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Abstract. The rise in computational power in recent years enables researches and national weather services to conduct high-
resolution simulations down to the kilometric (Az = O(1km)) and even to hectometric (Az = O(100m)) scale for both
weather and climate applications. We investigate with the state-of-the-art numerical weather prediction model ICON how
mid-level clouds are represented on a mesh size of 1km and 65 m, respectively, and for two bulk microphysics schemes,
one-moment and two-moment cloud microphysics. For this analysis, we leverage the abundant observational data from two
independent field campaigns in Switzerland (CLOUDLAB, hilly terrain) and Austria (CROSSINN, complex terrain). With
four case studies, we show that while the temperature fields around the campaign sites are well represented in both mesh sizes,
the 65 m resolution simulates a more realistic vertical velocity structure beneficial for cloud formation. Therefore, the largest
differences for the representation of clouds lies in the two mesh sizes: The 1 km simulation in hilly terrain does not capture the
observed clouds in both cloud microphysics schemes. Here, the higher resolution of the vertical velocities in the 65 m proves to
be crucial for representing the investigated cloud types, and the two-moment microphysics scheme in general performs better
with respect to the cloud characteristics because it considers variations in cloud droplet and ice crystal number concentrations.
In complex terrain, the differences between the mesh sizes and the cloud microphysics schemes are surprisingly less, but the

65 m simulations with two-moment cloud microphysics shows the most realistic cloud representation.

1 Introduction

Numerical weather prediction (NWP) models have undergone immense improvements in the last decades due to the rise of
computational power (Bauer et al., 2015; Palmer, 2017): Operational NWP forecasts nowadays run at the kilometric range at
various European weather services (e.g., MeteoSwiss with ICON at Az = 1km!, UK Met Office with UM at Az = 1.5 km?,
Météo France with AROME at Ax = 1.25km?), and kilometer-scale climate models with their high-resolution output fields (e.

Uhttps://www.meteoswiss.admin.ch/about-us/research-and-cooperation/projects/2023/icon-22.html, last access: September 26, 2024
Zhttps://www.metoffice.gov.uk/research/approach/modelling-systems/unified-model/weather-forecasting, last access: September 26, 2024
3https://donneespubliques.meteofrance. fr/?fond=produit&id_produit=131&id_rubrique=51, last access: September 26, 2024
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https://www.metoffice.gov.uk/research/approach/modelling-systems/unified-model/weather-forecasting
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g., precipitation) become more and more common for regional (e.g., Ban et al., 2014; Leutwyler et al., 2016) as well as global
simulations (Schér et al., 2020; Hohenegger et al., 2023).

One of the major advantages of kilometric simulations< O(1km)) is the more realistic representation of model to-
pography in the domains, allowing for more detailed terrain-induced circulations in models, such as the thermally-induced
valley wind system (Schmidli et al., 2018; Goger et al., 2018, 2019; Heim et al., 2020; Mikkola et al., 2023). Another ad-
vantage of kilometric simulations compared to coarser mesh sizes=(O(10km)) is that the mass ux parameterization
can by switched off, because deep convection is already resolved on the grid (Chow et al., 2019). Hentgen et al. (2019) point
out the improved representation of clouds in kilometric simulations over Europe, and more recent studies even suggest to go
towards the hectometric range x = O(100m)) further improving cloud representation in numerical models (Stevens et al.,
2020; Miyamoto et al., 2013). Heinze et al. (2017a) noted in their simulationxa 100 m over Germany a more detailed
representation of cloud patterns over Germany, and Schemann et al. (2020) compared large-eddy simulations (LES) to local
observations to nd the best representation of clouds in the model in small domains with realistic mesoscale forcing. Therefore,
LES are favorable for process studies, also because local circulations and the boundary layer structure affecting cloud formation
are represented well, if realistic atmospheric forcing (e.g., from kilometric NWP model runs) and high-quality surface param-
eter datasets are used (e.g., Heinze et al., 2017b; Gerber et al., 2018; Umek et al., 2021; Goger et al., 2022; Rohanizadegs
et al., 2023; Goger and Dipankar, 2024; Voordendag et al., 2024).

Still, there are limitations to the ability to interpret LES results given that many cloud processes act on a sub-micron scale,
and thus still need to be parameterized. Nevertheless, LES proved to be a useful tool for investigating, e.g., marine boundary
layer clouds given their inadequate representation in global models (e.g., Stevens and Bretherton, 1999; Nam et al., 2012). This
includes studies ranging from investigating the effect of dynamics, such as entrainment (e.g., Siebesma et al., 2003; Duynkerke
et al., 2004; Bretherton et al., 2007; Sandu and Stevens, 2011; Bretherton and Blossey, 2017; Jeong et al., 2023) to aerosol
cloud interactions (e.g., Jiang et al., 2002; Xue et al., 2008; Sandu et al., 2008; Andrejczuk et al., 2010; Twohy et al., 2013;
Tonttila et al., 2017; Atlas et al., 2020; Diamond et al., 2022; Delbeke et al., 2023; Li et al., 2024; Perez et al., 2024). Often
these studies included comparisons to observational data gathered during campaigns targeting marine boundary layer cloud
(e.g., Roberts et al., 2010; Allen et al., 2011; Schulze et al., 2020; Wang et al., 2022; Howes et al., 2023), which also lead to
model improvements with respect to the formulation of parameterizations and numerics (e.g., Stevens et al., 1996; Stevens an
Bretherton, 1999; Yamaguchi and Feingold, 2012; Pressel et al., 2017; Mellado et al., 2018). LES studies on clouds over land
include the already mentioned model evaluation of ICON in large-eddy mode over Germany (Heinze et al., 2017a; Schemann
et al., 2020), the evaluation of shallow cumulus clouds over the Great Plains (Zhang et al., 2017), the more idealized approach
of evaluating either the impact of turbulence on moist convection (Strauss et al., 2019), the dependence of convection and
precipitation on grid spacing (Moseley et al., 2020; Singh et al., 2021), or the formation of clouds over mountainous terrain
(Panosetti et al., 2016). All these studies highlight the advantages of LES for studying cloud processes.

When focusing on clouds in models, the question arises which level of complexity is needed to "properly" represent them in
terms of parameterizations of clouds. The answer to this question is certainly constrained by the available cloud microphysics

schemes in the model but also by the available computing resources. The more complex schemes, which are supposed to b
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more accurate, also require more computing resources for resolving more processes for cloud formation and evolution. The
simplest cloud microphysics schemes are so-called bulk cloud microphysics schemes, which specify a selected number of
hydrometeor classes (e.g., cloud droplets, ice crystals, snow, rain, graupel, and hail) and directly predict the mass mixing ratios
(one-moment cloud microphysics, 1M) or in addition the number mixing ratios (two-moment cloud microphysics, 2M) of these
hydrometeors. This, however, requires the parameterization of shapes and size distributions of the prognostic particles (Doms
et al., 2021). The prediction of both mass and number mixing ratios already results in a large increase in required computing
resources such that national weather services, often perform their operational forecasts with an one-moment cloud microphysic:
scheme (Buzzi, 2008; Doms et al., 2021). More advanced cloud microphysics schemes include spectral bin microphysics (e.g.,
Simmel et al., 2002; Khain et al., 2011) or so-called Lagrangian superparticles (e.g., Andrejczuk et al., 2008, 2010; Shima
et al., 2009; Hoffmann, 2016). The wide range of possible cloud microphysics schemes also inspired several studies comparing
bulk and bin cloud microphysics schemes (e.g., Endo et al., 2015; Sato et al., 2015; Zhang et al., 2017; Witte et al., 2022),
Eulerian and Lagrangian frameworks (e.g., Grabowski, 2020), or 1M versus 2M. For the latter, studies pointed out the better
performance of 2M highlighting the potential for better representing clouds in model simulations (e.g. Baldauf et al., 2011,
Bryan and Morrison, 2012; VVan Weverberg et al., 2014; Kewit andCuri¢, 2015; Kondo et al., 2021).

In this study, we want to answer the question if the two-moment microphysics scheme (2M) is better suited for representing
and also studying clouds compared to the one-moment microphysics scheme (1M). We further expand this question by also
looking at the dependence of horizontal resolutionk 1km and x = 65m) and the underlying topography (hilly and
complex terrain). The evaluation is based on case studies and model-observation comparisons utilizing high-resolution remote
sensing observational data from two eld campaigns in Switzerland and Austria, respectively. We focus on mid-level clouds
with either a stratiform or a more convective character. This work should help to understand the differences between two bulk
microphysics schemes, their bene ts and disadvantages and to highlight limitations in process representation on various grid
scales and above different terrains. We rst provide an overview of the eld sites, campaigns, and the model setup (Sect. 2)
before discussing the model performance for hilly terrain (Sect. 3.1) and complex terrain (Sect. 3.2). After a comparison of the
case studies and the discussion (Sect. 3.3), we highlight our main ndings in the conclusions (Sect. 4).

2 Field campaigns and model setup

In the following, we describe the eld campaigns and model setup used to conduct our study. The two eld campaigns were
conducted independently of each other and with different research foci (cloud and boundary layer research, respectively) at two
different locations (hilly terrain in the Swiss Alpine foreland and highly complex terrain in the Austrian Alps, respectively).
We took advantage of the availability of observational data obtained from a broad range of instruments employed in both
campaigns to validate our model. Table 1 gives an overview of the eld campaigns, the instruments used in this study, and the
cases simulated here.



Figure 1. First row(a) shows the model setup with "x" and "+" denoting the eld sites of CLOUDLAB and CROSSINN, respectively. The

two model domains of interest in this study are the blug & 1km) and the orange boxes & = 65m), with the olive-green box (x =

125m) denoting the domain in which the &% simulation was nested in. Map taken from Google satellite images (©Google Maps). Second

row (b-€) shows the large-scale weather situation for our four case studies based on ERA5 data (Hersbach et al., 2020) with the coloring
representing the temperatureC() at 850hPa and the black contours showing the geopotential height (decameter) kP&0Qast row

((H)-(i)) is a collection of snapshots from the Allsky cameras located at the two eld sites, where each snapshot corresponds to one case study
and shows a typical cloud situation of that day (time stamp in upper left corner). Rahéty, (f), and(g) (left side) are the case studies for

the CLOUDLAB eld site, while the others (right side) are for the CROSSINN eld site. Péf)edirt fragments (dark dots) were present

on the Allsky camera lens.

2.1 Field campaigns
2.1.1 CLOUDLAB

The CLOUDLAB project used glaciogenic cloud seeding to study ice processes in supercooled low stratus clouds (Henneberger
etal., 2023; Miller et al., 2024; Omanovic et al., 2024a). The eld site is located at the edge of the Swiss Plateau on a prominent
90 hillat 920m a.m.s.I. surrounded by hilly terrain. It entailed three eld campaigns (January 2022 - March 2022, December 2022



