4 km in combination with varying soil model resolution
(1 - 4 km). The results show that at a given atmospheric model resolution, the
higher land-surface resolution leads to improved or more variable representation
of surface energy and momentum fluxes and vice versa. That means the land-
surface induced subgrid variations in surface energy fluxes needs to be taken into
account in subgrid closure schemes. Furthermore, averaging these local variations
of the land cover has a much smaller impact on the surface fluxes over homogen-
eous land surfaces in comparison to that over heterogeneous surfaces due to the
nonlinear nature of processes and the extended-spectrum of scale variations over
heterogeneous surfaces (Heinemann and Kerschgens, 2005).

Moreover, the present study uses ICON-LES, which has the unstructured
horizontal grid structure and an added value to study the multi-scale interactions.
This study discusses the land surface-induced circulations and compares the im-
pact of land-surface heterogeneity and the resolution of the atmosphere on clouds
and precipitation. In long term perspective, the incorporation of an optimum land-
surface resolution in climate models will assess and reduce the uncertainty caused

11



2 Literature synthesis

by subgrid subsurface processes, and its mutual relation with CBL, CI, cloud de-
velopment, and precipitation.

12



3. Selection of suitable areas and cases for
convective precipitation

This chapter describes the approach of selecting suitable areas and the meteoro-
logical case studies formulated in this thesis. Lightning in thunderstorms can be
taken as an equivalent to deep convection (Mansell et al., 2007; Leary and Ritchie,
2009). It gives the general estimate of the occurrence and temporal evolution of
convective systems. Lightning is defined as the discharge, which could occur as
cloud-to-cloud (IC), cloud-to-ground (CG), and cloud-to-air (CA). In general, CG
lightning has a significant impact on our daily lives, in terms of life and property
loss, power outages and also natural calamities like forest fires.

Lightning

The lightning data used here are obtained from the Siemens BLIDS detection
system, which is a part of the EUCLID network (Schulz et al., 2016). EUCLID
is a collaboration among the national lightning detecting networks in Europe. It
aims to identify and detect lightning by using 148 sensors throughout Europe.
The application of the EUCLID product is not only limited to the meteorology
but actively in insurance, hydrology, communications, forestry, defence, aviation,
and hydrology. According to Pohjola and Mikeld (2013), the implementation
of a low-frequency (LF) (30 - 300 kHz) lightning detection system results into
a significantly lower detection efficiency of cloud-to-cloud (IC) lightning. The
detection efficiency has been confirmed to be 96% for flashes with a peak current
of ~2 kA while the CG lightning strikes can be detected with an accuracy of ~100
m (Schulz et al., 2016; Piper and Kunz, 2017). Therefore, only cloud-to-ground
(CG) lightning has been considered in further calculations, and both polarity and
current have not been taken into account (Kunz et al., 2018).

To identify the areas with hotspots of Deep Convection (DC), the light-
ning density during the summer period (MJJAS) of 2000-2018 is investigated.
Lightning density is defined as the mean daily flash total within a specified grid
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3 Selection of suitable areas and cases for convective precipitation
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Figure 3.1.: Total lightning density over Germany during the summer period (MJJAS) of
2000 - 2018.

cell (Piper and Kunz, 2017). Figure 3.1 shows Germany wide lightning density
per 25 km? during the summer period (MJJAS) of 2000 to 2018.

The higher lightning density over the mountainous or complex terrain like the
Black Forest, Alps mountains, and Thuringian forest is considerably higher in
comparison to the surrounding flat region. This may be attributed to the orograph-
ically induced deep convective systems. Additionally, there are smaller areas near
the southwestern part of Berlin and Harz mountains with the strong number dens-
ity of lightning strikes. Based on the lightning density (Figure 3.1) and the differ-
ent types of orographic complexity scale (Figure 6.1), three distinct geographical
areas have been chosen, namely: Al: the flat terrain near Berlin, A2: the isolated
mountain range called as Harz mountains with the peak height of 1140 m, and A3:
the Black Forest mountain range.

As locally triggered convection is of major interest for this study, two criteria are
applied to detect the suitable days, that is (i) having a weak large-scale synop-
tic forcing and (ii) a considerable number of lightning strikes over the respective

1

areas. As a proxy for weak synoptic forcing, we used a threshold of <10 ms™" at
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3 Selection of suitable areas and cases for convective precipitation

850 hPa. For the selection of suitable days, the number of lightning strikes and the
horizontal wind at 850 hPa from ECMWF Re-Analysis (ERA)-Interim (Berrisford
etal.,2011; Dee et al., 2011) dataset are used. Figure 3.2 shows a typical example
of the outcome of the above criteria calculated over A1 where the set of markers
represent the different years, and the numbers are the days of the summer period
(MJJAS) showing considerable lightning density. Similarly, using this criterion,
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Figure 3.2.: Distribution of summer days (MJJAS) over Al in the period 2012 - 2017 on
the basis of areal mean horizontal wind speed at (at 850 hPa) and the number
of lightning strikes. The number indicates the days in the summer period (e.g.
1 indicates 01 May). Number 87 represents one of the selected case, dated 26
July 2012.

two suitable cases are chosen for each area, that means, in a total of six cases. To
get an impression of the observed precipitation patterns on the investigated days,
the Radar Online Adjustment (RADOLAN) RW composites are shown in the fol-
lowing section. However, notably, this study focuses on the inter-comparison of
simulated precipitation for different model grid spacings and land-surface res-
olution, not on their validation against the observation. As the name suggests,

15



3 Selection of suitable areas and cases for convective precipitation

RADOLAN from the DWD is a forum which provides Radar-based quantitat-
ive precipitation estimation products which are of exceptionally high temporal (5
minutes) and spatial resolution (1 x 1 km?) covering all hydrological catchment
areas of Germany. The high spatio-temporal resolution provides data input to
flood risk management and is used for other hydro-meteorological and climatic
applications (Bartels et al., 2004). The precipitation products in RADOLAN RW
products have been used in this study. These products are based on the combin-
ation of quantitative measurements with C-band Doppler radar and hourly rain
gauge measurements. Here, RW denotes hourly adjusted radar data.

In the following section, the general synoptic situation of one example case
from each area is briefly discussed using the composites of the observed daily-
lightning density and accumulated precipitation. The other cases are shown in the
appendix (Figure B.2, B.3, B.4).

3.1. A1: Flat terrain

Case: 26 July 2012

The spatial distribution of daily lightning density per 25 km? and accumulated
precipitation (in mm) from RADOLAN RW on 26 July 2012 over Al are shown
in Figures 3.3a and 3.3b. This day has scattered but intensive precipitating cells
restricted mainly in the east and southeast of Berlin. The high lightning density
indicates that the precipitation result of deep convection.

3.2. A2: Isolated orography

Case: 09 June 2018

This day is characterized by a locally induced precipitating system over A2 (Harz
mountains) (Figure 3.4a and 3.4b). There are mainly two sets of convective sys-
tems observed over this region. The first system was formed along the Harz
mountains around 1100 UTC and the second subsequent system was formed in
the southwestern part of Harz mountains around 1300 UTC. Both of the systems
show intensive lightning density indicating deep convective activity.
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3.3. A3: Complex terrain
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Figure 3.3.: Horizontal distribution of lightning density (a) and observed (RADOLAN
RW) daily accumulated precipitation (b) over Al on 26 July 2012.
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Figure 3.4.: Same as Figure 3.3 but over A2 on 09 June 2018.

3.3. A3: Complex terrain

Case: 12 Aug 2015

The composites of daily lightning density per 25 km? and accumulated precip-
itation (in mm) from RADOLAN RW on 12 Aug 2015 over A3 are shown in
(Figure 3.5a and 3.5b). It shows the intensive precipitating cells formed over the
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3 Selection of suitable areas and cases for convective precipitation
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peaks of the Black Forest, especially over the southern Black Forest, the precipit-
ating cells are convective and intense.
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4. ICOsahedral Non-hydrostatic (ICON) Model:
description of its key features

This chapter describes the general features of the ICON model. The ICON is
a nonhydrostatic fully compressible general circulation model that has been de-
veloped at German Weather Services (DWD) and MPI-M (Zingl et al., 2015).
ICON is used at DWD operationally as a global numerical weather prediction
model since January 2015. Different communities for the assessment of the un-
certainty in the representation of mesoscale circulations in comparison to other
NWP models (Heinze et al., 2017). The authors also aim at high resolution, re-
gional LES and idealised (Dipankar et al., 2015; Silvers et al., 2016) simulations
to study the subgrid forcing of the physical processes, for example, turbulence,
cloud-based processes. ICON also intends to a better representation of the ex-
change processes between different air masses along with an improved represent-
ation of the land surface and subgrid-scale heterogeneities. Depending upon the
applications and scale study, ICON is further designed in three basic packages;
namely, i) Climate predictions (ICON-Global), ii) Numerical weather prediction
(ICON-NWP) and iii) Large-eddy-simulations, (ICON-LES), which is also called
as ICOsahedral Nonhydrostatic - Large Eddy Model (ICON-LEM).

ICON-LEM uses physics designed for LES in Limited Area Mode (LAM)
usually at the scale of ®(100m). The LES physics package was introduced in
ICON (Dipankar et al., 2015) within the framework of HD(CP)? which stands for
High Definition Clouds and Precipitation for Climate Prediction project. HD(CP)?
aimed at the improvement of representation of clouds, convection and precipita-
tion processes in the climatic prediction by utilising very high ©(100m) resolution
simulations. These simulations provide a better understanding of embedded and
complicated resolved processes which are parametrized in the coarser model sim-
ulations. Furthermore, ICON-LEM model simulations also provide lateral bound-
ary conditions for other limited area forecasts which are used in the nested simu-
lations for a better representation of boundary and environmental flows.
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4 ICOsahedral Non-hydrostatic (ICON) Model: description of its key features

ICON follows the sets of equations of prognostic variables suggested by Gass-
mann and Herzog (2008) and the two dimensional Lamb transformations which
transform the nonlinear horizontal momentum advection into a vector invariant
form as explained in Zingl et al. (2015). These set of equations describe a two-
component system which consists of dry air and all the three phases of water. The
prognostic equations are solved for horizontal velocity components normal to the
triangular edges v,, the vertical wind component w, the total density of the air
mixture p, virtual potential temperature 6, and the specific masses and number
densities of tracers ¢; (i = 1,2,3,..,N;, where N, is the total number of traces).
According to Zingl et al. (2015), the basic equations system used in ICON are as

follows:
dv, JK, vy oIl
3 +—an + (C+f)v,+w—az = —c,,dev—an +F(vy), 4.1)
ow ow o011
W"—VhVW‘i‘WaiZ: _deevaiz_g7 (42)
d
a—‘: FV.(vp) =0, (4.3)
apo, ~
£ 4V.(p8) = 0. (4.4)

For a simplified numerical treatment of the terms representing vertical sound wave
propagation, the equation 4.4 can be also written as:

‘;‘f+f;.pr;v.(vpev) =0, (4.5)
where Kj, = %(vn2 4 v;2) is the horizontal component of kinetic energy per mass
unit, v; is the reconstructed tangential velocity component, { is the vertical vorti-
city component, f is Coriolis parameter, g is the acceleration due to gravity, F(v,)
is the source term for horizontal momentum, v, is horizontal velocity compon-
ent, v is the full three dimensional wind vector, II is the Exner function, R; is
the gas constant of dry air, c,q and c¢,q are specific heat capacities of dry air at
constant pressure and volume, respectively, and Q is the diabatic heat source term
(Wan et al., 2013; Zangl et al., 2015). Moreover, the derivative, % denotes a ho-
rizontal derivative in edge-normal direction. In ICON, local mass conservation is
achieved through flux form of equation 4.3 and 4.4. For time integration, a two-
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4.1. Horizontal grid

time level predictor-corrector scheme is used, which is explicitly done except for
the terms describing sound-wave propagation (for details see Zingl et al. (2015)).
To achieve a mass-consistent tracer transport, the air mass fluxes are aggregated
over the small-time steps in the dynamical core and then passed to the transport
scheme. This tracer transport is done using a flux-form semi-Lagrangian scheme
(Miura, 2007).

The ICON grid system comprises of horizontal grid (as described in Sec-
tion 4.1) and the vertical grid setup (see Section 4.2). According to Linardakis
et al. (2011) the horizontal grid discretises the sphere surface on a triangular or
hexagonal grid, and the vertical grid is discretised using a set of horizontal layers
along the sphere radius.

4.1. Horizontal grid

The horizontal grid of ICON is one of the most featured advantages of this model.
The first step to create the horizontal grid is projecting a regular icosahedron onto
the sphere in such a way that two vertices fall onto North and South Poles (Figure
4.1). Figure 4.1 shows an example of the regional limited ICON grid where the
light blue grid indicates the icosahedron defined base grid, which comprises of
20 triangular faces, 13 edges and 12 vertices. The first refinement of this root
grid is the dark blue grid where the edge centres form the new vertices. There is
another refinement done only for the northern hemisphere (green grid) and based
on this grid, another mesh refinement is done over the European region (red grid).

The desirable resolution is achieved by triangulating the triangular faces of the
icosahedron (cf. Figure 4.2a), which is called Delaunay-Voronoi triangulation
method, which is nothing but a repeated subdivision of the triangular cells of a
spherical icosahedron (cf. Figure 4.2b) into smaller cells. This results into the
division of each great circle arc of a projected icosahedron face into n arcs of
equal length (cf. Figure 4.2c) and each icosahedron face into n,%> small triangles.
For details, see Sadourny et al. (1968). This process is called root division, and
the resulting mesh is grid level 0. With the further mesh refinement (by bisecting
each spherical triangle edge, k) and connecting the midpoints by great circle arcs,
it leads to ‘RnBk’ grid (Figure 4.2). Figure 4.2d,e show the two examples of R2B0
and R2B2 grids.
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4 ICOsahedral Non-hydrostatic (ICON) Model: description of its key features

Figure 4.1.: The icosahedral grid of the ICON model. The grid level O or icosahedron base
grid (light blue lines) has 20 triangular faces, 30 edges and 12 vertices. The
first horizontal grid refinement is shown by dark blue lines. The green grid
shows the refinement done over the northern hemisphere, and the third one is
done over Europe, shown by red lines (Source: Giorgetta et al. (2017)).

(a) (b) (c) (d) (e) (f)

Figure 4.2.: Construction of ICON horizontal grid. The icosahedron (a) is constructed on
a sphere (b). The triangle edges are bisected into n equal sections. The new
edge points are connected great circle arcs to generate n? spherical triangles
within the root triangle (c). After further mesh refinement, the aimed grid is
obtained (e). (f) compares the occurrence of polar singularities of latitude-
longitude grids against the complete avoidance of it in (e) for the ICON grid
construction (Source Linardakis et al. (2011)).

Figure 4.2e highlights the advantage of triangular grid in ICON. It removes the
polar singularities of latitude-longitude grids and allows a consistent uniformity
in resolution over the globe (for further advantages of the triangular grid, see
Gassmann (2011)).

There is an interesting distinction and definition of the term ‘resolution’ in ICON.
According to Heinze et al. (2017), the resolution in ICON is defined as the square
root of the average cell area of the icosahedral grid of ICON, which is approxim-
ately 1.5 times the resolution on a corresponding regular grid. This means that for

22



4.2. Vertical grid

the resolution R, By, the total number of cells (n.) , edges (n.) and vertices (n,)
will be:

ne = 20n%4%, n, = 30n%4%, n, = 10n°4* 4 2. (4.6)
Further, the effective mesh size Ax is:

— T r,
Ax = a, = 500 4.7
where a, is the average cell area and r, is the radius of the Earth (Zingl et al.,
2015). Altogether, the definition of effective mesh size or grid resolution could
be also based on the square root of the area of the triangle, the length between
the two cell-centres, or the edge length of the cell. According to Dipankar et al.
(2015), the approximate relation between the triangle edge length (A;) and the grid
resolution (A) following the above definitions will be: Ay = 0.67A;, Ay = 0.584,,
Az = Ay, respectively, where Az > A} > A,.

But there are also slightly different definitions of 'resolution’ in ICON used by
other researchers. According to Wan et al. (2013), in the grid level O, there are only
12 icosahedrons which are surrounded by five triangles, also called as pentagon
points, the rests are surrounded by six triangular cells. This grid distribution res-
ults in inequality in the cell areas and the edges of triangles. Quantitatively the

reason is that the average cell centre distances are smaller by a factor of about

\/g on a triangular grid because every grid cell point has only three nearest neigh-

bours. For the present study, the grid resolution is taken as the triangle edge length
which is termed as 'model grid spacing’ (A;) (this should not be confused with
the model resolution). Furthermore, C-staggering is applied to the triangular cells
by putting mass and temperature at the circumcenters of triangles (Bonaventura
and Ringler, 2005; Wan et al., 2013; Giorgetta et al., 2015; Linardakis et al., 2011)
(Figure 4.3).

4.2. Vertical grid

The vertical grid of ICON comprises of a set of layers which possess the hori-
zontal two-dimensional grid structure, shown in Figure 4.4. It employs a Lorenz-
type staggering where the vertical velocity is defined at the boundaries of layers
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Figure 4.3.: Positioning of prognostic variables on ICON horizontal grid with primal cell
(triangular) and dual cell (hexagonal). The dual edges are bisect and ortho-
gonal to the primal edges (Source: Linardakis et al. (2011)).

(half levels). At the same time, other prognostic variables are placed in the centre
of the layers (full levels). ICON has a height-based terrain-following hybrid struc-
tured vertical coordinate system and the smooth level vertical coordinate imple-
mentation (SLEVE) (Leuenberger et al., 2010). The conventional Gal-Chen and
Somerville (1975) formulation is also available alternatively. The main advant-
age of this vertical coordinate system is that it allows a faster transition to smooth
levels in between the upper troposphere and lower stratosphere in comparison to
the traditional height-based Gal-Chen coordinate system.

Depending upon the specified model top height, the number of height levels and
the stretching factor, ICON defines the set of vertical levels. These definitions
of vertical grid staggering are controlled by the use of the respective namelist
parameters (number of levels, stretching factor, model top height, minimum layer
thickness, flat height (the height above which the vertical coordinate surfaces are
flat) (Namelist Overview, 2015). The stretching factor controls the thickness and
therefore, the distribution of vertical levels. One example of the vertical level
distribution of ICON-LEM simulations performed in this study is shown in Figure
4.5. The detailed model configuration is discussed in Section 5.

4.3. ICON physics, dynamics and their coupling

In ICON, the physical processes are categorised as slow- and fast- physics forcing
depending upon how frequently they are called in the simulation. In other words,
the processes whose time scale is comparable or relatively shorter (longer) than
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Figure 4.5.: Distribution of vertical half levels (blue) and the layer thickness (red) in one
of the ICON simulations performed over flat terrain (Al).

the model time step are called as fast (slow)-physics processes. The examples
of fast physics are saturation adjustment, surface transfer, land/lake/sea-ice based
parametrization, turbulent diffusion and microphysics. Slow physics are convec-
tion, cloud cover, radiation, non-orographic gravity wave drag and sub-grid-scale
orographic drag. Since the slow physics tendencies are called less frequently, they
are stored to be integrated with the governing equation. In contrast, the fast phys-
ics are called every model time step so that it updates the prognostic variables
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4 ICOsahedral Non-hydrostatic (ICON) Model: description of its key features

sequentially and therefore, they do not need to provide the tendencies terms to
the model governing equations (Zingl et al., 2015; Dipankar et al., 2015; Heinze
et al., 2017). Since ICON is designed to solve prognostic equations based on the
Exner function (IT) rather than temperature (7'), the temperature tendencies have
to be converted into tendencies of IT first. Also, the moisture tendencies are not
treated as a forcing term during the tracer advection but in a split manner and then
further added to the newly updated moisture variables.

4.4. Land-Soil Model TERRA_ML

The atmosphere and the underlying land-surface is strongly coupled, which is
represented in numerical models as surface fluxes. In ICON, the soil-vegetation-
atmosphere-transfer component TERRA_ML (Schrodin and Heise, 2002; Heise
et al., 2006) is used for the exchange of momentum-, heat-, moisture-, mass-
fluxes between land-surface and atmosphere. It forms the boundary condition
for the atmospheric part of ICON. TERRA_ML is the multi-layer version of the
soil model TERRA. It considers the physical processes like radiation, biophys-
ical control of evapotranspiration, heat and soil-water transport, snow formation
and the coupling with the atmosphere based on a multi-layer concept for the soil.
Usually, most of the characteristic parameters of the soil model, for example, heat
and water storage capacity, porosity, are strongly coupled with the soil texture.
With this categorisation in TERRA_ML, it gives eight different soil types. The
multi-layer version not only makes the layer thickness independent of the respect-
ive soil type but also avoids the different soil layer designation into the thermal
and hydrological section of the model (for details see Doms et al. (2011))

4.5. ICON-LEM standard setup

As stated before, ICON-LEM is the LES setup of ICON designed for very high-
resolution simulation, which is especially done in LAM. Besides having high po-
tential in a line of improving the understanding of moist convective processes and
their parameterization in climate models (Heinze et 