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Abstract. Current state of the art regional numerical weather prediction (NWP) models employ kilometre scale horizontal grid
resolutions thereby simulating convection within its grey-zone. Increasing resolution leads to resolving the 3D motion field
and has been shown to improve the representation of clouds and precipitation. Using a hectometer-scale model in forecasting
mode on a large domain therefore offers a chance to study processes that require the simulation of the 3D motion field at small
horizontal scales, such as deep summertime moist convection, a notorious problem in NWP.

We use the Icosahedral Nonhydrostatic weather and climate model in large-eddy simulation mode (ICON-LEM) to simulate
deep moist convection distinguishing between scattered, large scale dynamically forced and frontal convection. We use differ-
ent ground and satellite based observational data sets, that supply information on ice water content and path, ice cloud cover
and cloud top height on a similar scale as the simulations, in order to evaluate and constrain our model simulations.

We find that the timing and geometric extent of the convectively generated cloud shield agrees well with observations while the
life time of the convective anvil was, at least in one case, significantly overestimated. Given the large uncertainties of individual
ice water path observations, we use a suite of observations in order to better constrain the simulations. ICON-LEM simulates
cloud ice water path that lies in-between the different observational data sets but simulations appear to be biased towards a
large frozen water path (all frozen hydrometeors). The bias in frozen water path and the longevity of the anvil are little affected
by modifications of parameters within the microphysical scheme. In particular one of our convective days appeared to be very
sensitive to the initial and boundary conditions which had a large impact on the convective triggering, but little impact on the
high frozen water path and long anvil life time bias. Based on this limited set of sensitivity experiments, the evolution of locally
forced convection appears to depend more on the uncertainty of the large-scale dynamical state based on data assimilation than
of microphysical parameters.

Overall, we judge ICON-LEM simulations of deep moist convection to be very close to observations regarding timing, geo-
metrical structure and cloud ice water path of the convective anvil, but other frozen hydrometeors, in particular graupel, are
likely overestimated. Therefore, ICON-LEM supplies important information for weather forecasting and forms a good basis

for parameterization development based on physical processes or machine learning.
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1 Introduction

Regional km-scale weather forecasting is now routine in many numerical weather prediction (NWP) centers. Examples are the
meteorological services of Switzerland, France, USA, United Kingdom, South Korea, Japan, Germany and China, who employ
models with resolutions of 1.1 to 3km in ascending order (see WGNE table at wgne.meteoinfo.ru for 2020). These regional
NWP systems provide valuable guidance for heavy precipitation and wind storm warnings, aircraft support, wind and solar
power utilities as well as short term prediction of typical near-surface and upper air variables.

Models at a resolution of 1-3 km describe convection within its grey-zone. They generally lack a direct treatment of deep
convection, but still use shallow convection parametrizations. Permitting, but not fully resolving, deep convection forces the
model developer to optimise either surface parameters of temperature and moisture or precipitation, one being the trigger of the
other. Tuning (e.g. reduced mixing length) might for example be selected in a way to increase triggering of convection to yield
a better precipitation peak earlier in the diurnal cycle by accepting biases in 2 m temperature (Baldauf et al., 2011; Hanley et al.,
2015). More advanced approaches such as Arakawa and Wu (2013) and the blending approach of the Met Office (Boutle et al.,
2014) are starting to be explored. The former employs a non-zero variable cumulus updraft fraction o and the latter calculates
the turbulent length scale from the weighted average of a 1D turbulence model and a 3D Smagorinsky formulation. Those
tuning challenges highlight the big gains that result from increasing resolution even further in order to resolve convection.

Lower resolution models (10-100 km or more), such as those used for global NWP or climate, on the other hand, struggle to
simulate convection and its impact on the upper tropospheric water budget accurately; processes that are crucial for simulating
important climate feedbacks (Bony et al., 2016) or regional precipitation responses (Stevens and Bony, 2013). In order to
decrease the uncertainty in equilibrium climate sensitivity and feedbacks, the representation of such processes needs to be
improved. Furthermore, progress in simulating the tropospheric water budget is key for estimating the impact of anthropogenic
changes to cloudiness and climate.

Cloud resolving, as opposed to convection permitting, modeling is seen at present as a way of developing and testing
parametrizations for low resolution models, which require a detailed evaluation of the simulated cloud cover, water content,
and cloud top heights. In the long run, cloud resolving models may be run globally and overcome the persistent problems of
low-resolution models.

Various model experiments have already been performed focusing on the realistic simulation of mid-latitude summer and
tropical convection, encompassing different domain sizes and resolutions with the aim to aid parameterization development

within low resolution models or to improve weather forecasts. Two are listed below.

— CASCADE: UK high-resolution modeling project to study organized convection in the tropical atmosphere using large
domain cloud system resolving simulations (Holloway et al., 2013). The Unified Model (UM) at horizontal resolutions

of 1.5 to 40 km was used for Africa, the Indian Ocean, and the West Pacific Ocean.

— The Convective Precipitation Experiment (COPE) field campaign (Leon et al., 2016) investigated the origins of heavy
precipitation in the Southwestern United Kingdom during the summer of 2013. Simulations were run at resolutions of

1500 m, 500 m, 200 m, and 100 m using a nested setup of the UM.
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The High Definition Clouds and Precipitation for Advancing Climate Prediction (HD(CP)?) project demonstrated forecasting
of clouds and precipitation on a 100 m scale over a large domain and realistic surface and boundary conditions. The framework
used the ICOsahedral Non-hydrostatic (ICON) model (Zingl et al., 2015) further developed as a large-eddy model (Dipankar
et al., 2015; Heinze et al., 2017) to perform these simulations, hereafter referred to as ICON-LEM (ICON Large-Eddy Model).
Stevens et al. (2020) gave a general overview of HD(CP)? model simulations evaluated against a multitude of observations,
highlighting where horizontal resolution of O(100-1000 m) yields “added value" compared to climate model resolution. Im-
provements were found in particular regarding the location, propagation, and diurnal cycle of precipitation and clouds as well
as the vertical structure of cloud properties. More specific topics within this project that have been covered, using ICON as
a large-eddy model, are: deep tropical convection (Senf et al., 2018), convective organization or self aggregation (Pscheidt
et al., 2019; Moseley et al., 2020; Beydoun and Hoose, 2019), arctic mixed-phase clouds (Schemann and Ebell, 2020), radia-
tive effects of low-level clouds (Barlakas et al., 2020), diurnal cycle of trade wind cumuli (Vial et al., 2019), representation
of Mediterranean tropical-like cyclones (Cioni et al., 2018), vertical-mixing of nocturnal low-level clouds (van Stratum and
Stevens, 2018), aerosol-cloud interactions (Costa-Surds et al., 2020) and soil moisture effects on diurnal convection (Cioni and
Hohenegger, 2017). In this paper we use the unique capabilities of the HD(CP)? system to simulate realistic summer convective
situations over land, where large amounts of convective available potential energy (CAPE) builds up during the course of the
diurnal cycle, as a tool to investigate the uncertainty of forecasting such events.

The difficulty to predict precipitation location and amount arises to a large degree from the non-linearity originating from
convective instability. Underlining that, Keil et al. (2014) established that predictability of convective precipitation depends on
the convective adjustment time-scale, with higher predictability during strong large-scale forcing. Further, using a convection
permitting model covering a large domain, (Selz and Craig, 2015) demonstrated that initial error growth is largest where
precipitation rate is large. Initial error growth in the first hour transitions to large-scale perturbations on a 12h time-scale.
Moreover, resolutions of O(100 m) are necessary to realistically resolve and reproduce deep moist convection (Bryan et al.,
2003).

Given the difficulties in predicting the triggering of convection under wide-spread CAPE and moderate westerly advection,
sensitivities to the large-scale forcing and microphysics, as a key player in the physics of moist convection, are explored.
We aim at evaluating ICON-LEM simulations regarding the water input into the upper troposphere due to summertime moist
convection and the temporal evolution of the resulting anvil cloud. We employ a number of remote sensing products exploring
whether our simulations of moist deep convection and their impact on the ice cloud field can be constrained by observations.
Given the verification against a collection of observational data sets, we aim to arrive with a tool to investigate the uncertainty
of convection. The different wavelengths used for observational estimates results in a spread that can be compared with forecast
uncertainty from ICON-LEM sensitivity experiments.

To that effect, we use boundary and initial conditions from three operational NWP systems: COnsortium for Small-scale
MOdeling (COSMO) at 2.8 km, ICON at 6.5 km, and Integrated Forecast System (IFS) at 13 km. Because the boundary and
initial conditions are from short forecasts close to the analysis time, one might expect little impact on the ICON-LEM simula-

tions. Additionally, we use the sensitivities to the choices within the cloud microphysics parametrization, such as ice particle
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shape, to explore the sensitivity to model error. In the literature one can find numerous studies of the sensitivity of convective
storms and tropical cyclones to cloud microphysics (Wang, 2002; Milbrandt and Yau, 2006; Li et al., 2009; Van Weverberg
et al., 2012; Bryan and Morrison, 2012, among many others). Most of them report significant sensitivity especially through
the impact of evaporation and melting on the strength of the cold pool. Those sensitivity experiments are important for under-
standing the uncertainty connected with convectively generated precipitation and climate relevant aspects such as the longer
term impact of convection on the upper tropospheric water budget.

To investigate the uncertainty of convection in high-CAPE weather situations, we first select several summer convective
events over Germany that feature (i) strong and deep convective cells with little advection (e.g. 4 July 2015 extending into
5 July 2015), (ii) large convective cells connected with frontal passages (e.g. 20 June 2013 and 5 July 2015), and (iii) small
scale scattered convective systems (e.g. 3 June 2016), which are then simulated at 150 m resolution. See Table 1 for a list of all
considered days.

To evaluate the performance of the control and sensitivity simulations of summer continental convection, we use ground-
based and satellite observations from polar orbiting and geostationary sensors. To assess the quality of the high resolution
simulations we rely on a suite of satellite ice water path (IWP) products representing the range of uncertainty in state-of-the-art
retrievals. Furthermore, cloud ice water content IWC), cloud top height (CTH) and an instrument-like ice cloud cover (ICC)
conclude the evaluation of deep convective clouds.

The challenge to provide a meaningful comparison of cloud ice related quantities with spaceborne observations was reported
in Waliser et al. (2009). Several follow-up studies (Eliasson et al., 2011; Waliser et al., 2011; Stein et al., 2011; Li et al., 2012;
Eliasson et al., 2013; Li et al., 2016; Duncan and Eriksson, 2018) discussed the importance of considering the uncertainties in
satellite IWP observations and their limitations for model evaluation. In order to analyze simulated cloud ice, it is necessary to
know the unavoidable constraints of satellite observations. These range from retrieval sensitivities to microphysical assump-
tions (Yang et al., 2013), spatial and temporal sampling characteristics (Eliasson et al., 2013) and ultimately limitations that
are determined by instrument type (active or passive sensors). This study uses a suite of observational data sets that reflects
a realistic range of retrieval uncertainties for constraining the simulated cloud ice. These data sets encompass passive optical
observations with high temporal resolution by the Meteosat Second Generation (MSG) satellite as well as with high spatial
resolution by polar orbiting platforms. To explicitly show uncertainties of satellite ice products, different retrieval results are
shown. In addition, a passive microwave sensor is also considered to complement the optical instruments.

The structure of the paper is as follows. Section 2 gives a synoptic overview of the selected cases to describe the meteo-
rological background of the convective events. We describe the model simulations and the observations used for verification
in Sect. 3 and 4. The evaluation of the ICON-LEM against observations is detailed in Sect. 5, while Sect. 6 describes the

sensitivity studies for varying boundary and initial conditions and model physics before we conclude in Sect. 7.
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2 Synoptic overview

Three summer days, 20 June 2013 and 4-5 July 2015, have been chosen to represent different high-CAPE summer convection
types. In Fig. 1 snapshots of SEVIRI satellite images are juxtaposed with synthetic SEVIRI images for the respective days. The
synthetic SEVIRI (Spinning Enhanced Visible and Infrared Imager) images were produced with RTTOV (Radiative Transfer
for TOVS; Saunders et al., 1999, 2018), using as input I[CON-LEM profiles of temperature, specific humidity, cloud liquid
water content (LWC) and cloud ice water content IWC), as well as simulated surface skin temperature and 10 m wind speed.
The ice optical properties come from the Baran parametrization (Vidot et al., 2015) and trace gas profiles were set to the
RTTOV reference profiles. The RGB composites use the 0.6 micron reflectance for the red channel, the 0.8 micron reflectance
for the green channel, and the average of the 0.6 micron and 0.8 micron reflectance for the blue channel. In addition, simulated
CAPE values of ICON-LEM are displayed in the lowermost row in Fig. 1 for the respective time slices indicating atmospheric
unstable regions.

The first selected day covers the evolution of a frontal zone on 20 June 2013. Germany lay between a ridge of an anticyclone
spanning from the central Mediterranean Sea to the Baltics and a low pressure system in France. Organized convection devel-
oped all day along a convergence zone, predominantly in the western and northern part of Germany favored by hot surface
temperatures above 35 °C under unstable atmospheric conditions. Heavy rainfall including large hailstones above 5 cm has
been reported for this day. Comparing the real and synthetic satellite images for 20 June 2013 in Fig. 1 (top and middle rows
in column (a)) shows similar cloud structures around noon. The simulated CAPE field reflect huge potential of highly unstable
regions (CAPE values over 3000Jkg~!) above Germany. Based upon this single metric it can be seen that once convective
inhibition is overcome, the potential to produce strong updrafts is given almost everywhere.

Furthermore, a 48 hour period starting at 0 UTC on 4 July 2015 has been chosen, which witnessed multiple local explosive
convection cells on the first day and convection connected with a more synoptic scale frontogenesis on the second day (columns
(b) and (c) in Fig. 1). For both days temperatures of nearly 40 °C have been registered, which support localized triggering of
convection under unstable atmospheric conditions. Both criteria (high surface temperatures and unstable conditions in the lower
and mid-troposphere) have been fulfilled on 4 July, leading to the formation of a couple of convective cells over the northern
part of Germany. The development of these cells was quite explosive, resulting in a strong upward transport of moisture.
Despite the convective region being highly localized, upper tropospheric detrainment of moisture and ice by deep convection
created an extensive cirrus shield covering the complete northeastern part of Germany by the evening (not shown). Although
the comparison of the observed and simulated cloud fields in Fig. 1b reveals structural differences, the overall ability of the
model to simulate confined convective cells is clearly visible in the CAPE field. Circular white areas of consumed CAPE are
located in the northern part of Germany surrounded by regions of higher CAPE.

The situation on 5 July is in the morning characterized by the decay of the large scale convective system of the previous day
and later by a transition of a front aided by dynamical lifting induced by an upper air trough located over the North Sea. The

satellite image in Fig. 1c shows the passage of the frontal system. The model produces an excessively large cloud structure that
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also extends too far south. Regions indicating very high CAPE are almost gone at 16 UTC, but potentially larger values above
1000 T kg~! occur over the northeastern part of Germany.
Each day presents a unique convective development, making these three cases an optimal test suite to study model perfor-

mance under unstable atmospheric conditions.

3 Model and simulations

Simulations have been performed using the ICON modeling framework developed by the German Meteorological Service
and the Max-Planck Institute for Meteorology (Zingl et al., 2015). Developments within HD(CP)? led to an ICON version
specifically designed for regional to global large-eddy simulations (Dipankar et al., 2015). Several high-resolution model runs
covering Germany with a grid mesh of 625 m have been carried out using realistic topography. Two additional one-way nested
domains with 312m and 156 m resolution are also embedded simultaneously in the model runs, using the lateral boundary
conditions from the relative outer ones. The coarsest resolution (625 m) domain is referred to as DOMO1, whereas the one with
the finest grid size (156 m) is referred to as DOMO3. Data of DOMO02 (312 m horizontal resolution) is not used in this paper.
The vertical model grid consists of 150 levels with layer thickness gradually increasing from 20m in the lowermost model
layer to 380 m at the top at 21 km in a height-based terrain-following coordinate system (Leuenberger et al., 2010). Using a
model of hectometer scale over a huge domain inherently leads to resolved cloud dynamics; however, cloud microphysics,
turbulence, and radiation still need to be parametrized.

A complete summary of the model setup and the physics package is given in (Heinze et al., 2017) and references therein. Here
only the model aspects most relevant to this study are described. The following parametrizations have been used: A diagnostic
Smagorinsky scheme with modifications by Lilly (1962) to account for subgrid-scale turbulence; An all-or-nothing approach
for cloud cover neglecting subgrid-scale cloud fractions. The microphysical parametrization is based on Seifert and Beheng
(2006a) applying a two-moment mixed-phase bulk scheme (SB scheme). Cloud condensation nuclei (CCN) concentration
is prescribed as a function of pressure and vertical velocity (Hande et al., 2016). The CCN concentration decreases above
1500 m and is almost constant below. It represents typical aerosol conditions simulated with the COSMO-MUSCAT model
(Multi-Scale Chemistry Aerosol Transport, Wolke et al., 2004, 2012). Ice nucleation is separated into a homogeneous and
heterogeneous part. Homogeneous freezing follows the description of Kércher and Lohmann (2002) and Kircher et al. (2006),
whereas the amount of heterogeneously nucleated ice particles is based on mineral dust concentrations as described in Hande
et al. (2015). The Rapid Radiative Transfer Model (Mlawer et al., 1997) is used for radiative transfer calculations.

Model runs of 24 hours starting at 0 UTC have been performed to investigate the ability of a high-resolution cutting-edge
model to forecast convective systems, especially to reproduce atmospheric ice composition.

The default ICON-LEM setup uses an initialization interpolated from the 2.8 km COSMO-DE (Baldauf et al., 2011) analysis
of the German operational numerical weather model. Moreover, 3-hourly COSMO-DE analysis is used to relax ICON-LEM at
the lateral boundaries using a 20 km nudging zone and COSMO-DE forecasts every hour in between. Unless stated otherwise,

the DOMO3 simulations used this setup.
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For this study we focus on three days which feature strong convection characterized by high CAPE (convective available
potential energy). The three days, representing different types of convective development, are: 20 June 2013 and 4-5 July 2015.
A more detailed synoptic description for these days is given in Sect. 2. We further analyze five additional high-CAPE summer
convection days, including small scale scattered convection (Table 1). These cases are analyzed in a statistical manner together
with the three focus days in section 5.2, which summarizes the overall performance of ICON-LEM to represent atmospheric
ice quantities in connection with deep convection.

Several sensitivity experiments have been conducted. The first set of additional simulations investigate the dependence of
model performance on the initial and lateral boundary conditions (Ibc). Two additional analyses from ICON-NWP (using the
forecast system of DWD based on ICON) and IFS (cycle 41r1) models with lower spatial resolution (Table 2) have been
remapped onto the ICON-LEM grid in order to initialize and force the high-resolution model during runtime. Using dif-
ferent/coarser analysis allows us to address the sensitivity of ICON-LEM to large-scale forcing. Because ICON was made
operational at DWD in 2015, this analysis has only been performed for the 4-5 July 2015 case (Sect. 6.1).

A second set of sensitivity experiments deals with changes to the two-moment microphysics scheme of Seifert and Be-
heng (2006a, b) (Appendix A3; Tab. Al). We focus on the sensitivity simulations connected with ice crystal properties. In
order to account for different ice crystal geometries and associated fall velocities based on Heymsfield and Kajikawa (1987),
two separate simulations have been performed specifying cloud ice as hexagonal plates (simulation: "hexPlate’) or dendrites
(simulation: ’dendrite’), both of which have lower terminal fall velocities compared to the default setup. A further sensitivity
experiment, named ’stickLFOhigh’, explores the impact of increased sticking efficiencies during ice hydrometeor collisions
(snow-snow, ice-ice, snow-ice and graupel-snow) using parameters from Lin et al. (1983). The modified coefficients for the
different sensitivity experiments are shown in Table 3. These simulations have been performed on the coarsest model grid of
625 m (DOMO1). All microphysical sensitivity studies correspond to the 5 July 2015 case and are discussed in Sect. 6.2. Only
for these microphysical sensitivity studies we make use of an explicit coupling of the two-moment microphysics scheme with
radiation by calculating the effective radii of cloud ice and cloud droplet based on the predicted mass and number densities and

the assumed particle size distribution.

4 Observational methods and data sets

We use ground-based as well as satellite-based observations to evaluate our simulations. Several previous studies have stated the
differing magnitude and sampling characteristics of satellite-observed IWP or IWC (Waliser et al., 2009; Eliasson et al., 2011;
Hong and Liu, 2015; Duncan and Eriksson, 2018). In evaluating the vertical and temporal distribution of simulated atmospheric
ice in terms of IWP or IWC it is crucial to use multiple observational data sets representing a range of algorithms in order to
estimate retrieval errors and uncertainties. For that reason, model simulations are compared to eight different observational
methods, each of which has its own advantages and limitations.

For a vertically resolved point-to-point evaluation of the simulations at different sites, two ground-based observations have

been taken into account:
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— RAMSES (Raman lidar for atmospheric moisture sensing, Reichardt et al., 2012)
— Cloudnet retrievals (Illingworth et al., 2007)

For full-domain model evaluation, ice cloud properties from six different satellite retrieval algorithms are considered:

SEVIRI CiPS (Cirrus Properties from SEVIRI, Strandgren et al., 2017a)

SEVIRI SatCORPS (The Satellite ClOud and Radiation Property retrieval System, Minnis et al., 2011, Trepte et al.,
2019)

SEVIRI APICS (Algorithm for the Physical Investigation of Clouds with SEVIRI, Bugliaro et al., 2011)

SEVIRI CPP (Cloud Physical Properties from SEVIRI, Roebeling et al., 2006)

MODIS C6 (Moderate Resolution Imaging Spectroradiometer Collection 6 Cloud Products, Platnick et al., 2017)

SPARE-ICE (Synergistic Passive Atmospheric Retrieval Experiment-ICE, Holl et al., 2014)

Four of them provide ice cloud properties with 15 min temporal resolution from the 12-channel SEVIRI imager aboard the
geostationary MSG satellites (Schmetz et al., 2002), while two of them are from polar orbiting satellites (see next sections for

details). The different methods and characteristics of the observational data sets are described in the following.
4.1 RAMSES

RAMSES is the operational high-performance multi-parameter Raman lidar at the Lindenberg Meteorological Observatory
(Reichardt et al., 2012). It is equipped with a water Raman spectrometer (Reichardt, 2014) that facilitates direct measurements
of cloud water content (CWC) on a routine basis. It is thus well suited for cloud microphysical studies, or for evaluating cloud
models or the cloud data products of other instruments. However, such CWC measurements are only possible at night, under
favorable atmospheric conditions and often only in the lower cloud ranges, because the Raman return signals from clouds are
extremely weak, which makes them particularly vulnerable to background light and light extinction. For cirrus clouds it was
possible to overcome this limitation by developing a retrieval technique which allows to estimate IWC under all measurement
conditions (see Appendix Al and Fig. Al for more details). The new method was applied to the case study of 4-5 July 2015 in
Sect. 5.1.

4.2 Cloudnet

The ground-based data set of Cloudnet provides synergistic products from 35 GHz cloud radar, ceilometer, and multi-frequency
microwave radiometer measurements. These products are derived for the observation sites Jiilich, Leipzig, and Lindenberg
using the same retrieval package developed in Cloudnet (Illingworth et al., 2007). Measurements are performed day and night,
data are provided with a temporal and vertical resolution of 30 s and 60 m, respectively. Due to the low attenuation of the radar

signals at these wavelengths, the clouds are detected almost in their entire vertical extent depending on the radar sensitivity.
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As the first step, the retrieval performs a target classification including the determination of cloud base and top. Radar
profiles of reflectivity, Doppler velocity, and ceilometer backscatter profiles are used for this purpose, as well as temperature
and humidity profiles provided by a NWP model (e.g. COSMO-DE for Lindenberg) or radiosoundings. Vertical profiles of
LWC and IWC are derived subsequently. For echoes classified as ice, IWC is calculated from radar reflectivity and temperature
using an empirical formula, which was derived on the basis of a large mid-latitude aircraft data set (Hogan et al., 2006). The
random error of the IWC retrieval is approximately between +50 % and -33 % for IWC values in the range of 0.03 and 1 gm 3.
A potential systematic error in IWC, which is mainly caused by systematic errors in radar reflectivity, is of the same order of

magnitude assuming a radar calibration error of 2 dBZ. It should also be noted that due to the limited sensitivity of the cloud

radar, very thin clouds (with small ice crystals) may not be detected.
4.3 SEVIRI CiPS

The Cirrus Properties from SEVIRI (CiPS Strandgren et al., 2017a) algorithm detects cirrus clouds and retrieves their cloud top
height (CTH), ice optical thickness (7), and IWP using thermal observations from MSG/SEVIRI. To this end, a set of neural
networks trained with SEVIRI observations and coincident cirrus properties retrieved with the Cloud-Aerosol Lldar with
Orthogonal Polarization (CALIOP) instrument (Winker et al., 2009) are used. Day and night coverage, a temporal resolution
of up to 5min, and a spatial resolution of 3 km at nadir, makes the algorithm ideal for evaluating the temporal evolution of
high cloud fields. CiPS targets thin cirrus clouds, detecting, compared to CALIOP, about 50, 60, and 80 % of cirrus clouds with
an ice optical thickness of at least 0.05, 0.08, and 0.14 (Strandgren et al., 2017a), which corresponds to an IWP of roughly
0.6, 1.0, and 3.0 gm~2, respectively. The CTH retrieved by CiPS has an average error of 10 % or less for cirrus clouds with
a top height greater than 8 km, again with respect to CALIOP. The high sensitivity of CiPS to thin cirrus does, however, lead
to a quick saturation of the IWP and 7 retrievals in thicker cirrus clouds. Maximum IWP and 7 amount to approximately
100 gm~2 and 4, respectively. This makes the algorithm unsuitable for the evaluation of modeled IWP in this paper, where
thick convective clouds are analysed, but CiPS is an ideal tool to study e.g. the spatial extent of anvil cirrus from the convective

outflow including the optically thinner cloud edges.
4.4 SEVIRI APICS

The Algorithm for the Physical Investigation of Clouds with SEVIRI (APICS, Bugliaro et al., 2011) computes optical thickness
7 and ice crystal effective radius r.g for pixels identified as cirrus by CiPS, by means of the Nakajima-King method (Nakajima
and King, 1990) using two SEVIRI solar channels centred at 0.6 and 1.6 um. IWP is derived from these two quantities (7,
Teff) under the assumption of a vertically homogeneous cloud layer using the relationship IWP = 2/3p;ceres T, Where pice =
917kgm~2 is the density of ice. The algorithm assumes the general ice crystal shape mixture from Baum et al. (2011).
Retrieved optical thickness is up to 200, while effective radius is between 5 and 60 pm, yielding a maximum retrieved IWP of

~ 7300 gm~2. In contrast to CiPS, APICS is not limited to thin cirrus but is only available during daytime.
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4.5 SEVIRI SatCORPS

The Satellite ClOud and Radiation Property retrieval System (SatCORPS) is a comprehensive set of algorithms designed to
retrieve cloud micro- and macrophysical information day and night from meteorological satellite imager data. These algorithms
were originally developed for the NASA Clouds and Radiant Energy Systems (CERES) project (Minnis et al., 2011, Trepte
et al., 2019) and adapted for application to other polar-orbiting and geostationary imagers, including SEVIRI. Using radiances
in the 0.6 um (visible), 3.9 um (shortwave-infrared), 10.8 um (infrared), and 12.0 um (split-window) bands, three different
methods are employed depending on time of day and cloud opacity to retrieve cloud optical thickness (7), ice crystal effective
diameter (D.g = 27.¢), and cloud effective temperature (7).

During daytime, the Visible Infrared Shortwave-infrared Split-window Technique (VISST) uses the visible, shortwave-
infrared, and infrared radiances to determine 7, D.g, and T, respectively, by an iterative process that also exploits the split-
window band to aid in phase determination. The VISST is similar in essence to the classic Nakajima and King (1990) bispectral
method.

For thin non-opaque cirrus (7 < 8) during nighttime, the Shortwave-infrared Infrared Split-window Technique (SIST)
retrieves the same parameters from brightness temperature differences between the shortwave-infrared and infrared bands
and those between the infrared and split-window bands. The VISST/SIST reflectance lookup tables (LUTs) and emittance
parametrizations are calculated for smooth solid hexagonal ice crystals. Assuming that the retrieved ice crystal effective diam-

eter represents the average over the entire cloud thickness, IWP is computed from the following cubic equation:

TWP = 7 (0.259Degt 4+ 0.819 x 1072 D2
—0.880 x 1070 D3) (1

For thick opaque ice clouds (7 > 8) during nighttime, the Ice Cloud Optical Depth from Infrared using a Neural network
(ICODIN) method is used (Minnis et al., 2016), complementing the SIST applicable to semitransparent cirrus. The ICODIN
retrieves 7 and IWP by training shortwave-infrared, infrared, and split-window radiances against the CloudSat radar-only 2B-
CWC-RO product (Austin et al., 2009), which includes vertical profiles of IWC and ice particle effective radius. The method
can be used to derive ice cloud 7 up to 150; however, 7 and thus IWP for the deepest convective clouds is still frequently
underestimated. According to equation (1), with a maximum 7 of 150 and a maximum effective diameter of 150 yum, the
maximum IWP that can be derived using this approach is 8100 gm~2. Also note that near the terminator, the weak solar
component in the 3.9 um band increases the uncertainty in the opaque vs. semitransparent cloud classification and can result
in the use of default values for 7 (16 or 32), which are significant underestimates in deep convective clouds (see the sudden
dip in IWP around 18 UTC in Fig. 4). Nevertheless, SatCORPS is the only geostationary retrieval used here that provides IWP
during both day and night for thin and thick ice clouds. The pixel-level 15-minute temporal resolution SEVIRI SatCORPS data

were obtained from NASA Langley Research Center (satcorps.larc.nasa.gov).
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4.6 SEVIRI CPP

The Cloud Physical Properties (CPP) algorithm (Roebeling et al., 2006) is a bispectral method (Nakajima and King, 1990),
which uses SEVIRI 0.6 um and 1.6 um solar reflectance measurements to retrieve cloud optical thickness and ice particle
effective radius during daytime. The retrievals are based on LUTs of top-of-atmosphere reflectances calculated for plane-
parallel layers of randomly oriented monodisperse roughened hexagonal ice crystals (Hess et al., 1998). Assuming no vertical
variation in ice crystal size, the IWP is calculated as for APICS, although the density of ice is assumed to be pjce = 930 kgm~2.
Specifically, we use data from the CLoud property dAtAset using SEVIRI — edition 2 (CLAAS-2) archive provided by the
EUMETSAT Satellite Application Facility on Climate Monitoring (Benas et al., 2017). The pixel-level IWP retrievals are
available every 15 minutes at a spatial resolution of ~6km over Germany. For this algorithm, maximum retrieved optical

thickness and effective radius are 100 and 62.5 ;zm respectively, which result in a maximum IWP of ~3900 gm~2.

4.7 MODIS

MODIS is a 36-channel imager with spatial resolutions of 250, 500 or 1000 m at nadir and with a swath width of 2330km. It
is the key instrument aboard the Terra and Aqua NASA satellites and provides global coverage every 1 or 2 days. The MODIS
cloud microphysical products are also obtained by the Nakajima and King (1990) bi-spectral method and provide daytime
estimates of cloud optical thickness and ice particle effective radius from solar reflectances measured in a non-absorbing
visible band and a water-absorbing near-infrared band (Platnick et al., 2017). Three different spectral cloud retrievals are
performed by combining the 0.66 xm channel separately with the 1.6 ym, 2.1 ym, and 3.7 pum channel, although here we only
use the primary 0.66 um — 2.1 um channel pair. In the latest Collection 6 algorithm, the plane-parallel reflectance LUTs are
calculated for a single ice shape of severely roughened compact aggregates composed of eight solid columns. Assuming a
vertically homogeneous cloud, the IWP is derived as for SEVIRI APICS and SEVIRI CPP. The 1 km resolution IWP retrievals
are available twice a day from the Terra and Aqua satellites, which are in a 1030 Local Solar Time (LST) descending node and
1330 LST ascending node sun-synchronous polar orbit, respectively. Maximum retrieved optical thickness and effective radius

are 100 and 60 pm, yielding a maximum retrieved IWP of =2 3700 gm~2.

4.8 SPARE-ICE

The Synergistic Passive Atmospheric Retrieval Experiment-ICE (SPARE-ICE) features a pair of artificial neural networks that
use infrared and microwave radiances as input to detect ice clouds and retrieve their IWP (Holl et al., 2014). The networks were
trained by collocating AVHRR channel 3B, 4, 5 (3.7 um, 10.8 ym, 12 um) and MHS channel 3, 4, 5 (183+1 GHz, 183+3 GHz,
190 GHz) radiances with IWP retrievals from the CloudSat/CALIPSO radar-lidar synergy product 2C-ICE (Deng et al., 2010).
The exclusion of solar reflectances from SPARE-ICE allows retrievals both day and night; however, the reliance on microwave
measurements results in fairly large footprints varying from 16 km in diameter at nadir to 52 x 27 km? in areas at the edge of
the scan. The lower and upper sensitivity limits of SPARE-ICE are 10 g m~2 and O(10*) g m~2, respectively, with the median
fractional error between SPARE-ICE and 2C-ICE IWP being a factor of 2. For the current study, data are available from the
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MetOp-A/B (0930 LST descending node) and NOAA-18/19 (1500-1630 LST and 1330-1400 LST ascending node) satellite

overpasses.
4.9 Interpretation of satellite IWP retrievals

Despite the wide variety of available satellite instruments (imagers, sounders, lidar, radar) and retrieval methods exploiting
the information obtained with these instruments, determining atmospheric ice mass has been recognized as a great challenge
for remote sensing (Waliser et al., 2009; Eliasson et al., 2011), which has seen only limited progress in the past decade as
large discrepancies in IWP remain among satellite data sets (Duncan and Eriksson, 2018). In this context, “ice” represents
all frozen hydrometeors, including the smaller suspended (or floating) cloud ice as well as the larger precipitating forms
such as snow, graupel, and hail (in the following referred to as habits). Current satellite retrieval methods are unable to truly
distinguish suspended ice from precipitating ice, which makes estimates from these techniques rather uncertain in thick, multi-
layer, mixed-phase and mixed-habit cloud fields. The measured signal, and hence the derived ice mass, is a weighted sum of
the individual contributions from the different ice habits. Habit weighting, however, varies by retrieval method and is poorly
characterized if at all, which complicates model-satellite comparisons because the various satellite products all refer to “ice
water path”, without any qualifying caveats about their differing sensitivities. In turn, this also means that different instruments
are sensitive to different ice cloud types (Eliasson et al., 2011) such that several space borne sensors are needed to cover the
full range of ice clouds.

Passive VIS-NIR methods can derive IWP only indirectly, from optical thickness and effective particle size. However, they
infer particle size from cloud-top measurements and usually provide an estimate of cloud-top ice particle size. Thus, they
are unable to obtain information about ice particle sizes in lower layers inside vertically thick clouds and the used bulk IWP
formulas that assume vertical homogeneity (see Sect. 4.4, 4.6 and 4.7) cannot a priori account for vertical variations in extended
clouds.

Furthermore, these methods are subject to saturation effects (affecting normally a few percent of pixels in our analyzed
scenes, mainly the convective cores; in situations with large scale convective activity many pixels may be affected e.g. 20% of
pixels on the 20th June 2013), because visible reflectance loses sensitivity to optical thickness in thick clouds. As a result, the
maximum reported optical thickness is truncated at a threshold value varying between 100-200 depending on the data product.
The maximum reported ice particle effective radius also varies among data sets, although in a narrower range, depending on
the ice optical properties used. In addition, the retrieved optical thickness and particle effective radius strongly depend on the
assumed ice particle shape (smooth or roughened, solid or hollow, hexagonal columns or aggregates etc.), even for unsaturated
input reflectances. For instance, Eichler et al. (2009) show that for thin ice clouds with an optical thickness between 3-5, the
choice of ice particle shape leads to uncertainties of up to 70% for optical thickness and 20% for effective radius. Retrievals in
deep convective clouds have uncertainties of similar magnitude or even larger. As a last source of uncertainty one has to mention
that the passive optical retrievals assume the cloud to consist of either ice or liquid water clouds according to their cloud top
phase. When in convective clouds both phases are present - liquid water in the lower and ice in the upper part, with a mixed

phase layer in between - the retrieved IWP accounts in part for the liquid water layers and thus tends to overestimate the real
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IWP. However, the truncation of the retrieved optical thickness mentioned above partially compensates for this overestimation.
Nevertheless, the combination of all the above effects can easily lead to a factor of 2—3 variation in the estimated domain-mean
IWP. In our VIS-NIR satellite data, SEVIRI CPP shows the smallest IWPs and SEVIRI SatCORPS the largest ones, with
SEVIRI APICS and MODIS values being in between (see Fig. 4), providing a broad range of estimates reflecting the current
state-of-the-art.

In contrast, the CloudSat/CALIPSO active radar-lidar measurements, which were used to train the SPARE-ICE algorithm,
have better vertical profiling capability, but their sensitivity is markedly shifted to the larger ice hydrometeors. Therefore, the
mass contribution from the smaller suspended cloud ice particles, albeit relatively small in convective clouds (Waliser et al.,
2009), is likely underestimated in these IWP retrievals. This might be for instance related to high IWCs produced by the
presence of numerous small ice crystals (e.g. Lawson et al., 2010; Gayet et al., 2012) that cannot satisfactorily be accounted
for by the radar (Gayet et al., 2014). Furthermore, deep convection represents a challenge also for CloudSat/CALIPSO for
various reasons. On one side, heavy precipitation can lead to full attenuation of the radar signal while multiple scattering plays
a relevant role which is difficult to consider properly (Matrosov et al., 2008). On the other side, typical assumptions in ice cloud
retrievals for CloudSat/CALIPSO are not valid inside dense hail and graupel produced in deep convection (Delanoé and Hogan,
2010). Finally, passive microwaves can also hardly fully distinguish the ice from the liquid water fraction, especially in cloud
layers with mixed phase. As a last issue, the different spatial resolutions of the satellite measurements must be mentioned. Since
MODIS provides the finest resolution, SEVIRI an intermediate resolution and SPARE-ICE the coarsest, MODIS is able to catch
peaks of high IWP that are smoothed out in the other two observational data sets. However, the differences in instantaneous
pixel-level estimates due to different spatial resolutions are largely reduced in domain-mean IWP. In summary, we expect
SPARE-ICE to provide the largest IWPs due to the inclusion of graupel and hail, although the SatCORPS passive VIS-NIR
retrieval can also produce IWPs of comparably large magnitude, depending on the specific ice shape and IWP parametrization
formula used.

In our model validation effort, we follow a somewhat qualitative rule of thumb recommended by Waliser et al. (2009) and
consider the SEVIRI/MODIS passive VIS-NIR IWP retrievals as more representative of the smaller suspended cloud ice mass
and treat the SPARE-ICE radar/lidar-based IWP retrievals as more indicative of the total ice mass (i.e. cloud plus precipitating

ice).
4.10 Comparison to model simulations

When comparing vertical profiles of cloud hydrometeors from ICON-LEM to surface lidar (RAMSES, Sect. 4.1) or radar
(Cloudnet, Sect. 4.2) observations, the model grid points nearest to the locations of ground based instruments are selected. This
point-to-point comparison approach is intended to provide an assessment of the model simulation error in terms of time and
space for a given grid point.

When comparing model quantities with satellite observations, we proceed as follows. Ice cloud cover (ICC) and CTH are
evaluated against CiPS retrievals (Sect. 4.3), which have a high detection efficiency for ice clouds, including thin ice clouds.

In order to compare the CiPS results with modeled ICC and CTH, we need to consider the detection efficiency dependent on
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IWP or optical thickness of CiPS. We therefore calculate IWP from the simulated cloud fields and respectively apply cut-off
values of 0.6 and 3.0 gm~2 corresponding to the 50% and 80% detection probability of CiPS (see Sect. 4.3). The resulting
IWP is called IWPGips—sim in the following. IWPcips—sim Of the simulated cloud field is calculated from IWC and LWC
below -25 °C, because CiPS increasingly misidentifies supercooled liquid water as ice at lower temperatures (Strandgren et al.,
2017b), and above -25 °C from IWC only if IWC is larger than LWC. If IWP¢ips_gim does not exceed the threshold value
cloud cover is set to 0.0. CTH in turn is set to the height where IWPcips_sim first exceeds the threshold when integrating
IWP(cips—_sim from the top of the cloud layer. The ICC and CTH calculated for the two IWP thresholds give a measure for the
uncertainty in the CiPS retrievals. Very thin simulated ice clouds (IWP < 0.6 g m~?2) are neglected and the influence of mixed
phase clouds are limited in our analyzed ICC and CTH. We note that the above CiPS-specific ICC should not be confused with
the model’s own output variables of high cloud cover or cirrus cloud cover, which are calculated differently.

IWP averaged over the whole simulation domain is compared to the satellite products from Sect. 4 to account for the un-
certainty in IWP retrievals. The SatCORPS retrieval method switches input channels at sunset between 18 and 19 UTC (see
Sect. 4.5), which leads to unreliable estimates around that time. Furthermore, two separate domain averaged IWP values are
calculated from ICON-LEM data: one strictly for cloud ice water path (tqi) and one for total frozen water path (tqf). The former
is the column integrated and domain averaged ice content (qi) of cloud ice crystals only, whereas tqf comprises all ice habits,
including the larger agglomerates such as snow (gs), graupel (qg), and hail (qh) within the two-moment microphysics. Please

refer to Sect. 4.9 for a discussion about the sensitivity of the single satellite retrievals to different ice classes.

5 Evaluation of ICON-LEM simulations against observations

We focus on ice cloud properties in the ICON-LEM simulations, which have until now been only evaluated in simulations
over the equatorial Atlantic (Senf et al., 2019). More specifically, the impact of deep summertime convection on ice cloud
properties is investigated over Germany. We focus on a few case studies (Sect. 2) and study the evolution of the convective

outflow making use of data from geostationary and polar orbiting satellites (Sect. 4).
5.1 Evaluation of simulated ice cloud properties

In this section, we evaluate the ability of ICON-LEM to simulate the convective outflow and its temporal evolution for the three

large-scale summertime convective events over Germany that were introduced in Sect. 2.
5.1.1 Comparison to ground based measurements

First we use ground-based observations (Cloudnet and RAMSES, Sect. 4.2 and 4.1) to evaluate simulated ice water content for
different locations in Germany. Figure 2 shows IWC meteograms for 20 June 2013, comparing three different Cloudnet sites
with ICON-LEM. The comparison is performed at the model grid points nearest to the respective Cloudnet site, as already

mentioned in Sect. 4.10.
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Comparing the overall magnitude of observed and simulated IWC shows that ICON-LEM is capable of providing a good
estimate of high in-cloud IWC values ranging between 10~ and 1 g m~3. Having a closer look at cloud edges, a transition to
lower IWC values is visible in ICON-LEM, which corresponds well to the observed width of the decreasing ice water content
at cloud edge. This indicates a good representation of cloud edge mixing by entrainment and detrainment processes. When
comparing the cloud fields and in particular cloud top height, it should be taken into account that very low IWC values cannot
be retrieved due to the limited sensitivity of the radars. The minimum retrievable IWC depends on radar parameters, height,
and temperature. At 10 km altitude, for example, the smallest IWC which can be obtained is 1.8 10~* gm~ for Lindenberg,
3.34 10~* gm~3 for Leipzig, and 3.44 102 gm~2 for Jiilich. The limited radar sensitivity likely contributes to the 500 m to
1000 m cloud top height bias in ICON-LEM simulations relative to observations. Therefore, an additional analysis has been
performed in Sect. 5.1.2 (see Fig. 5) taking into account the detection efficiency of ice clouds as a function of ice water path.

It should be noted that no perfect agreement is expected in IWC development when comparing individual model grid points
against ground-based observations. Nevertheless, the modeled cloud ice development, especially for Lindenberg and Leipzig,
reveals a good description of the observed temporal evolution, including the representation of the cirrus layer over Lindenberg
between 6:00 and 14:00 UTC.

For the second convective episode on 4-5 July 2015, no validation data are available from most of the Cloudnet stations.
Instead, the simulation is compared with RAMSES measurements at the Lindenberg Meteorological Observatory (Fig. 3).
The juxtaposition shows several features. The measured and simulated cloud top heights match well. The apparent decline
in RAMSES cloud top height between 1 and 6 UTC and after 20 UTC on 5 July 2015 is caused by strong signal attenuation
and does not reflect the actual cloud vertical extent. The overall temporal development of cloud geometrical thickness during
the 2x24-hour ICON-LEM simulations agrees well with RAMSES observations over Lindenberg, with the bulk of IWC being
between 7 and 13 km in both model and observation. The simulation of precipitation yields mixed results. While precipitation
between 02:15 and 03:15 UTC is well reproduced, ICON-LEM misses the heavy rainfall starting at about 23 UTC on 5 July
2015. Although patches of precipitation can be found in the neighbouring ICON-LEM grid points, the precipitation intensity is
lower than in observations. The inability to simulate heavy precipitation is likely the result of the simulation failing to reproduce
the downward movement of the cirrus bottom height to altitudes below 4 km and the accompanying rise in IWC. In contrast, the
short-lived precipitation predicted for approximately 23:30 UTC on 4 July 2015 is locally very confined in the simulation and
is not confirmed by observations. Despite the good agreement in the temporal development, the magnitudes of RAMSES IWC
and ICON-LEM IWC generally disagree. Between 20 UTC, 4 July 2015, and 20 UTC, 5 July 2015, the simulation predicts
higher IWC values throughout the cirrus core than the RAMSES retrieval, while before and after this period (and below 6 km)
the discrepancy is the opposite. This disagreement is unlikely to be caused by the comparison of a ground-based 1D observation
with the simulation at a single model grid point, since in both observations and model simulations Lindenberg is situated well
under the convective anvil, unless the anvil is very inhomogeneous. A noteworthy exception is the evening of 5 July 2015,
when RAMSES IWC and ICON-LEM IWC are comparable above 6 km. Differences go either way and can be significant (up
to more than one order of magnitude). Clearly, the question arises how to explain this IWC mismatch given that reasonable

agreement between ICON-LEM IWC and Cloudnet IWC has been found for 20 June 2013. As can be seen in the following
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sections, the likely reason is that I[CON-LEM simulated the different synoptic situations with varying skill. The 20 June 2013
case was in many aspects a well-simulated day, whereas the predictability of 4-5 July 2015 appeared to be significantly lower
and thus ICON-LEM struggled to simulate ice cloud properties realistically. This statement is supported by an evaluation of
organizational indices for the 4-5 July case, indicating a lower performance of the diurnal cycle of cloud-top organizational
state (Pscheidt et al., 2019). Additionally, a comparison of RAMSES IWP with the satellite retrieved IWP product of SPARE-
ICE (Fig. A1) shows a good agreement for 4 July 2015, indicating a thinner cirrus cloud over Lindenberg than simulated by
ICON-LEM.

5.1.2 Comparison to satellite observations

In order to further evaluate the representation of cloud ice, a comparison with the following satellite cloud products has been
performed: SEVIRI CiPS, SEVIRI APICS, SEVIRI SatCORPS, SEVIRI CPP, MODIS, and SPARE-ICE (Sect. 4.3-4.8).

Figure 4 and Fig. 5 show observed and modeled values of ICC, IWP and CTH. The shaded yellow-orange area in modeled
ICC and CTH represents simulated ICC or CTH calculated for the two different IWPcipg_sim thresholds (Sect. 4.10). Space-
borne observations (CiPS) of ICC and CTH are plotted with a continuous black line. As far as IWP is concerned, the spread
between modeled tqi and tqf is also represented by a shaded yellow-orange area. The three geostationary MSG/SEVIRI satellite
observations of IWP are represented with three different line types (SatCORPS: dotted, APICS: continuous, CPP: dashed) and
the spread in observations is represented by a shaded grey area. Since during night only SatCORPS is able to retrieve IWP of
thick clouds, only one curve remains and there is no shaded area. Polar orbiting IWP observations are denoted by red symbols
(MODIS: circles, SPARE-ICE: triangles).

Figure 4 shows the temporal evolution of the domain averaged ICC as compared to CiPS and IWP compared to the above
mentioned data sets over Germany for all three days. Focusing on 20 June 2013 (Fig. 4a), the fairly accurate simulation of the
temporal development of ICC is evident. The increase in observed ICC after 11 UTC, connected with the approaching frontal
zone and the embedded convection, is well reproduced by the model in terms of timing and amplitude. The underestimation of
ICC by ICON-LEM in the morning is related to the failure to resolve an early morning cirrus cloud field. The overall sensitivity
of the results to the inclusion of thin cirrus is low on this day, as reflected by the small shaded yellow-orange area.

The analysis of IWP for 20 June 2013 (Fig. 4a) reveals several important aspects. A huge difference (up to a factor of 3)
between simulated tqi and tqf (see Sect. 4.10 for the definition of these two variables) is apparent, indicating a substantial
amount of graupel and snow (and to a minor extent hail) in the ICON-LEM simulations. Including large ice particles in
the calculation of the model tqf results in a strong overestimation compared to observations during the convective phase of
the frontal zone (after 12 UTC). However, during this day the amount of SEVIRI pixels inside the cloud where the upper
threshold for observable optical thickness and thus IWP are reached amounts to 20 % already at ca. 11 UTC (depending on the
single retrievals, see Sect. 4.9 and the single retrievals descriptions). This implies that IWP in this case could be significantly
underestimated by the passive retrievals, unless compensation effects occur (Sect. 4.9). Worthwhile mentioning is that in this
case both APICS and MODIS, that use different thresholds and have two different spatial resolutions, remain very close to each

other shortly after 12 UTC, thus pointing out that the threshold selection does not induce a strong variability in the VIS-NIR
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retrievals at this stage, maybe due to the still small spatial extension of the convective cell. The modeled total ice amount is
biased high even compared to SPARE-ICE retrievals, which are not affected by saturation issues and are generally considered
more representative of total as opposed to cloud ice. All observational data sets rather provide IWP values similar to the
simulated tqi estimate consisting of small cloud ice particles only. The largest IWP discrepancy between the observations is
found during the strong convective phase between 12 UTC and 18 UTC, when the percentage of saturated VIS-NIR retrievals
is the highest. As discussed in Sect. 4.9, the maximum reported optical thickness and to a lesser degree the maximum reported
ice crystal effective radius vary significantly between the different data sets, resulting in a large scatter in domain-mean IWP
when the scene is dominated by deep convective clouds. Also note that the SatCORPS and SPARE-ICE retrievals indicate
a faster IWP decay, i.e. cloud thinning, after sunset than simulated by the model, while the modeled and observed cloud
fractions agree well. The underestimation of tqi before 12 UTC is consistent with the underestimation of ICC in the morning.
Please note again that MODIS data is always close to the APICS curve or between the APICS and CPP values. SPARE-ICE
IWP is close to the APICS line or between APICS and SatCORPS during day, despite its enhanced sensitivity to larger ice
hydrometeors as explained in Sect. 4.9. SatCORPS is almost always larger than the other VIS-NIR retrievals, even in non
convective situations (e.g. in the morning hours of 20 June 2013) where different hydrometeors types than cloud ice shouldn’t
be relevant, thus indicating a slightly different approach to IWP than the other algorithms. During night SPARE-ICE IWP
is larger than SatCORPS IWP on this day. In general, CPP seems to retrieve less thick clouds and its increase in IWP after
convective initiation at around 11 UTC is also slower.

The analysis for 4 July 2015 (Fig. 4b) shows larger differences with regard to ICC. The area coverage of simulated cirrus
cloud fields in the morning is strongly underestimated compared to CiPS. This is due to the outer edge of a front consisting
mainly of thin cirrus passing over Central Europe that is not captured by the model but is observed by CiPS thanks to its high
sensitivity to thin ice clouds. An increase in ICC after 10 UTC (before convective initiation) is noticeable within the I[CON-LEM
simulation partly compensating the lack of ICC. The start of the convective activity in the ICON-LEM simulations (~ 13 UTC)
and observations (~ 15 UTC) is roughly the same. But convective triggering in the simulations appears to continue well into the
night which could not be supported by satellite observations. ICC is comparable with CiPS after the main convective event and
consists of a larger cirrus system connected with the convective outflow. The maximum ICC values are similar for both ICON-
LEM and CiPS (approx. 60%), but CiPS reaches its maximum ICC at around 18 UTC while ICC from ICON-LEM steadily
increases from 10 to 24 UTC. In a simulation that was run for 2 consecutive days we found that the life time of the anvil was
significantly overestimated. The width of the shaded area in ICC implies that approximately 10 % of the total ICC consists of
clouds with very low optical depths (around 0.05 to 0.14) introducing also a large uncertainty in the determination of simulated
cloud top heights depending on the assumed IWPcips_gin thresholds (see Fig. 5). In combination with the development of
ICC, the IWP strongly increases after initiation of convection around 14 UTC, but reaches both in simulation and observation
lower peak values than on 20 June 2013 (Fig. 4a) and 5 July 2015 (Fig. 4c). On this day (4 July 2015) the tendency of IWP in
the observations is very steep and resembles the increase in tqf rather than in tqi. However, at 16 UTC the maximum IWP is

reached in the observations and its value agrees very well with the model tqi.
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The IWP estimates of SPARE-ICE and the SEVIRI retrievals agree well for 4 July 2015. In the morning almost no cloud
ice is simulated, despite the fact that ice clouds (with ICC ~ 40 %) are apparent indicating that the cirrus field is optically very
thin. The comparison between simulated and observed IWP during the convective phase shows similar results as for 20 June
2013: considering only cloud ice particles and neglecting snow, graupel and hail, tqi agrees well with satellite estimates. Please
notice that in this case the SEVIRI retrievals were almost not affected by saturation, with only a few percent of pixels reaching
the maximum optical thickness. Overall, the explosive convection triggered around 14 UTC exhibits a much more complicated
synoptic situation to be represented by the model, as will be shown in Sect. 6.1, resulting in a poorer matching of observed and
modeled IWP than for the 20 June 2013 case.

Satellite estimates are subject to saturation effects (see Sect. 4.9), so that it is advisable to apply an upper threshold to the
model results when using them for evaluation. Applying an IWP cut-off threshold of 10,000 g m~2 (upper limit of SPARE-ICE)
reduces simulated tqf by approximately 15-20 % (on average or that is peak reduction??) during all three convective events.
Applying a saturation threshold to ICON-LEM tqi leads to negligibly changed estimates. Even when using the lowermost cut-
off threshold (representing the saturation limit of MODIS) of 3700 gm~—2 the maximum reduction amounts to 0.2 %. Around
1-3.5 % of the model grid points (20 June 2013: 3.5 %; 4 July 2015: 1 %; 5 July 2015: 2.5 %) display values higher than
this threshold. Therefore, restricting the range of simulated IWP values does not alter the finding that ICON-LEM tends to
overestimate total IWP.

A comparison between CTHs of ICON-LEM and CiPS has been performed in Fig. 5. Histograms display the frequency of
modeled and observed domain-averaged CTHs for each day separately and the width of the lines represents the uncertainty
connected with the detection efficiency of the CiPS algorithm (Sect. 4.10). Despite the different synoptic situations for these
days, ICON-LEM shows on average the same peak in CTH at approximately 12.5 km for all days. The observed CTH from
CiPS is, however, more variable. On 20 June 2013 (top panel in Fig. 5), the model almost perfectly captures the shape of the
CTH distribution, but with a constant bias of approx. 1 km. This could partly be a result of CiPS’ tendency of underestimating
the CTH for unusually high cirrus clouds in mid-latitudes (Strandgren et al., 2017a). For example, validation against CALIOP
shows that CiPS underestimates CTHs in the range 11 to 13 km by approx. 1 km on average for the geographical location ana-
lyzed in this paper, which is in line with the difference between observation and model. Nevertheless, lower cloud top heights
of up to 10 or 11 km are likely underestimated in the simulation. On 4 July 2015, the modelled CTH again peaks at approx.
1 km higher altitudes than in the observations. Furthermore, the distribution of the modelled CTH is skewed towards higher
CTH, whereas the distribution of observed CTH is skewed towards lower CTH. Those differences do not merely result from
the fact that the early morning cirrus cover was not reproduced by ICON-LEM. Instead we see that additionally low ice clouds
are missed by the model later in the day. CiPS indicates that CTHs are lower as one moves away from the convective core,
whereas ICON-LEM simulates more homogeneous cloud top heights over the whole cirrus shield (Appendix A2). The mod-
eled cloud top heights, therefore result in a more distinct CTH peak displayed by the histograms. A rather uniform distribution
of observed CTHs is apparent for 5 July 2015 which is not reproduced by ICON-LEM. The large probability of high CTHs and
the corresponding lower probability of lower CTHs in the simulation may partly be due to the model predicting an excessively

long-lived of the outflow cirrus that maintained high CTH. Again, ICON-LEM seems to miss the decrease in cloud top heights
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at the edges of the convective cloud field. For all days, the maximum simulated CTH agrees well with the observed maximum

height of 14 km, which is important in order to capture the effect of the cloud field on longwave radiation.
5.2 Statistics of several convective days

In order to provide an analysis of ICON-LEM performance over a broader range of convective situations, we have collected
eight convective days in the time period 2013-2016 (Table 1). This selection, which also includes the three days evaluated in the
previous sections, encompasses different kinds of meteorological conditions, from convection embedded in fronts to scattered
convection. For all these days we evaluate statistics of CTH, ICC, and IWP.

The simulated CTH distribution shows good agreement with the observed one (Fig. 6a). As mentioned above, the slight
rightward shift of the simulated CTHs to higher values compared to observations is partly explained by the known negative
bias of CiPS underestimating unusually high CTHs at mid-latitudes (see Sect. 5.1). The model, however, underestimates the
frequency of clouds with CTHs at the lower end of the distribution between 8 and 10 km. This is partly caused by the overes-
timation of the height of anvil edges, which is present in all convective simulations and is particularly strong in the convective
situations on 4-5 July 2015.

The interpretation of the ICC and IWP histograms is more difficult, because our ensemble of simulations consists of a
few large scale convective events partly connected with frontal systems and a few cases of scattered small scale convection.
Therefore, the convective activity does not always lead to the largest ICC and IWP when averaged over the simulation domain.
The histogram of ICC (Fig. 6b) shows a relatively flat distribution with maxima in observed ICC around 50% and 90% cloud
coverage. In the simulations the highest probability is for ICC between 50% and 80%, but a large part of those ice clouds are
optically thin. The differences in the observed and simulated ICC histogram may have different causes. They could be related
to an underestimation of the convective cell extension, even though the opposite seems to be true for the 4-5 July case, to an
underestimation of ice clouds originating from other meteorological systems that remain unresolved in ICON (see Sect. 5.1,
discussion of ICC for the morning of 20 June 2013), to spatial shifts of the convective spots that partly evolve outside the ICON
domain, or to errors stemming from the initialization.

Concerning the IWP histogram (Fig. 6¢), the ICON-LEM tqi generally follows the observations from SatCORPS and APICS
well. Maximum simulated tqi and APICS values are 400 g m~?2 while SatCORPS retrieves IWP values of up to 700 gm™2.
For IWP between 250 gm~2 and 700 gm~2 ICON-LEM tqf is well aligned with SatCORPS, whereas for smaller IWP values
the SatCORPS frequencies lie between the two model curves. Nevertheless, a significant amount (= 10 %) in IWP frequency
for tqf lies above 800 gm~2 indicated by the star at the end of the distribution, which is not apparent in the observations or
ICON-LEM tqi. Maximum domain averaged (daytime) values are 1400 gm~2 for tqf, which were found on 20 June 2013, the
day with the most extreme IWP values (see Fig. 4). Compared to SatCORPS, APICS shows a higher occurrence of thin ice
clouds thanks to the significantly higher sensitivity of CiPS used for ice cloud detection in this retrieval (Sects. 4.4 and 4.3).
Those thin cirrus clouds are largely missing from the model (and also from the other satellite retrievals), as discussed for the
4 July 2015 (see Sect. 5.1). At the other end of the IWP distribution, APICS does not provide as high domain averages as
SatCORPS, since the maximum retrieved APICS IWP values are lower (see Sects. 4.4, 4.5 and 4.9). APICS generally follows
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the ICON-LEM tqi curve well, except for the range 150-200 g m~2, where APICS and ICON-LEM tqf are better aligned.
While the distribution of ice in the model is generally similar to satellite observations, the distinction between tqi and tqf can
be considerably different between model and satellite retrievals, and also between the various retrieval algorithms (Sect. 4.9),

due to the different sensor sensitivities and assumptions made on partitioning the total ice into the various ice habits.

6 Sensitivity studies

Here we investigate the possible causes of model deficiencies noted in the simulations of the convective situations on 4-5 July
2015, e.g. the excessive anvil life time. We selected this case because of the large convective instability related to large CAPE
values and expect that small differences in boundary conditions and/or model physics perturb the simulations enough to shed
light on these deficiencies. To explore potential error sources we ran sensitivity experiments with modified model physics,
in particular modified cloud microphysics (Sect. 6.2), and with changing initial and boundary data used to drive the model
(Sect. 6.1), giving a measure for the predictability of the synoptic situation.

Note that the sensitivity studies were performed at 625 m resolution with no further nesting in order to save computing time
and storage space - as opposed to 150 m resolution for the simulations discussed above. As Stevens et al. (2020) pointed out, the
improvement going from 625 m to 150 m is modest, so we expect the results of our sensitivity study to carry over to the higher
resolution domain. A comparison of the two control simulations at 625 m and 150 m resolution confirmed this; for example,

cloud water path (tqc) and tqi only changed by 1.5% and 6.0%, respectively.
6.1 Sensitivity to initial and boundary conditions

For 4-5 July 2015 additional simulations were performed using different initial and lateral boundary conditions. Instead of
using initial and boundary data from the COSMO-DE analysis fields (in the following referred to as “default simulation”), data
from ICON-NWP (Ibcl) and the IFS (Ibc2) have been used (see Table 2). The sensitivity simulations using IFS (cycle 41r1)
and ICON-NWP data were analyzed regarding the evolution of IWP, ICC and the distribution of CTHs and compared to the
default simulation and observations (Fig. 7 and Fig. 8).

In all three simulations strong convective events are located over northern Germany on 4 July 2015. However, both the
timing and the amplitude of the increase in IWP and ICC (Fig. 7a) appear to be very sensitive to the initial and boundary
data. Using the ICON-NWP data for initialization, convective activity starts too early and is too vigorous. This appears to be
connected with a wet moisture bias in the boundary layer in the ICON-NWP analysis for those days. Connected with exceeding
convection, CTHs are overestimated. Using COSMO-DE or IFS data for the initialization and boundary conditions ICON-LEM
captures the temporal evolution of the IWP over Germany well. The SatCORPS IWP estimate agrees well with simulated tqi
in the default and 1bc2 simulations, whereas in the lbcl simulation tqi is much larger than observed. The decrease of tqi at
the end of the day is not captured. The evolution of ICC is slightly less successfully simulated. ICC is underestimated in the
morning and decreases only slightly (Ibcl and 1bc2) or fails to decrease completely (default) during the night, indicating that

the cirrus field connected with the convective outflow remains too large for many hours after the main convective event. In
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the ICON-LEM default simulation for 4 July 2015, tqi remains constant and ICC continues to increase through the night. As
pointed out before, this continued increase in the modeled cirrus shield appears to be caused by the numerous small convective
events simulated in the vicinity of the convective cirrus shield throughout the afternoon and night, which are in contrast with
the single big convective event observed in the afternoon. CTHs in those two simulations are lower than in the ICON-NWP
forced simulation, but the fraction of clouds reaching 13 km is significantly too high when compared to observations (Fig. 8a).
For all three simulations tqf is significantly higher than tqi. The difference is particularly large at the time of convection and
several hours afterwards pointing to a large number of larger hydrometeors. Whereas the difference between tqi and tqf strongly
decreases at night in the Ibc1 and Ibc2 simulations, this is not the case for our default simulation indicating a continuing large
optical depth of the ICC resulting from the convective event.

The spread in the simulations for 5 July 2015 (Fig. 7a) is slightly smaller than for the previous day. The ICON-NWP initial

and boundary data appear to be in better agreement with the COSMO-DE and IFS data. The start of convective activity in the
ICON-LEM Ibcl run is too early, which is likely connected with a premature transition of the frontal system in the morning
in ICON-NWP. The default simulation starts with an ICC significantly too large and a small overestimation of IWP, both as-
sociated with the excessive life time of the convective cirrus shield. This suggests that COSMO-DE that supplies the initial
and boundary data for the default simulation also overestimated the life time of the ICC resulting from the large convective
event of the previous day. Simulated tqi agree reasonably well with SatCORPS data with the lbcl simulation significantly
overestimating tqi in the early afternoon. Simulated CTHs (Fig. 8b) agree better with observations than for the previous day
and show convection reaching up to 13 km.
In general, CTH distributions do not vary strongly with initial and boundary data for these two days, except for the overesti-
mation of the CTH on 4 July 2015 when using ICON-NWP data. Furthermore, simulated CTHs underestimate the frequency
of lower cirrus clouds on both days (Fig. 8). While the observed distribution of CTH appears wide or even bimodal, the model
prefers single-peaked distributions centered on high CTH between 11 and 14 km, capturing little of the lower level cirrus fields
that CiPS detects between 8 and 10km. The absence of lower CTHs is caused by the overestimation of CTH in clouds not
directly connected with the convective systems and also by the overestimation of CTH at the edges of the convective cirrus
shield (see Appendix A2).

6.2 Sensitivity to microphysics

To investigate the representation of cloud microphysical processes as a possible cause of model deficiencies, we have performed
16 sensitivity studies with different microphysical assumptions (Tab. A1). The sensitivity experiments have been performed for
5 July 2015 with a grid spacing of 625 m. The microphysical control run has the same configuration as the default simulation
in Tab. 2 without adding further nested domains.

Here we discuss these experiments, which all lead to a reduction of IWP; recall that an over-pronounced anvil cloud has
previously been identified as a likely model bias. A short description of the experiment setups and their outcome is given in
Appendix A3. We concentrate on three experiments in particular. The experiments "hexPlate’, dendrite’, and ’stickLFOhigh’

(Tab. 3 and experiments 3, 4, and 10 in Tab. A1) replace the original mass-size and velocity-size relations for cloud ice by
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a different particle geometry. The corresponding relations in the control run are for irregular crystals derived from in-situ
measurements collected during CRYSTAL-FACE (A. Heymsfield, pers. comm.). These irregular crystals have rather high
terminal fall velocity more typical of column-like particles. This has been replaced by a plate-like geometry in experiment
"hexPlate’ and a dendrite-like geometry in experiment "dendrite’. Both of these crystal geometries have rather low fall speeds,
but they differ in the exponent of the mass-size relation (see Tab. 3), leading to the dendrite-like geometry growing more quickly
in maximum dimension than the plate-like crystals. Both experiments result in a significant decrease in cloud ice water path
(tqi, Tab. A2) of 18 % and 16 %, respectively. Figure 9 displays the actual time series of the condensate path and the vertical
profiles of the in-cloud water content for each water species. This shows clearly that experiments "hexPlate’ and dendrite’ lead
to a decrease of tqi during the day when deep convection develops.

The decrease of tqi corresponds to an increase in the amount of graupel. Note that the graupel category should be interpreted
more broadly as partially rimed ice and graupel for the SB scheme. This shift is also reflected in the vertical profiles which
clearly show a reduced vertical extent of the cloud ice layer for the "hexPlate’ and ’dendrite’ experiments, which is easily
explained by the reduced sedimentation velocity. The increase in graupel is most probably caused by the increased collection
of cloud ice by graupel due to the increased velocity difference between the two categories and, hence, an increased collection
kernel. This behaviour differs from the case of isolated cirrus or anvil clouds for which an increased sedimentation velocity
leads to a faster fall out of ice into the drier layers below and, hence, a faster dissipation of the ice cloud and consequently a
reduced tqi. For the studied mature mesoscale convective system (MCS) our simulations show the opposite behavior, because
of the presence of deep condensate layers with snow and graupel below the cloud ice layer. Unfortunately, the experiments
“hexPlate’ and ’dendrite’ were unable to significantly reduce the areal extent of the anvil clouds and, hence, did not improve
the performance of the ICON-LEM model in that regard. In fact, the slower falling cloud ice particles lead to an increase in
ICC and CTH, in disagreement with the CiPS satellite retrievals (Fig. 11).

The strongest decrease in the ice water path tqi is shown by the experiment "stickLFOhigh’, featuring a significantly increased
sticking efficiency between ice, snow, and graupel. An increase of the sticking efficiency trivially leads to increased collection
rates and, hence, to the faster formation of large precipitation-sized particles, which in turn enhances the depletion of cloud ice
by faster conversion to graupel. This is clearly visible in the time series and the vertical profiles shown in Fig. 10. The graupel
content in mid-levels, however, is actually decreasing for ’stickLFOhigh’, which can be explained by the formation of larger
and therefore faster falling graupel particles. Compared to the satellite observations of cloud top height and ICC, there is no
significant improvement, though. The change in sticking efficiency affects mostly the vertical structure of the MCS and less
so its horizontal extent. Overall, the ’stickLFOhigh’ (Table 3) simulations produced inconclusive results. We also note that the

used sticking efficiencies are rather high in light of more recent laboratory measurements (Connolly et al., 2012).

7 Discussion and conclusions

A qualitative and quantitative evaluation of summer convective events in large-eddy simulations over Germany has been per-

formed. ICON, as a cutting-edge model resolving deep moist convection with an applied resolution of O(100 m), gives un-
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precedented insights into clouds and precipitation for the next generation of NWP models. We examined different cases of
summertime convective situations with regard to the timing and strength of the convective transport of water into the upper
troposphere as well as the horizontal and vertical extent and the evolution of the resulting convective anvil. Furthermore, we
studied the sensitivity of the simulations to initial conditions and microphysics, in order to investigate the uncertainty and
predictability of simulated convection. For verification we used observed estimates of cloud top height (CTH), ice cloud cover
(ICC) and a variety of ice water content / ice water path IWC/IWP) products from geostationary and polar orbiting satellite
sensors exploiting different data and retrieval approaches (optical thermal, optical VIS-NIR, microwaves) as well as ground-
based instruments.

Several different convective situations were considered, connected with either scattered, dynamically forced large-scale or
frontal convection. Overall, the model evaluation with the above suite of satellite and ground-based observations shows that the
convective situations have been mostly well reproduced concerning the spatial and temporal cloud structure. This is consistent
with the work of Stevens et al. (2020) who showed that cloud structure and diurnal variability is improved in high resolution
ICON simulations relative to coarser resolution models. The convective event of 4 July 2015 extending into 5 July 2015 proved
to be the most difficult to reproduce. We focused our evaluation effort on this large-scale convective event and the subsequent
passage of the band of frontal convection and additionally a contrasting very good representation of the large-scale frontal
convection on 20 June 2013.

The timing of the start of convective activity on those days, expressed in the nearly simultaneous increase in ICC and IWP,
is well captured by ICON-LEM. We use the CiPS algorithm, based on the thermal SEVIRI channels, which is optimally suited
to describe the spatial extent and cloud top height of the anvil and their temporal evolution. Comparison with the simulations
indicates an overall realistic structure of cloud anvils in terms of CTH and coverage. The simulations even agree well with
ground-based observations at particular instrument sites (RAMSES and Cloudnet). But the life time of the cloud systems
originating from the convective outflow are shown to be too long in particular in terms of ICC. The evaluation of IWP with
observations proved to be difficult due to the large uncertainty in observed IWP values. Using a number of different VIS-NIR
satellite retrievals and a retrieval using also microwave data allowed us to characterize the spread of observed IWP estimates
that encompasses the ICON-LEM simulated cloud ice water path (tqi). Model and observations agree on the relative strength of
the convective water transport into the upper troposphere in the three synoptic cases, with the 20 June 2013 being the case with
the largest increase in IWP and 4 July 2015 the one with the smallest increase in IWP. On all three days, the model integrated
cloud ice tqi agrees well in magnitude and temporal evolution with the VIS-NIR retrievals although in many cases tqi is slightly
underestimated by ICON-LEM. Furthermore, in all cases frozen water path (tqf), which is the sum of all ice hydrometeors,
exceeds the simulated cloud ice water path and the observed IWP by a large degree as soon as convection is triggered.

Evaluating our ensemble of 8 simulated days regarding CTH, ICC and IWP we find the PDFs of the cloud variables to be
reasonably well simulated by ICON-LEM. Whereas CTH is relatively well simulated regarding its variability and its estimate
for clouds of convective origin, the evaluation of ICC is challenging since it is very sensitive to the existence of optically very
thin ice clouds. The horizontal structure of the CTH of convective anvils appears to be too homogeneous in the simulations

and anvil cloud edges are too high (see Appendix A2), which likely hints at deficiencies in the microphysical scheme. ICON
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simulations exhibit a higher probability of very large tqf values than observations. Since observations vary in their sensitivity
to different ice habits and cannot detect all ice, a certain overestimation of tqf in the model relative to observations would be
expected. However, the model estimate of tqf is in extreme cases, such as 4-5 July 2015, larger than all observed IWPs by a
factor of 3 or 4. Therefore the question arises whether ICON can be said to overestimate tqf.

Current state-of-the-art satellite retrievals provide a rather weak constraint on bulk ice mass in the atmosphere. Satellite
retrievals employing different remote sensing methods, e.g. involving active and passive instruments, span a large range of IWP
estimates. By using remote sensing data in the microwave spectral region, SPARE-ICE is also sensitive to ice hydrometeors
other than cloud ice whereas the VIS-NIR retrievals (SEVIRI and MODIS) are not. The VIS-NIR retrievals alone span quite a
broad range of IWP that does not appear to be tied to differences in sensitivity to hydrometeors. Furthermore, when comparing
only estimates based on SEVIRI (APICS, SatCORPS and CPP) the spread of retrieved IWP is still significant, up to a factor of
2-3 being typical, due to differences in inherent assumptions. While in many situations SPARE-ICE is close to APICS and/or
SatCORPS, particularly in convective situations, it often exceeds all other retrievals. Nevertheless, SPARE-ICE is likely to
underestimate tqf partly due to the presence of small ice crystals in convective clouds that cannot be reliably accounted for.
The sensitivity of the existing passive and active methods to the different ice habits (small cloud ice versus large precipitating
ice) is poorly quantified, complicating the interpretation of the reported IWP values.

What emerges from our model-satellite comparison with confidence is that the simulated tqi is within the current, relatively
wide, range of satellite estimates. The model tqf, however, is biased high even compared to satellite estimates based on active
radar/lidar retrievals (SPARE-ICE), implying an overestimation of elevated graupel.

Evaluating the ICON-LEM simulations in detail against observations in terms of biases in ice clouds and anvil evolution
allows us to go one step further and examine the uncertainty of the associated forecasts at hectometer resolution. Given recent
work (see introduction) that points to moist processes and initial conditions and large-scale weather as key players in the
predictability of convection as well as larger scale weather phenomena we aimed at exploring those sensitivities on cases
specifically selected as potentially most unpredictable (high CAPE, yet low large-scale advection).

For the investigation of uncertainty we selected the explosive convective event over Germany of 4-5 July 2015 for which the
model struggled to simulate the evolution of convection realistically. Looking at high cloud properties in the three sensitivity
experiments with COSMO, ICON and IFS initial and boundary conditions we found impact on convective triggering, strength
and to a lesser degree on the life time of the convective outflow. The sensitivity in terms of ICC and IWP is of similar order of
magnitude as the diurnal cycle. Note, that the variability is larger for the more locally forced 4 July 2015 and smaller for 5 July
2015 which was embedded in a front, pointing to the importance of convective instability.

Second, we investigated the sensitivity to microphysics as it represents a large part of the non-linearities and uncertainty
in the model physics. Given a tendency of over-prediction of cloud ice in ICON-LEM, we selected modifications focused on
the hydrometeor geometry aiming to reduce cloud ice. It is striking to note that these substantial physics changes result in a
large reduction in cloud ice (up to a factor of 5) and smaller changes to cloud top height, but the critical timing of convection
including the diurnal cycle, in contrast, changed little. The considered changes in the microphysical parametrization did not

reduce the water path of the other frozen hydrometeors either or shorten the life time of the convective outflow cloud field.
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In summary, the work we present demonstrates the usability of a O(100 m) resolution model for forecasting studies or
parameterization development of convection including anvil evolution and its uncertainty. Given the fact that a major source of
non-linearity in cloud-resolving models originates from cloud physics, the surprising result of our case study of 4-5 July 2015
was the relatively small impact of microphysics in the uncertainty of convective development. We therefore recommend future
work to focus on a wider set of cases of locally forced continental summer convective days. Another direction of research to
strengthen the understanding in the interplay of large-scale forcing and local physics in the uncertainty of the prediction of
continental convection would be to investigate other parts of the description of clouds in models relating to the liquid phase
and including lateral mixing in convective cores at sub-grid scales. The current work highlights the existing limits in using
observations to evaluate high ice clouds from O(100 m) forecast models, which originate from both data and algorithms. The
arrival of the new spaceborne radar/lidar system EarthCare in 2022 will provide a driving force in both aspects. This will be
followed by the Ice Cloud Imager (ICI) in 2023 on EUMETSAT’s second generation polar system, giving significantly tighter
observational constraints by exploiting sub-millimeter wavelengths and promising a much reduced (50%) uncertainty in IWP

retrievals (Eriksson et al., 2020).

Appendix A
A1l RAMSES

RAMSES is a spectrometric water Raman lidar which allows to measure water in all of its three phases. However, because of the
extremely weak inelastic scattering by clouds, the condensed phases can only be obtained directly under favorable conditions.
To widen the range of applicability, the RAMSES data set of cloud water content (CWC) measurements was searched for a
proxy variable that would be easier to measure than CWC directly but would still provide reasonable estimates of CWC at
all times. It was found that in the case of cirrus clouds the cross-polarized backscatter coefficient (BSCs) serves this purpose,
and an analytic expression for deriving IWC profiles and, by extension, IWP from BSCs and atmospheric temperature was
developed [Reichardt; manuscript in preparation]. To validate the RAMSES IWC retrieval technique, a comparative study
was conducted in which RAMSES IWP was contrasted with IWP results retrieved from satellite-borne radiometers (CiPS,
SPARE-ICE). First results have been presented by Strandgren (2018). Generally, good agreement is found when the observed
cirrus system can be assumed to be ergodic. As an example, Fig. Al highlights the comparison between the RAMSES and
the satellite observations on 4 July 2015. Before 19 UTC when the cirrus was optically thin, RAMSES and CiPS IWP values
coincide. Later on, as was expected, CiPS IWP falls behind because cirrus optical depth increases to values too high for the
CiPS algorithm to be applicable (Sect. 4.3. The earlier SPARE-ICE IWP value (around 19:20 UTC) is much smaller than both
RAMSES and CiPS IWP. Possibly, the cloud volumes observed under slant angle (SPARE-ICE) or vertically (RAMSES) differ
too much so that the requirement of ergodicity is not met in this case. In contrast, SPARE-ICE IWP at 20 UTC is in excellent
agreement with RAMSES IWP retrieved shortly before.
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A2 Underestimation of the probability of low cloud top heights

The analysis in Sect. 5.1.2 shows that the probability of low (below 11km) CTHs is underestimated in the simulations (see
Fig. 5b and c). To elucidate the causes, a snapshot of observed CTHs is compared with the default simulation in Fig. A2. The
anvil over northeastern Germany is clearly visible in the evening of 4 July 2015. Whereas the observations show a systematic
decrease of convective anvil height towards cloud edges, the simulations lack such spatial gradients in CTH. This model
deficiency can be seen on most convective days and is the main reason for the underestimation of low CTHs in the simulations.
The effect is strongest on 4 July 2015, when it might be exacerbated by an increased convective activity continuing into the
night in the ICON-LEM simulation. Furthermore, the band of low ice clouds in the northwest of the domain (Fig. A2) is not

captured by the model, which adds to the relative lack of simulated low CTHs.
A3 Additional microphysical sensitivity simulations

The results of all microphysical experiments (Tab. Al are summarized in condensed form in Tab. A2. Here we highlight only
the values of the domain- and time-averaged liquid resp. ice water path for cloud water (tqc), cloud ice (tqi), snow (tqs),
graupel (tqg) and hail (tgh). Such simple statistics do nevertheless provide some insights. For example, the narrow ice particle
size distribution leads to a slower ice sedimentation and, hence, a higher cloud ice water path (29 % increase compared to the
control). The increased number of CCN leads to smaller cloud droplets, a suppression of warm rain formation and an increased
lofting of water mass above the freezing level. Hence, cloud water is increased, rain water decreased, and cloud ice shows a
strong increase of 46 % resp. 99 %. Interestingly, the precipitating ice categories of graupel and hail also show a significant
reduction for increased CCN in these simulations. For a more detailed investigation and discussion of the impact of CCN in
large-domain large-eddy simulations over Germany we refer to Costa-Surds et al. (2020). Compared to the other experiments,
the assumptions regarding ice nuclei (IN) of experiments 12 to 14 have only a moderate impact on the simulation results, but
the present-day aerosols (PDA) scheme leads to a significant increase in snow, graupel and hail, most notably in experiment
15, which assumes a significant contribution from organic IN. In the main text we focus on those microphysical experiments
that lead to a decrease in cloud ice amount, which are experiments 3 and 4 with a modification of the cloud ice geometry, and

experiment 10 with the increased sticking efficiency.

26



845

850

https://doi.org/10.5194/acp-2020-635 Atmospheric
Preprint. Discussion started: 14 July 2020 Chemistry
(© Author(s) 2020. CC BY 4.0 License. and Physics

Discussions
By

Data availability. Access to observational and model data sets used within this publication are provided under zenodo archive (Rybka, 2020)

Author contributions. UB, MK and HR created the conceptual design of this study. MK and LB selected the cases for suitability. Sensitivity
simulations were planned and performed by HR, CM and AS. Satellite data were made available by AH, LB and JS and ground based data
by JR and UG and evaluated against each other. HR, IA, UB and CM performed the analysis of the model simulations. The paper was jointly

written by all authors.

Competing interests. The authors declare that they have no conflict of interest.

Acknowledgements. This work is funded by the research program “High Definition of Clouds and Precipitation for Advancing Climate Pre-
diction” (HD(CP)?) of the BMBF (German Federal Ministry of Education and Research) under grant 01LK1505A, 01LK1505B, 01LK1505D
and 01LK1505F. LB, IA and JS were funded by the DLR Klisaw project. We gratefully acknowledge the work of Ksenia Gorges and Rieke
Heinze who performed the ICON-LEM control simulations and the computing time provided by the German Climate Computing Centre
(DKRZ) on the HPC system Mistral and the Jiilich Supercomputing Centre (JSC) on the HPC system JURECA. We also thank Bjorn Stevens
and Wiebke Schubotz for initiating and coordinating the HD(CP)? project.

27



855

860

865

870

875

880

885

890

https://doi.org/10.5194/acp-2020-635 Atmospheric
Preprint. Discussion started: 14 July 2020 Chemistry
(© Author(s) 2020. CC BY 4.0 License. and Physics

Discussions
By

References

Arakawa, A. and Wu, C.-M.: A Unified Representation of Deep Moist Convection in Numerical Modeling of the Atmosphere. Part I, Journal
of the Atmospheric Sciences, 70, 1977-1992, https://doi.org/10.1175/JAS-D-12-0330.1, https://doi.org/10.1175/JAS-D-12-0330.1, 2013.

Austin, R. T., Heymsfield, A. J., and Stephens, G. L.: Retrieval of ice cloud microphysical parameters using the CloudSat millimeter-wave
radar and temperature, Journal of Geophysical Research: Atmospheres, 114, https://doi.org/10.1029/2008JD010049, 2009.

Baldauf, M., Seifert, A., Forstner, J., Majewski, D., Raschendorfer, M., and Reinhardt, T.: Operational convective-scale numer-
ical weather prediction with the COSMO model: Description and sensitivities, Monthly Weather Review, 139, 3887-3905,
https://doi.org/10.1175/MWR-D-10-05013.1, cited By 452, 2011.

Barlakas, V., Deneke, H., and Macke, A.: The sub-adiabatic model as a concept for evaluating the representation and radiative effects of
low-level clouds in a high-resolution atmospheric model, Atmospheric Chemistry and Physics, 20, 303-322, https://doi.org/10.5194/acp-
20-303-2020, 2020.

Baum, B. A., Yang, P, Heymsfield, A. J., Schmitt, C. G., Xie, Y., Bansemer, A., Hu, Y.-X., and Zhang, Z.: Improvements in Shortwave
Bulk Scattering and Absorption Models for the Remote Sensing of Ice Clouds, Journal of Applied Meteorology and Climatology, 50,
1037-1056, https://doi.org/10.1175/2010JAMC2608.1, 2011.

Benas, N., Finkensieper, S., Stengel, M., van Zadelhoff, G.-J., Hanschmann, T., Hollmann, R., and Meirink, J. F.: The MSG-SEVIRI-based
cloud property data record CLAAS-2, Earth System Science Data, 9, 415-434, https://doi.org/10.5194/essd-9-415-2017, 2017.

Beydoun, H. and Hoose, C.: Aerosol-Cloud-Precipitation Interactions in the Context of Convective Self-Aggregation, Journal of Advances
in Modeling Earth Systems, 11, 10661087, https://doi.org/10.1029/2018MS001523, 2019.

Bony, S., Stevens, B., Coppin, D., Becker, T., Reed, K. A., Voigt, A., and Medeiros, B.: Thermodynamic control of anvil cloud amount,
Proceedings of the National Academy of Sciences, 113, 8927-8932, https://doi.org/10.1073/pnas.1601472113, https://www.pnas.org/
content/113/32/8927, 2016.

Boutle, I. A., Eyre, J. E. J., and Lock, A. P.: Seamless Stratocumulus Simulation across the Turbulent Gray Zone, Monthly Weather Review,
142, 1655-1668, https://doi.org/10.1175/MWR-D-13-00229.1, https://doi.org/10.1175/MWR-D-13-00229.1, 2014.

Bryan, G. H. and Morrison, H.: Sensitivity of a Simulated Squall Line to Horizontal Resolution and Parameterization of Microphysics,
Monthly Weather Review, 140, 202-225, https://doi.org/10.1175/MWR-D-11-00046.1, 2012.

Bryan, G. H., Wyngaard, J. C., and Fritsch, J. M.: Resolution Requirements for the Simulation of Deep Moist Convection, Monthly Weather
Review, 131, 2394-2416, https://doi.org/10.1175/1520-0493(2003)131<2394:RRFTS0>2.0.CO;2, 2003.

Bugliaro, L., Zinner, T., Keil, C., Mayer, B., Hollmann, R., Reuter, M., and Thomas, W.: Validation of cloud property retrievals with simulated
satellite radiances: a case study for SEVIRI, Atmospheric Chemistry and Physics, 11, 5603-5624, https://doi.org/10.5194/acp-11-5603-
2011, 2011.

Cioni, G. and Hohenegger, C.: Effect of Soil Moisture on Diurnal Convection and Precipitation in Large-Eddy Simulations, Journal of
Hydrometeorology, 18, 1885-1903, https://doi.org/10.1175/JHM-D-16-0241.1, 2017.

Cioni, G., Cerrai, D., and Klocke, D.: Investigating the predictability of a Mediterranean tropical-like cyclone using a storm-resolving model,
Quarterly Journal of the Royal Meteorological Society, 144, 1598-1610, https://doi.org/10.1002/qj.3322, 2018.

Connolly, P. J., Emersic, C., and Field, P. R.: A laboratory investigation into the aggregation efficiency of small ice crystals, Atmospheric
Chemistry and Physics, 12, 2055-2076, https://doi.org/10.5194/acp-12-2055-2012, https://www.atmos-chem-phys.net/12/2055/2012/,
2012.

28



895

900

905

910

915

920

925

https://doi.org/10.5194/acp-2020-635 Atmospheric
Preprint. Discussion started: 14 July 2020 Chemistry
(© Author(s) 2020. CC BY 4.0 License. and Physics

Discussions
By

Costa-Surés, M., Sourdeval, O., Acquistapace, C., Baars, H., Carbajal Henken, C., Genz, C., Hesemann, J., Jimenez, C., Konig, M., Kret-
zschmar, J., Madenach, N., Meyer, C. L., Schrodner, R., Seifert, P, Senf, F., Brueck, M., Cioni, G., Engels, J. F.,, Fieg, K., Gorges, K.,
Heinze, R., Siligam, P. K., Burkhardt, U., Crewell, S., Hoose, C., Seifert, A., Tegen, 1., and Quaas, J.: Detection and attribution of aerosol-
cloud interactions in large-domain large-eddy simulations with ICON, Atmospheric Chemistry and Physics Discussions, 2019, 1-29,
https://doi.org/10.5194/acp-2019-850, 2020.

Delanog, J. and Hogan, R. J.: Combined CloudSat-CALIPSO-MODIS retrievals of the properties of ice clouds, Journal of Geophysical
Research: Atmospheres, 115, https://doi.org/10.1029/2009JD012346, 2010.

Deng, M., Mace, G. G., Wang, Z., and Okamoto, H.: Tropical Composition, Cloud and Climate Coupling Experiment validation
for cirrus cloud profiling retrieval using CloudSat radar and CALIPSO lidar, Journal of Geophysical Research: Atmospheres, 115,
https://doi.org/10.1029/2009JD013104, 2010.

Dipankar, A., Stevens, B., Heinze, R., Moseley, C., Zingl, G., Giorgetta, M., and Brdar, S.: Large eddy simulation using the general circula-
tion model ICON, Journal of Advances in Modeling Earth Systems, 7, 963-986, https://doi.org/10.1002/2015MS000431, 2015.

Duncan, D. I. and Eriksson, P.: An update on global atmospheric ice estimates from satellite observations and reanalyses, Atmospheric
Chemistry and Physics, 18, 11205-11 219, https://doi.org/10.5194/acp-18-11205-2018, 2018.

Eichler, H., Ehrlich, A., Wendisch, M., Mioche, G., Gayet, J., Wirth, M., Emde, C., and Minikin, A.: Influence of ice crystal shape on
retrieval of cirrus optical thickness and effective radius: A case study, Journal of Geophysical Research: Atmospheres (1984-2012), 114,
https://doi.org/10.1029/2009JD012215, 2009.

Eliasson, S., Buehler, S. A., Milz, M., Eriksson, P., and John, V. O.: Assessing observed and modelled spatial distributions of ice water path
using satellite data, Atmospheric Chemistry and Physics, 11, 375-391, https://doi.org/10.5194/acp-11-375-2011, 2011.

Eliasson, S., Holl, G., Buehler, S. A., Kuhn, T., Stengel, M., Iturbide-Sanchez, F., and Johnston, M.: Systematic and random er-
rors between collocated satellite ice water path observations, Journal of Geophysical Research: Atmospheres, 118, 2629-2642,
https://doi.org/10.1029/2012JD018381, 2013.

Eriksson, P., Rydberg, B., Mattioli, V., Thoss, A., Accadia, C., Klein, U., and Buehler, S. A.: Towards an operational Ice Cloud Imager (ICI)
retrieval product, Atmospheric Measurement Techniques, 13, 53-71, https://doi.org/10.5194/amt-13-53-2020, 2020.

Gayet, J.-F., Mioche, G., Bugliaro, L., Protat, A., Minikin, A., Wirth, M., Dornbrack, A., Shcherbakov, V., Mayer, B., Garnier, A., and
Gourbeyre, C.: On the observation of unusual high concentration of small chain-like aggregate ice crystals and large ice water con-
tents near the top of a deep convective cloud during the CIRCLE-2 experiment, Atmospheric Chemistry and Physics, 12, 727-744,
https://doi.org/10.5194/acp-12-727-2012, 2012.

Gayet, J.-F., Shcherbakov, V., Bugliaro, L., Protat, A., Delanog, J., Pelon, J., and Garnier, A.: Microphysical properties and high ice water
content in continental and oceanic mesoscale convective systems and potential implications for commercial aircraft at flight altitude,
Atmospheric Chemistry and Physics, 14, 899-912, https://doi.org/10.5194/acp-14-899-2014, 2014.

Hande, L. B., Engler, C., Hoose, C., and Tegen, I.: Seasonal variability of Saharan desert dust and ice nucleating particles over Europe,
Atmospheric Chemistry and Physics, 15, 4389-4397, https://doi.org/10.5194/acp-15-4389-2015, 2015.

Hande, L. B., Engler, C., Hoose, C., and Tegen, I.: Parameterizing cloud condensation nuclei concentrations during HOPE, Atmospheric
Chemistry and Physics, 16, 12 059-12 079, https://doi.org/10.5194/acp-16-12059-2016, 2016.

Hanley, K. E., Plant, R. S., Stein, T. H. M., Hogan, R. J., Nicol, J. C., Lean, H. W,, Halliwell, C., and Clark, P. A.: Mixing-length
controls on high-resolution simulations of convective storms, Quarterly Journal of the Royal Meteorological Society, 141, 272-284,

https://doi.org/10.1002/qj.2356, 2015.

29



930

935

940

945

950

955

960

965

https://doi.org/10.5194/acp-2020-635 Atmospheric
Preprint. Discussion started: 14 July 2020 Chemistry
(© Author(s) 2020. CC BY 4.0 License. and Physics

Discussions
By

Heinze, R., Dipankar, A., Henken, C. C., Moseley, C., Sourdeval, O., Tromel, S., Xie, X., Adamidis, P., Ament, F., Baars, H., Barthlott,
C., Behrendt, A., Blahak, U., Bley, S., Brdar, S., Brueck, M., Crewell, S., Deneke, H., Di Girolamo, P., Evaristo, R., Fischer, J., Frank,
C., Friederichs, P., Gocke, T., Gorges, K., Hande, L., Hanke, M., Hansen, A., Hege, H.-C., Hoose, C., Jahns, T., Kalthoff, N., Klocke,
D., Kneifel, S., Knippertz, P., Kuhn, A., van Laar, T., Macke, A., Maurer, V., Mayer, B., Meyer, C. L., Muppa, S. K., Neggers, R. A. J.,
Orlandi, E., Pantillon, E., Pospichal, B., Rober, N., Scheck, L., Seifert, A., Seifert, P., Senf, F., Siligam, P., Simmer, C., Steinke, S., Stevens,
B., Wapler, K., Weniger, M., Wulfmeyer, V., Zingl, G., Zhang, D., and Quaas, J.: Large-eddy simulations over Germany using I[CON: a
comprehensive evaluation, Quarterly Journal of the Royal Meteorological Society, 143, 69-100, https://doi.org/10.1002/qj.2947, 2017.

Hess, M., Koelemeijer, R. B. A., and Stammes, P.: Scattering matrices of imperfect hexagonal ice crystals, J. Quant. Spectrosc. Ra., p.
301-308, 1998.

Heymsfield, A. J. and Kajikawa, M.: An Improved Approach to Calculating Terminal Velocities of Plate-like Crystals and Graupel, Journal
of the Atmospheric Sciences, 44, 1088—1099, https://doi.org/10.1175/1520-0469(1987)044<1088:AIATCT>2.0.CO;2, 1987.

Hogan, R. J., Mittermaier, M. P., and Illingworth, A. J.: The Retrieval of Ice Water Content from Radar Reflectivity Factor and
Temperature and Its Use in Evaluating a Mesoscale Model, Journal of Applied Meteorology and Climatology, 45, 301-317,
https://doi.org/10.1175/JAM?2340.1, 2006.

Holl, G., Eliasson, S., Mendrok, J., and Buehler, S.: SPARE-ICE: Synergistic ice water path from passive operational sensors, Journal of
Geophysical Research: Atmospheres, 119, https://doi.org/10.1002/2013JD020759, 2014.

Holloway, C. E., Woolnough, S. J., and Lister, G. M. S.: The Effects of Explicit versus Parameterized Convection on the MJO in a Large-
Domain High-Resolution Tropical Case Study. Part I: Characterization of Large-Scale Organization and Propagation, Journal of the
Atmospheric Sciences, 70, 1342-1369, https://doi.org/10.1175/JAS-D-12-0227.1, 2013.

Hong, Y. and Liu, G.: The Characteristics of Ice Cloud Properties Derived from CloudSat and CALIPSO Measurements, Journal of Climate,
28, 3880-3901, https://doi.org/10.1175/JCLI-D-14-00666.1, 2015.

Mlingworth, A. J., Hogan, R. J., O’Connor, E., Bouniol, D., Brooks, M. E., Delanoé, J., Donovan, D. P., Eastment, J. D., Gaussiat, N.,
Goddard, J. W. F,, Haeffelin, M., Baltink, H. K., Krasnov, O. A., Pelon, J., Piriou, J.-M., Protat, A., Russchenberg, H. W. J., Seifert,
A., Tompkins, A. M., van Zadelhoff, G.-J., Vinit, F.,, Willén, U., Wilson, D. R., and Wrench, C. L.: Cloudnet, Bulletin of the American
Meteorological Society, 88, 883-898, https://doi.org/10.1175/BAMS-88-6-883, 2007.

Keil, C., Heinlein, F., and Craig, G. C.: The convective adjustment time-scale as indicator of predictability of convective precipitation,
Quarterly Journal of the Royal Meteorological Society, 140, 480—-490, https://doi.org/10.1002/qj.2143, 2014.

Kircher, B. and Lohmann, U.: A parameterization of cirrus cloud formation: Homogeneous freezing of supercooled aerosols, Journal of
Geophysical Research: Atmospheres, 107, AAC 4-1-AAC 4-10, https://doi.org/10.1029/2001JD000470, 2002.

Kircher, B., Hendricks, J., and Lohmann, U.: Physically based parameterization of cirrus cloud formation for use in global atmospheric
models, Journal of Geophysical Research: Atmospheres, 111, https://doi.org/10.1029/2005JD006219, 2006.

Lawson, R. P, Jensen, E., Mitchell, D. L., Baker, B., Mo, Q., and Pilson, B.: Microphysical and radiative properties of tropical clouds
investigated in TC4 and NAMMA, Journal of Geophysical Research: Atmospheres, 115, https://doi.org/10.1029/2009JD013017, 2010.
Leon, D. C., French, J. R., Lasher-Trapp, S., Blyth, A. M., Abel, S. J., Ballard, S., Barrett, A., Bennett, L. J., Bower, K., Brooks, B., Brown,
P., Charlton-Perez, C., Choularton, T., Clark, P., Collier, C., Crosier, J., Cui, Z., Dey, S., Dufton, D., Eagle, C., Flynn, M. J., Gallagher,
M., Halliwell, C., Hanley, K., Hawkness-Smith, L., Huang, Y., Kelly, G., Kitchen, M., Korolev, A., Lean, H., Liu, Z., Marsham, J., Moser,
D., Nicol, J., Norton, E. G., Plummer, D., Price, J., Ricketts, H., Roberts, N., Rosenberg, P. D., Simonin, D., Taylor, J. W., Warren, R.,

Williams, P. I., and Young, G.: The Convective Precipitation Experiment (COPE): Investigating the Origins of Heavy Precipitation in the

30



970

975

980

985

990

995

1000

https://doi.org/10.5194/acp-2020-635 Atmospheric
Preprint. Discussion started: 14 July 2020 Chemistry
(© Author(s) 2020. CC BY 4.0 License. and Physics

Discussions
By

Southwestern United Kingdom, Bulletin of the American Meteorological Society, 97, 1003—1020, https://doi.org/10.1175/BAMS-D-14-
00157.1, https://doi.org/10.1175/BAMS-D-14-00157.1, 2016.

Leuenberger, D., Koller, M., Fuhrer, O., and Schir, C.: A Generalization of the SLEVE Vertical Coordinate, Monthly Weather Review, 138,
3683-3689, https://doi.org/10.1175/2010MWR3307.1, 2010.

Li, J.-L. F,, Waliser, D. E., Chen, W.-T., Guan, B., Kubar, T., Stephens, G., Ma, H.-Y., Deng, M., Donner, L., Seman, C., and Horowitz, L.:
An observationally based evaluation of cloud ice water in CMIP3 and CMIP5 GCMs and contemporary reanalyses using contemporary
satellite data, Journal of Geophysical Research: Atmospheres, 117, https://doi.org/10.1029/2012JD017640, 2012.

Li, J.-L. F., Waliser, D. E., Stephens, G., and Lee, S.: Characterizing and Understanding Cloud Ice and Radiation Budget Biases in Global Cli-
mate Models and Reanalysis, Meteorological Monographs, 56, 13.1-13.20, https://doi.org/10.1175/AMSMONOGRAPHS-D-15-0007.1,
2016.

Li, X., Tao, W.-K., Khain, A. P., Simpson, J., and Johnson, D. E.: Sensitivity of a Cloud-Resolving Model to Bulk and Explicit Bin Mi-
crophysical Schemes. Part II: Cloud Microphysics and Storm Dynamics Interactions, Journal of the Atmospheric Sciences, 66, 2240,
https://doi.org/10.1175/2008JAS2647.1, 2009.

Lilly, D. K.: On the numerical simulation of buoyant convection, Tellus, 14, 148—172, https://doi.org/10.1111/j.2153-3490.1962.tb00128.x,
1962.

Lin, Y.-L., Farley, R. D., and Orville, H. D.: Bulk Parameterization of the Snow Field in a Cloud Model, Journal of Climate and Applied
Meteorology, 22, 1065-1092, https://doi.org/10.1175/1520-0450(1983)022<1065:BPOTSF>2.0.CO;2, 1983.

Matrosov, S. Y., Battaglia, A., and Rodriguez, P.: Effects of Multiple Scattering on Attenuation-Based Retrievals of Stratiform Rainfall from
CloudSat, Journal of Atmospheric and Oceanic Technology, 25, 2199-2208, https://doi.org/10.1175/2008JTECHA1095.1, 2008.

Milbrandt, J. A. and Yau, M. K.: A Multimoment Bulk Microphysics Parameterization. Part IV: Sensitivity Experiments, Journal of the
Atmospheric Sciences, 63, 3137-3159, https://doi.org/10.1175/JAS3817.1, 2006.

Minnis, P., Sun-Mack, S., Young, D. F., Heck, P. W., Garber, D. P., Chen, Y., Spangenberg, D. A., Arduini, R. E,, Trepte, Q. Z., Smith, W. L.,
Ayers, J. K., Gibson, S. C., Miller, W. F,, Hong, G., Chakrapani, V., Takano, Y., Liou, K., Xie, Y., and Yang, P.: CERES Edition-2 Cloud
Property Retrievals Using TRMM VIRS and Terra and Aqua MODIS Data—Part I: Algorithms, IEEE Transactions on Geoscience and
Remote Sensing, 49, 4374-4400, 2011.

Minnis, P., Hong, G., Sun-Mack, S., Smith Jr., W. L., Chen, Y., and Miller, S. D.: Estimating nocturnal opaque ice cloud optical depth from
MODIS multispectral infrared radiances using a neural network method, Journal of Geophysical Research: Atmospheres, 121, 4907-4932,
https://doi.org/10.1002/2015JD024456, 2016.

Mlawer, E. J., Taubman, S. J., Brown, P. D., lacono, M. J., and Clough, S. A.: Radiative transfer for inhomogeneous atmospheres:
RRTM, a validated correlated-k model for the longwave, Journal of Geophysical Research: Atmospheres, 102, 16 663-16 682,
https://doi.org/10.1029/97JD00237, 1997.

Moseley, C., Pscheidt, I., Cioni, G., and Heinze, R.: Impact of resolution on large-eddy simulation of midlatitude summertime convection,
Atmospheric Chemistry and Physics, 20, 2891-2910, https://doi.org/10.5194/acp-20-2891-2020, 2020.

Nakajima, T. and King, M. D.: Determination of the Optical Thickness and Effective Particle Radius of Clouds from Reflected So-
lar Radiation Measurements. Part I: Theory, Journal of the Atmospheric Sciences, 47, 1878-1893, https://doi.org/10.1175/1520-
0469(1990)047<1878:DOTOTA>2.0.CO;2, 1990.

31



1005

1010

1015

1020

1025

1030

1035

https://doi.org/10.5194/acp-2020-635 Atmospheric
Preprint. Discussion started: 14 July 2020 Chemistry
(© Author(s) 2020. CC BY 4.0 License. and Physics

Discussions
By

Platnick, S., Meyer, K., King, M. D., Wind, G., Amarasinghe, N., Marchant, B., Arnold, G. T., Zhang, Z., Hubanks, P. A., Holz, R. E., Yang,
P, Ridgway, W. L., and Riedi, J. C.: The MODIS Cloud Optical and Microphysical Products: Collection 6 Updates and Examples From
Terra and Aqua, IEEE Trans. Geoscience and Remote Sensing, 55, 502-525, https://doi.org/10.1109/TGRS.2016.2610522, 2017.

Pscheidt, I., Senf, F., Heinze, R., Deneke, H., Tromel, S., and Hohenegger, C.: How organized is deep convection over Germany?, Quarterly
Journal of the Royal Meteorological Society, 145, 2366-2384, https://doi.org/10.1002/qj.3552, 2019.

Reichardt, J.: Cloud and Aerosol Spectroscopy with Raman Lidar, Journal of Atmospheric and Oceanic Technology, 31, 1946-1963,
https://doi.org/10.1175/ITECH-D-13-00188.1, 2014.

Reichardt, J., Wandinger, U., Klein, V., Mattis, 1., Hilber, B., and Begbie, R.: RAMSES: German Meteorological Service autonomous Raman
lidar for water vapor, temperature, aerosol, and cloud measurements, Appl. Opt., 51, 8111-8131, https://doi.org/10.1364/A0.51.008111,
2012.

Roebeling, R. A., Feijt, A. J., and Stammes, P.: Cloud property retrievals for climate monitoring: Implications of differences between Spinning
Enhanced Visible and Infrared Imager (SEVIRI) on METEOSAT-8 and Advanced Very High Resolution Radiometer (AVHRR) on NOAA-
17, Journal of Geophysical Research: Atmospheres, 111, https://doi.org/10.1029/2005JD006990, 2006.

Rybka, H.: High-CAPE summer convection in large-domain large- eddy simulations with ICON - model and observational data sets,
https://doi.org/10.5281/zenodo.3629457, 2020.

Saunders, R., Matricardi, M., and Brunel, P.: An improved fast radiative transfer model for assimilation of satellite radiance observations,
Quarterly Journal of the Royal Meteorological Society, 125, 1407-1425, https://doi.org/10.1002/qj.1999.49712555615, 1999.

Saunders, R., Hocking, J., Turner, E., Rayer, P., Rundle, D., Brunel, P., Vidot, J., Roquet, P., Matricardi, M., Geer, A., Bormann, N., and Lupu,
C.: An update on the RTTOV fast radiative transfer model (currently at version 12), Geoscientific Model Development, 11, 2717-2737,
https://doi.org/10.5194/gmd-11-2717-2018, 2018.

Schemann, V. and Ebell, K.: Simulation of mixed-phase clouds with the ICON large-eddy model in the complex Arctic environment around
Ny-Alesund, Atmospheric Chemistry and Physics, 20, 475-485, https://doi.org/10.5194/acp-20-475-2020, 2020.

Schmetz, J., Pili, P., Tjemkes, S., Just, D., Kerkmann, J., Rota, S., and Ratier, A.: An introduction to Meteosat Second Generation (MSG),
Bull. Amer. Meteorol. Soc., 83, 977-992, https://doi.org/10.1175/1520-0477(2002)083<0977:AITMSG>2.3.C0O;2, 2002.

Seifert, A. and Beheng, K.: A two-moment cloud microphysics parameterization for mixed-phase clouds. Part 1: Model description, Meteo-
rology and Atmospheric Physics, 92, 45-66, https://doi.org/10.1007/s00703-005-0112-4, cited By 265, 2006a.

Seifert, A. and Beheng, K.: A two-moment cloud microphysics parameterization for mixed-phase clouds. Part 2: Maritime vs. continental
deep convective storms, Meteorology and Atmospheric Physics, 92, 67-82, https://doi.org/10.1007/s00703-005-0113-3, cited By 132,
2006b.

Seifert, A., Kohler, C., and Beheng, K. D.: Aerosol-cloud-precipitation effects over Germany as simulated by a convective-scale numerical
weather prediction model, Atmospheric Chemistry and Physics, 12, 709-725, https://doi.org/10.5194/acp-12-709-2012, 2012.

Selz, T. and Craig, G. C.: Upscale Error Growth in a High-Resolution Simulation of a Summertime Weather Event over Europe, Monthly
Weather Review, 143, 813-827, https://doi.org/10.1175/MWR-D-14-00140.1, 2015.

Senf, F.,, Klocke, D., and Brueck, M.: Size-Resolved Evaluation of Simulated Deep Tropical Convection, Monthly Weather Review, 146,
2161-2182, https://doi.org/10.1175/MWR-D-17-0378.1, 2018.

Senf, F., Brueck, M., and Klocke, D.: Pair Correlations and Spatial Statistics of Deep Convection over the Tropical Atlantic, Journal of the

Atmospheric Sciences, 76, 3211-3228, https://doi.org/10.1175/JAS-D-18-0326.1, 2019.

32



1040

1045

1050

1055

1060

1065

1070

1075

https://doi.org/10.5194/acp-2020-635 Atmospheric
Preprint. Discussion started: 14 July 2020 Chemistry
(© Author(s) 2020. CC BY 4.0 License. and Physics

Discussions
By

Stein, T. H. M., Delanog, J., and Hogan, R. J.: A Comparison among Four Different Retrieval Methods for Ice-Cloud Prop-
erties Using Data from CloudSat, CALIPSO, and MODIS, Journal of Applied Meteorology and Climatology, 50, 1952-1969,
https://doi.org/10.1175/2011JAMC2646.1, 2011.

Stevens, B. and Bony, S.: What are Climate Models missing?, Science, 340, 1053 — 1054, 2013.

Stevens, B., Acquistapace, C., Hansen, A., Heinze, R., Klinger, C., Klocke, D., Rybka, H., Schubotz, W., Windmiller, J., Adamidis, P.,
Arka, 1., Barlakas, V., Biercamp, J., Brueck, M., Brune, S., Buehler, S., Burkhardt, U., Cioni, G., Costa-Surds, M., Crewell, S., Crueger,
T., Deneke, H., Friederichs, P., Carbajal Henken, C., Hohenegger, C., Jacob, M., Jakub, F., Kalthoff, N., Kohler, M., Li, P., Lohnert,
U., Macke, A., Madenach, N., Mayer, B., Nam, C., Naumann, A., Peters, K., Poll, S., Quaas, J., Rober, N., Rochetin, N., Scheck, L.,
Schemann, V., Schnitt, S., Seifert, A., Senf, F., Shapkalijevski, M., Simmer, C., Singh, S., Sourdeval, O., Spickermann, D., Strandgren, J.,
Tessiot, O., Laar, T. v., Vercauteren, N., Vial, J., Voigt, A., and Zangl, G.: The Added Value of Large-eddy and Storm-resolving Models
for Simulating Clouds and Precipitation, Journal of the Meteorological Society of Japan, 98, https://doi.org/10.2151/jmsj.2020-021, 2020.

Strandgren, J.: The life cycle of anvil cirrus clouds from a combination of passive and active satellite remote sensing, http://nbn-resolving.
de/urn:nbn:de:bvb:19-227892, 2018.

Strandgren, J., Bugliaro, L., Sehnke, F., and Schroder, L.: Cirrus cloud retrieval with MSG/SEVIRI using artificial neural networks, Atmo-
spheric Measurement Techniques, 10, 3547-3573, https://doi.org/10.5194/amt-10-3547-2017, 2017a.

Strandgren, J., Fricker, J., and Bugliaro, L.: Characterisation of the artificial neural network CiPS for cirrus cloud remote sensing with
MSG/SEVIRI, Atmospheric Measurement Techniques, 10, 4317—4339, https://doi.org/10.5194/amt-10-4317-2017, 2017b.

Trepte, Q. Z., Minnis, P., Sun-Mack, S., Yost, C. R., Chen, Y., Jin, Z., Hong, G., Chang, E.-L., Smith Jr., W. L., Bedka, K. M., and Chee,
T. L.: Global cloud detection for CERES Edition 4 using Terra and Aqua MODIS data, IEEE Transactions on Geoscience and Remote
Sensing, 57, 9410-9449, https://doi.org/10.1109/TGRS.2019.2926620, 2019.

van Stratum, B. J. H. and Stevens, B.: The Impact of Vertical Mixing Biases in Large-Eddy Simulation on Nocturnal Low Clouds, Journal of
Advances in Modeling Earth Systems, 10, 1290-1303, https://doi.org/10.1029/2017MS001239, 2018.

Van Weverberg, K., Vogelmann, A. M., Morrison, H., and Milbrandt, J. A.: Sensitivity of Idealized Squall-Line Simulations
to the Level of Complexity Used in Two-Moment Bulk Microphysics Schemes, Monthly Weather Review, 140, 1883-1907,
https://doi.org/10.1175/MWR-D-11-00120.1, 2012.

Vial, J., Vogel, R., Bony, S., Stevens, B., Winker, D. M., Cai, X., Hohenegger, C., Naumann, A. K., and Brogniez, H.: A New Look at the Daily
Cycle of Trade Wind Cumuli, Journal of Advances in Modeling Earth Systems, 11, 3148-3166, https://doi.org/10.1029/2019MS001746,
2019.

Vidot, J., Baran, A. J., and Brunel, P.: A new ice cloud parameterization for infrared radiative transfer simulation of cloudy radiances:
Evaluation and optimization with IIR observations and ice cloud profile retrieval products, Journal of Geophysical Research: Atmospheres,
120, 6937-6951, https://doi.org/10.1002/2015JD023462, 2015.

Waliser, D. E., Li, J.-L. F., Woods, C. P., Austin, R. T., Bacmeister, J., Chern, J., Del Genio, A., Jiang, J. H., Kuang, Z., Meng, H., Minnis,
P, Platnick, S., Rossow, W. B., Stephens, G. L., Sun-Mack, S., Tao, W.-K., Tompkins, A. M., Vane, D. G., Walker, C., and Wu, D.:
Cloud ice: A climate model challenge with signs and expectations of progress, Journal of Geophysical Research: Atmospheres, 114,
https://doi.org/10.1029/2008JD010015, 2009.

Waliser, D. E., Li, J.-L. F,, L’Ecuyer, T. S., and Chen, W.-T.: The impact of precipitating ice and snow on the radiation balance in global
climate models, Geophysical Research Letters, 38, https://doi.org/10.1029/2010GL046478, 2011.

33



1080

1085

1090

1095

https://doi.org/10.5194/acp-2020-635 Atmospheric
Preprint. Discussion started: 14 July 2020 Chemistry
(© Author(s) 2020. CC BY 4.0 License. and Physics

Discussions
By

Wang, Y.: An Explicit Simulation of Tropical Cyclones with a Triply Nested Movable Mesh Primitive Equation Model: TCM3.
Part II: Model Refinements and Sensitivity to Cloud Microphysics Parameterization, Monthly Weather Review, 130, 3022-3036,
https://doi.org/10.1175/1520-0493(2002)130<3022: AESOTC>2.0.CO;2, 2002.

Winker, D. M., Vaughan, M. A, Omar, A., Hu, Y., Powell, K. A,, Liu, Z., Hunt, W. H., and Young, S. A.: Overview of the CALIPSO Mission
and CALIOP Data Processing Algorithms, J. Atmos. Ocean. Technol., 26, 2310-2323, https://doi.org/10.1175/2009JTECHA1281.1, 2009.

Wolke, R., Knoth, O., Hellmuth, O., Schroder, W., and Renner, E.: The parallel model system LM-MUSCAT for chemistry-transport sim-
ulations: Coupling scheme, parallelization and applications", in: Parallel Computing, edited by Joubert, G., Nagel, W., Peters, F., and
Walter, W., vol. 13 of Advances in Parallel Computing, pp. 363 — 369, North-Holland, https://doi.org/https://doi.org/10.1016/S0927-
5452(04)80048-0, 2004.

Wolke, R., Schroder, W., Schrodner, R., and Renner, E.: Influence of grid resolution and meteorological forcing on simulated Eu-
ropean air quality: A sensitivity study with the modeling system COSMO-MUSCAT, Atmospheric Environment, 53, 110 — 130,
https://doi.org/https://doi.org/10.1016/j.atmosenv.2012.02.085, aQMEIIL: An International Initiative for the Evaluation of Regional-Scale
Air Quality Models - Phase 1, 2012.

Yang, P, Bi, L., Baum, B. A., Liou, K.-N., Kattawar, G. W., Mishchenko, M. L., and Cole, B.: Spectrally Consistent Scattering, Absorption,
and Polarization Properties of Atmospheric Ice Crystals at Wavelengths from 0.2 to 100 pum, Journal of the Atmospheric Sciences, 70,
330-347, https://doi.org/10.1175/JAS-D-12-039.1, 2013.

Zingl, G., Reinert, D., Ripodas, P., and Baldauf, M.: The ICON (ICOsahedral Non-hydrostatic) modelling framework of DWD and
MPI-M: Description of the non-hydrostatic dynamical core, Quarterly Journal of the Royal Meteorological Society, 141, 563-579,
https://doi.org/10.1002/qj.2378, 2015.

34



https://doi.org/10.5194/acp-2020-635 Atmospheric
Preprint. Discussion started: 14 July 2020 Chemistry
(© Author(s) 2020. CC BY 4.0 License. and Physics

Discussions
By

Table 1. Description of simulated convective days. Focus days analyzed in more detail in Sects. 2, 5.1 and 6 are marked in bold font

simulation date  type of convection

20 June 2013  highly organized frontal convection
29 July 2014  scattered deep convection
4 July 2015 large scale convective clusters
5 July 2015  convection embedded in front
29 May 2016  strong convective phase with heavy rain
and severe flooding in southern Germany
3 June 2016  scattered convection
6 June 2016  distinct diurnal cycle of convection

22 June 2017  strong convective phase with heavy rain
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Table 2. Simulations with modified initial and lateral boundary conditions.

simulation name analysis original resolution
ICON-LEM (default) COSMO-DE 2.8km
ICON-LEM Ibcl ICON-NWP 13km
ICON-LEM lbc2 IFS 40km
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Table 3. Power law coefficients for the maximum diameter D and terminal fall velocity v of particles with mass m as well as parameters
determining the temperature (") dependent sticking efficiency Estick (1) of ice hydrometeor collisions used in the microphysical sensitivity

simulations.

simulation name a b « I¢] v Coff
(mkg™") (ms~ kg™

ICON-LEM (DOMO1) 0.835 0.390 27.7 0.216 04  0.09

hexPlate 0.220 0.302 41.9 0.260 0.4  0.09

dendrite 5.170 0.437 11.0 0.210 04 0.09

stickLFOhigh 0.835 0.390 27.7 0.216 0.4 0.025

D(m) = am®

v(m) am® (‘)70) ’Y, with density p and surface density pg = 1.225 kg m~3

Estick (T') = exp(cess (T' — T3)), with freezing temperature T3 = 273.15 K
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a) 20 June 2013 - 12:30 UTC b) 4 July 2015 - 17:00 UTC ¢) 5 July 2015 - 16:00 UTC

CAPE [J/kg]

0 400 800 1200 1600 2000 2400 2800 3200

Figure 1. Synoptic situation as seen by SEVIRI for specific snapshots of the three selected days (upper row). Synthetic SEVIRI images of
simulated cloud fields created with RTTOV are shown in the middle row. The false-color satellite images, both real and simulated, use the
0.6 micron reflectance for the red band, the 0.8 micron reflectance for the green band, and the average of the red and green bands for the blue
band. Simulated CAPE values are displayed in the last row. SEVIRI images show the area from 47.6N to 54.5N and 4.5W to 14.5W. Due to
a change in the model domain for the 4 and 5 July simulations the western border is shifted by one degree.
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Figure 2. Temporal evolution of ice water content observed by Cloudnet (left) vs. simulated by ICON-LEM (right) for three stations: Jiilich

(top), Leipzig (middle) and Lindenberg (bottom) for 20 June 2013. Grey shaded areas indicate missing values within the Cloudnet data or

points in time where the retrieval could not evaluate ice water content due to falling precipitation.
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Figure 3. Comparison of observed (RAMSES, left) and simulated ICON-LEM, right) temporal evolution of IWC on 4-5 July 2015. RAM-
SES IWC was retrieved from measurements of particle depolarization ratio and backscatter coefficient (see the Appendix for more details),
light grey-shaded bars indicate measurement breaks for operational (day-night transitions, calibration) and environmental (precipitation)

reasons. Dark grey boxes at the bottom of the plots show measured and simulated surface precipitation, respectively.
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Figure 4. Comparison of the domain-averaged temporal evolution of ice cloud cover (ICC, right axis; top part of each figure) and integrated
ice water path (IWP, left axis, bottom part of each figure) with different satellite observations. The simulated range of ICC and IWP is
displayed by the orange shaded region, whereas the observed range of IWP by geostationary VIS-NIR retrievals is displayed in light grey.

The dark grey region shows matching model and observational range. Symbols denote polar orbiting IWP observations (MODIS: circles,

SPARE-ICE: triangles).

a) 20 June 2013

ICC data:
ICON-LEM
—— CiPs

100

80
60
40
20

IWP data:
ICON-LEM tqi
ICON-LEM tqf

o MODIS
A SPARE-ICE
"""" SatCORPS

- CPP

b) 4 July 2015

e ——

c) 5 July 2015

T T T T T

=3 =3 = 2 2 = 2

S S S S S S S

° o S N = o o

S = = = = 2 2
Time (UTC)

41

20:00

22:00

00:00

100

80
60

40

20

100
80
60
40
20

1CC [%]

Atmospheric
Chemistry
and Physics



https://doi.org/10.5194/acp-2020-635 Atmospheric
Preprint. Discussion started: 14 July 2020 Chemistry
(© Author(s) 2020. CC BY 4.0 License. and Physics

Discussions
By

a) 20 June 2013
40 —

ICON-LEM

— CiPs

frequency [% km]

0 T \ T \

8 10 12 14
CTH [km]

b) 4 July 2015
40

30

20 —

frequency [% km™]

10 —

0 \ \ I

8 10 12 14
CTH [km]

¢) 5 July 2015
40

30

20

frequency [% km™]

10 —

0 \ \ I

8 10 12 14
CTH [km]

Figure 5. PDF of simulated cloud top height for 20 June 2013 (a), 4 July 2015 (b) and 5 July 2015 (c¢) compared with CiPS. The shaded area

shows the sensitivity to two different IWP thresholds (0.6 gm~2 and 3.0 gm ™2, see Sect. 4.10) considering thin cirrus clouds.
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Figure 6. Histograms of cloud top height CTH (a), domain average ice cloud cover ICC (b) and IWP (with bin size of 0.05) (c) for all
simulated convective days listed in Table 1. The observational CiPS data set is used as comparison for CTH and ICC while APICS and
SatCORPS are used for IWP. Simulated and observed IWP data are restricted to daytime values between 06:00 and 17:30 UTC due to the
limitation of APICS to sunlit hours. In (c) the orange star indicates accumulated frequencies with simulated tqf larger than 0.8 kg m™

the black dot shows the accumulated frequency of ICON-LEM tqi as well as of both observational IWP estimates.
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to simulations forced with lateral and initial conditions from COSMO, ICON and IFS respectively.
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Figure 8. Similar to Fig. 5, but displaying the change in CTH when varying the initial conditions for 4 July 2015 (left) and 5 July 2015

(right).
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Figure 9. Temporal evolution of the atmospheric liquid and ice water paths on 5 July 2015 (left) and in-cloud water content profiles at

16 UTC (right) with three (control, "hexPlate, *dendrite’) ice geometries.
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Figure 10. Similar to Fig. 9, but for high sticking efficiency (’stickLFOhigh’).

47

17.5 1

15.0 A

12.5

10.0 A

7.5 A

5.0 1

2.5 1

0.0

Atmospheric
Chemistry
and Physics

Discussions

——- stickLFOhigh

—— control —_—

qc
qi

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Water content [g/kg]




https://doi.org/10.5194/acp-2020-635
Preprint. Discussion started: 14 July 2020
(© Author(s) 2020. CC BY 4.0 License.

50 —

control
— hexPlate
40 —— dendrite
——— stickLFOhigh

— CiPS

30

20

frequency [% km™]

10 —

0 —— \ \

8 10 12
CTH [km]

ICC [%]

Atmospheric
Chemistry
and Physics

Discussions

100 —
80 —
60 —
40 —
control
—— hexPlate
20 — )
——— dendrite
——— stickLFOhigh
—— CGiPS
0 — \ \ \ \ \ \ \ \ \
o o o (=3 o o o o o o
S S S S S S S S S S
© © S & < o © S & S
(=) o — — ~— — — (Y] N o
Time (UTC)

Figure 11. Change in domain averaged CTH (left) and the temporal evolution of ICC (right) when varying ice crystal habit for 5 July 2015.
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as measured with RAMSES, and CiPS CTH. (Bottom) Optical depth. RAMSES data are corrected for multiple scattering. CiPS threshold

optical depth is indicated (horizontal line).
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Figure A2. Comparison of observed (top) and simulated (bottom) horizontal distribution of CTHs of ice clouds at 22 UTC for 4 July 2015

over Germany. CTHs below 8 km are not shown.
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Table Al. Overview of the microphysical sensitivity experiments. In the SB scheme ice particles are characterized by power laws that

relate the maximum dimension D and the terminal fall velocity v with particle mass m. The control simulation uses D = 0.835m°-3° and

v = 27.7m%216 for cloud ice where D is in m, v in m/s and m in kg. For snow the control assumes D = 5.13m°® and v = 8.3m% 25 The

particle size distribution is a generalized gamma distribution of the form f(m) = Am" exp(—Bm!), and the control run uses the shape

parameters v; = 0 and p; = 1/3 for cloud ice and vs = 0 and pus = 0.5 for snow. T is the cloud effective temperature.

No. simulation description

1 control Control simulation with 625 m horizontal grid spacing (DOMO1).

2 iceXmin Reduction of minimum mean mass of cloud ice of 10™*? kg to 10~'* kg corresponding to a diameter of 4pm.
3 hexPlate Change cloud ice geometry to a plate-like habit with D = 0.22m/3-3% and a fall speed of v = 41.9m%2.

4 dendrite Change cloud ice geometry to a dendrite-like habit with D = 5.17m/??° and a fall speed of v = 11.0m0%2L.
5 lightSnow Change snow geometry to a low density snow with D = 7.26m%5 and a fall speed of v = 3.6m°*.

6 heavySnow Change snow geometry to a high density snow with D = 3.80m°5 and a fall speed of v = 7.5m° .

7 narrowlce Narrow particle size distribution of cloud ice with v; = 2 and p; = 1.

8 narrowSnow Narrow particle size distribution of snow with v = 2 and ps = 1.

9 stickLFOlow The sticking efficiency of F; = exp(0.097T) is used for all ice-ice interactions.

10 stickLFOhigh  The sticking efficiency of E; = exp(0.0257T¢) is used for all ice-ice interactions.

11 stickLFOhigh2  As exp. 10, but with F; = 0.01 for T, < —40°C.

12 Hande95 Modified ice nucleation using the upper 95th percentile of the Spring conditions of Hande et al. (2015).

13 Hande05 As exp. 13, but using the lowest 5th percentile (see Table 1 of Hande et al. (2015)).

14 PDA Ice nucleation parametrized following PDA as specified in Seifert et al. (2012).

15 PDAorg As exp. 14, but with additional organic particles, i.e. significantly more IN at around -10 °C.

16 2xCCN Twofold increase in CCN.

17 4xCCN Fourfold increase in CCN.
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Table A2. List of all microphysical sensitivity studies including domain-averaged bulk quantities of column-integrated cloud variables (in

gm~2): cloud water (tqw), cloud ice (tqi), rain droplets (tqr), snow (tgs), graupel (tqg) and hail (tgh) and their relative difference (in %) to

the ICON-LEM (DOMO1) control simulation. All simulations in the microphysical studies were run with microphysics-radiation coupling

turned on. Control no-mrc denotes a simulation where this coupling was turned off.

simulation tqc  rel. diff. tqi  rel. diff. tqr  rel. diff. tqs  rel. diff. tqg rel. diff tgh  rel. diff.
control 50.98 0.0 110.20 0.0 5321 0.0 2347 0.0 151.06 0.0 12.05 0.0
control no-mrc ~ 51.88 - 109.71 - 5355 - 2386 - 153.16 - 12.09 -
iceXmin 50.25 -1.4  116.51 5.7 50.30 -5.5 22.68 -3.3 14282 -5.5  11.02 -8.6
hexPlate 50.76 -0.4 89.88 -18.4  52.09 -2.1 30.01 279 173.15 146 10.15 -15.8
dendrite 49.03 -3.8 92.02 -16.5 52.38 -1.6 29.84 27.1  164.19 87 9.81 -18.6
lightSnow 50.48 -1.0  109.43 -0.7  53.27 0.1 27.86 18.7 152.35 09 1243 32
heavySnow 51.22 0.5 108.38 -1.6 5248 -14 2131 -9.2 149.28 -1.2 11.80 -2.0
narrowlce 50.19 -1.5 142.13 29.0 50.26 -5.5 2148 -8.5 14499 -40 10.22 -15.2
narrowSnow 51.02 0.1 108.14 -1.9 5281 -0.8  26.86 145 148.80 -1.5 1146 -4.9
stick LFOlow 51.78 1.6 100.88 -8.5 53.19 0.0 29.30 248 150.24 -0.5  11.89 -1.3
stickLFOhigh ~ 56.43 10.7 19.55 -82.3  57.78 8.6 21.66 =717 156.92 39 1435 19.2
stickLFOhigh2 ~ 54.33 6.6 7753 -29.6  53.83 1.2 21.74 =73 141.28 -6.5  12.86 6.7
Hande95 49.76 24 105.12 -4.6 53.08 -0.2 2698 15.0 149.33 -1.1  11.60 -3.7
Hande05 51.80 1.6 109.25 -0.9  52.58 -1.2 23.62 0.7 149.56 -1.0 11.56 -4.0
PDA 46.93 =79 104.12 -5.5  52.58 -1.2 32.13 369 180.97 19.8 12.71 5.5
PDAorg 39.14 -23.2 104.85 -49 50.70 -4.7  33.61 432 188.56 248 13.69 13.6
2xCCN 59.92 17.5 161.26 46.3 4598 -13.6 25.68 94 136.12 -9.9 1042 -13.5
4xCCN 72.56 423 21947 99.2 4043 -24.0 29.30 248 115.74 -23.4 996 -17.3
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