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Abstract.

A comprehensive approach to study the seeder-feeder mechanism in unprecedented detail from a combined remote-sensing,
in-situ, and model perspective is shown. This publication aims at investigating the role of the interplay of a seeder-feeder cloud
system and its influence on precipitation formation based on a case study from 8 Jan 2024 observed over the Swiss Plateau in
Switzerland.

This case study offers an ideal setup for applying several advanced remote-sensing techniques and retrieval algorithms, includ-
ing fall streak tracking, radar Doppler peak separation, dual-wavelength radar applications, a liquid detection retrieval, a riming
retrieval, and an ice crystals shape retrieval. Results indicate that a large portion of ice mass was rimed, which is attributed to
persistent coexistence of falling ice crystals and supercooled water within low-level supercooled liquid water layers. Interaction
of seeder and feeder clouds results in a significant precipitation enhancement. This has implications on the water cycle. From
the anti-correlation between surface precipitation and liquid water path we estimated that 20-40% of the precipitation stems
from the feeder cloud. However, we have to note that the value of 20—40% is strongly dependent on the assumed reproduction
rate of liquid water in the feeder cloud. It is also found that in this specific case study precipitation was significantly underes-
timated by the operational ICON-D2 model runs during the seeder-feeder process. Contrarily, during periods when the cloud
system does not interact, precipitation is significantly overestimated by the model in the case study.

This study aims at giving an overview from a remote-sensing, in-situ and model perspective on a seeder-feeder event in an
unprecedented detail by exploiting a big set of retrievals applicable to remote-sensing and in situ data. Utilizing different re-

trievals gives a consistent view on the seeder-feeder case study which is an important basis for future studies. It is demonstrated
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how improved understanding of seeder-feeder interactions can contribute to enhancing weather forecast models, particularly

in regions affected by persistent low-level supercooled stratus clouds.

1 Introduction

Precipitation formation in mid-latitudes is predominantly driven by mixed-phase clouds processes, where ice and liquid water
coexist. Studies show that 60-90% of precipitation in these regions originates from such clouds, making them the dominant
pathway for precipitation generation in mid-latitudes (Lau and Wu, 2003, 2011; Miilmenstadt et al., 2015; Korolev et al., 2017).
One important mechanism within these clouds is the seeder-feeder mechanism, known to significantly enhance precipitation
and thus play a critical role in the Earth’s water cycle (Purdy et al., 2005; Heymsfield et al., 2020).

Seeder clouds, which can be pure ice or mixed-phase clouds themselves, produce ice crystals, for example supported by
ice-nucleating particles (INP), that fall into feeder clouds below (Ramelli et al., 2021a). Feeder clouds, acting as a moisture
reservoir, typically mainly consist of supercooled liquid cloud droplets that contribute to the growth of falling ice crystals or to
an enhancement of particle number and ice mass.

There are several processes that can lead to an enhanced ice mass or ice crystal number concentration (ICNC). The aggregation
process is for example most efficient at temperatures around —14°C (dendritic growth) and close to 0°C (sintering) (Hosler
et al., 1957). Riming occurs when ice crystals fall through a layer of supercooled liquid water (Erfani and Mitchell, 2017).
The supercooled water freezes immediately on available ice crystals and makes them heavier and more spherical in shape. The
Hallett-Mossop process, also called rime splintering, is most efficient at temperatures between —3 and —8°C and enhances the
number of ice crystals (Hallett and Mossop, 1974; Mossop and Hallett, 1974). This process is responsible for secondary ice
crystal formation pathways (SIP). The Wegener-Bergeron-Findeisen (WBF) WBF process (Wegener, 1911; Bergeron, 1935;
Findeisen, 1938), where water vapor preferentially deposits onto ice crystals at the expense of supercooled droplets, accelerates
ice growth and enhances precipitation.

The interaction of seeder-feeder cloud systems also has an influence on cloud lifetime and cloud radiative effects. Supercooled
liquid droplets in mixed-phase clouds are more opaque to longwave radiation and increases cloud albedo more than ice crystals
which has consequences on radiative properties of cloud systems (Hogan et al., 2003). Matus and L’Ecuyer (2017) describe
that liquid clouds lead to a negative global radiative contribution of —11.8 Wm 2, ice clouds have a positive radiative effect of
3.5Wm 2, and multilayered clouds with distinct layers of liquid and ice exert a negative radiative effect of =5.4 Wm 2. Their
conclusion is that it is essential to accurately represent mixed-phase clouds in future climate scenarios for quantifying cloud
feedbacks.

While the seeder-feeder mechanism can enhance precipitation by 20-50% in some regions (Ramelli et al., 2021a), it remains
difficult to accurately simulate it in weather forecast models. Models often struggle to capture the exact balance between ice
and liquid water in mixed-phase clouds, which leads to significant errors in precipitation forecasts (Klein et al., 2009; Sche-

mann and Ebell, 2020; Kiszler et al., 2024). Specifically, models tend to overestimate ice formation, which reduces longevity
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of mixed-phase clouds and leads to precipitation being underestimated during seeder-feeder interactions. Detailed observa-
tional studies in combination with high-resolution model simulations help to shed light on factors influencing cloud-phase
partitioning. Kalesse et al. (2016a) studied a low-level mixed-phase stratiform cloud case observed over Barrow, Alaska. They
find major influences on the cloud system caused by large-scale advection of different air masses with different aerosol con-
centrations and humidity content, cloud-scale processes such as a change in thermodynamical coupling state, and local-scale
dynamics influencing the residence time of ice crystals.

Recent studies focus on seeder-feeder events, primarily from the perspective of remote-sensing and model simulations (Ro-
bichaud and Austin, 1988; Purdy et al., 2005; Arulraj and Barros, 2019; Vassel et al., 2019; Ramelli et al., 2021a; Proske
et al., 2021; Misumi et al., 2021; He et al., 2022; Dedekind et al., 2023; Di and Yuan, 2023). However, a detailed analysis
that combines remote-sensing, in-situ measurements, and ICON-D2 model (Icosahedral Nonhydrostatic Modell Zing] et al.,
2015; Omanovic et al., 2024) data to study natural seeder-feeder events remains limited. This study aims to address this gap
by analyzing a natural seeder-feeder event in unprecedented detail, using a very large synergistic multi-frequency radar, lidar,
and in-situ observation campaign in Europe.

Findings from this work have the potential to improve the representation of seeder-feeder processes in weather prediction mod-
els, particularly in regions where persistent low-level stratus clouds frequently occur.

The CLOUDLAB (Henneberger et al., 2023) campaign and PolarCAP (Polarimetric Radar Signatures of Ice Formation Path-
ways from Controlled Aerosol Perturbations) project, in the frame of PROM (Polarimetric Radar Observations meet Atmo-
spheric Modelling PROM, 2024) were conducted in Eriswil, Switzerland, during the winters of 2022/23 and 2023/24. A
comprehensive dataset is provided that allows for a detailed investigation of the seeder-feeder interaction. By integrating
remote-sensing data, in-situ measurements, and numerical models, this study offers new insights into the microphysical pro-
cesses causing precipitation enhancement. A fall streak tracking algorithm is applied to trace the evolution of microphysical
properties along the path of falling ice crystals, providing valuable information on how seeder and feeder clouds interact. The
fall streak is based on the maximum of the effective radar reflectivity Z. at different height levels.

Section 2 presents the experimental setup. Section 3 deals with the applied methods in the study. In Sect. 4 the weather situation
on 8 Jan 2024 is described. Section 5 focuses on remote-sensing and in-situ observations. Section 6 focuses on the performance

of the ICON-D2 model compared to observations and Sect. 7 will summarize and conclude the results.

2 Experimental setup during the winter campaigns in Eriswil

In winter seasons 2022/23 and 2023/24, the mobile exploratory platform LACROS (Leipzig Aerosol and Clouds Remote Ob-
servations System Radenz et al., 2021) operated by TROPOS (Leibniz Institute for Tropospheric Research) was part of a series
of winter campaigns near Eriswil (47.071°N, 7.874°E, 920 m a.s.l) in the Swiss Plateau in the centre of Switzerland. LACROS
joined both 3-months campaigns, which were conducted under the umbrella of the ERC (European Research Council) research
project CLOUDLAB of ETH Zurich and in the framework of PolarCAP (Polarimetric Radar Signatures of Ice Formation Path-

ways from Controlled Aerosol Perturbations) project. An overview of the campaign setup can be seen in Fig. 1 and an overview
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of instrument details is given in table 1.
The CLOUDLAB campaign involved a unique set of ground-based and airborne in-situ cloud and precipitation sensors and

Figure 1. a) Topographic map of Switzerland. The red triangle highlights the location of Eriswil. The other triangles correspond to the places
used for comparison in the model study in Sect. 6.2 (blue triangle: Huttwil, yellow triangle: Egolzwil, black triangle: Affoltern, grey triangle:
Napf). b) Experimental setup of the instruments in Eriswil. Number 18 (Holimo) and 19 (Windsond) are mounted to the HoloBalloon, the
windsond can also be launched individually. Number 20 is at Ryseralp, 47.064°N, 7.839°E, approximately 2.7 km away from the main site.
All other numbers are explained in more detail in Thl. 1. Photo: Jan Henneberger.

remote-sensing instruments. During two wintertime campaigns between 2022 and 2024, LACROS enhanced the remote sens
ing capabilities of the CLOUDLAB campaign with a large number of ground-based equipment, such as a scanning 35-GHz
and vertically-pointing 94-GHz cloud radar from TROPOS, Raman polarization lidar, Doppler lidar, ceilometer, micro rain
radar, photometer, disdrometer, and microwave radiometer.

During the campaign 2023/24 the instrument site was further enhanced by two additional cooperations. Firstly, the PROM
(PROM, 2024) project CORSIPP (Characterization of orography-in uenced riming and secondary ice production and their
effects on precipitation rates using radar polarimetry and Doppler spectra CORSIPP, 2024) of LIM (Leipzig Institute for Me-
teorology) joined the campaign in Eriswil with a scanning 94-GHz polarimetric cloud radar (which was placed at Ryseralp,
47.064°N, 7.839°E, approximately 2.7 km southwest of the main site) and the Video In Situ Snowfall Sensor (VISSS Maahn
et al., 2024). Secondly, EPFL (Ecole Polytechnique Fédérale de Lausanne) joined the campaign with a scanning polarimet-
ric X-band radar. In combination, the campaign was a very large joint deployments of multi-wavelength radar and lidar systems.



