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Abstract. The ice phase impacts many cloud properties as well as cloud lifetime. Ice particles that sediment
into a lower cloud from an upper cloud (external seeder–feeder process) or into the mixed-phase region of a deep
cloud from cirrus levels (internal seeder–feeder process) can influence the ice phase of the lower cloud, amplify
cloud glaciation and enhance surface precipitation. Recently, numerical weather prediction modeling studies
have aimed at representing the ice crystal number concentration in mixed-phase clouds more accurately by
including secondary ice formation processes. The increase in the ice crystal number concentration can impact the
number of ice particles that sediment into the lower cloud and alter its composition and precipitation formation.
In the Swiss Alps, the orography permits the formation of orographic clouds, making it ideal for studying the
occurrence of multi-layered clouds and the seeder–feeder process. We present results from a case study on
18 May 2016, showing the occurrence frequency of multi-layered clouds and the seeder–feeder process. About
half of all observed clouds were categorized as multi-layered, and the external seeder–feeder process occurred
in 10 % of these clouds. Between cloud layers, ≈ 60 % of the ice particle mass was lost due to sublimation
or melting. The external seeder–feeder process was found to be more important than the internal seeder–feeder
process with regard to the impact on precipitation. In the case where the external seeder–feeder process was
inhibited, the average surface precipitation and riming rate over the domain were both reduced by 8.5 % and
3.9 %, respectively. When ice–graupel collisions were allowed, further large reductions were seen in the liquid
water fraction and riming rate. Inhibiting the internal seeder–feeder process enhanced the liquid water fraction by
6 % compared to a reduction of 5.8 % in the cloud condensate, therefore pointing towards the de-amplification
in cloud glaciation and a reduction in surface precipitation. Adding to the observational evidence of frequent
seeder–feeder situations, at least over Switzerland, our study highlights the extensive influence of sedimenting
ice particles on the properties of feeder clouds as well as on precipitation formation.

1 Introduction

Clouds are important for Earth’s climate, modulating both
the radiation balance and the water cycle. In particular,
clouds’ ice content determines many of their key properties
such as their albedo and lifetime. Therefore, their correct
representation in climate and numerical weather prediction

models is imperative for improving weather forecasts and cli-
mate model representativeness.

In the atmosphere, ice forms homogeneously only at
temperatures below −35 °C. At mixed-phase temperatures
(0 °C > T >−35 °C), ice forms heterogeneously on ice-
nucleating particles (INPs; e.g., Pruppacher and Klett, 2010;
Murray et al., 2010; Herbert et al., 2015; Kanji et al.,
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2017, and references therein). In the absence of INPs, cloud
droplets remain supercooled at mixed-phase temperatures. In
a supercooled cloud, a few ice crystals can exert a dispro-
portionally large influence. They can multiply through sec-
ondary ice production (Korolev and Leisner, 2020). Several
secondary ice production mechanisms exist: the rime splin-
tering process (also known as the Hallett–Mossop process;
Hallett and Mossop, 1974; Mossop and Hallett, 1974), frozen
droplet shattering (Lauber et al., 2018) and ice–ice collisional
breakup (Vardiman, 1978; Takahashi et al., 1995). Ice crys-
tals can grow by riming or vapor deposition (including rapid
growth via the Wegener–Bergeron–Findeisen or WBF pro-
cess, where ice crystals grow at the expense of cloud droplets
when the air is subsaturated with respect to liquid water but
supersaturated with respect to ice; Wegener, 1911; Bergeron,
1935; Findeisen, 1938). Eventually, the cloud will glaciate
if the ice crystals do not fall out as precipitation before-
hand. Such effects can be triggered by ice crystals falling
into a mixed-phase cloud (MPC) from above. Thereby, the
higher cloud provides ice seeds, which feed on the moisture
provided by the lower cloud and destabilize it as described
above. This process is termed the seeder–feeder process.

Originally, the seeder–feeder process was proposed to ex-
plain precipitation enhancement over mountains. Here, an
orographically formed cloud acts as the feeder cloud, in
which the ice particles that sedimented from the seeder cloud
into the feeder cloud grow by accretion (deposition and/or
riming) or aggregation. Observations in field studies at vari-
ous locations (Dore et al., 1999; Purdy et al., 2005; Hill et al.,
2007) and idealized modeling studies (e.g., Carruthers and
Choularton, 1983; Robichaud and Austin, 1988) have con-
firmed the seeder–feeder process. The seeder–feeder process
for the ice phase was first proposed by Braham (1967). Here,
ice particles fall into a lower cloud in the mixed-phase tem-
perature regime, which does not need to be an orographic
cloud. This ice-phase seeder–feeder process is the focus of
the present study. In a wider sense, ice crystals falling into a
lower part of the same cloud can be understood as an internal
seeder–feeder process (Hobbs et al., 1980).

Natural cloud seeding by ice crystals has been inferred
from remote sensing and observed during aircraft campaigns
(Dennis, 1954; Hobbs et al., 1980, 1981; Locatelli et al.,
1983; Hobbs et al., 2001; Pinto et al., 2001; Fleishauer et al.,
2002; Ansmann et al., 2008; Creamean et al., 2013; Ramelli
et al., 2021). It requires multi-layer clouds, between which
seeding ice crystals do not sublimate completely. The occur-
rence frequency of such situations in Svalbard has been es-
timated at 29 % during a measurement campaign (including
cloudy and non-cloudy days) by Vassel et al. (2019) using
radiosonde and radar observations in combination with sub-
limation calculations. Seifert et al. (2009) and Ansmann et
al. (2009) estimated that 10 % of ice-containing clouds mea-
sured by lidar over Leipzig at −20 °C were naturally seeded.
Recently, a more thorough estimate has been derived using
a 10-year lidar–radar (DARDAR)–CLOUD satellite data set

over Switzerland combined with sublimation calculations:
Proske et al. (2021) found that external seeder–feeder situ-
ations occurred in 13 % and internal seeder–feeder situations
in 18 % of the time in the observations. This presents a lower
estimate since only ice clouds at T <−35 °C were consid-
ered to be seeder clouds in their analysis. However, to es-
timate the importance of the seeder–feeder process, the oc-
currence frequency of seeding ice crystals reaching a lower
cloud as seeds needs to be combined with an estimate of their
impact in the feeder cloud.

Dietlicher et al. (2019) found that in the global climate
model ECHAM-HAM, ice crystal seeding is the most im-
portant ice formation pathway. While this shows that seeding
might have a large effect globally, here we study the effect
on single clouds and precipitation in order to enhance our
process understanding.

The impact of natural cloud seeding is difficult to ob-
serve in reality, as the enhancement from seeding needs to
be separated from the precipitation that would also be occur-
ring without any seeding. Still, e.g., Locatelli et al. (1983)
found an intensification of the precipitation rate by 0.01 to
0.07 mm h−1 through riming in the feeder cloud. This was
corroborated by their observation of seeding ice crystals
growing by vapor deposition in the feeder cloud, where they
found enhanced ice needle concentrations. In a study of ar-
tificial dry ice seeding in which unseeded and seeded clouds
were compared, Hobbs et al. (1981) confirmed that seeding
ice crystals changed the cloud drop size spectra and enhanced
precipitation formation.

Such a comparison is easier to achieve in modeling stud-
ies, which have also been employed to study the impact of
ice crystal seeding. Rutledge and Hobbs (1983) simulated
warm-frontal lifting. They found that the mass added to seed-
ing ice crystals in the feeder cloud made up 75 % of the total
precipitation mass. In the absence of seeding the hydromete-
ors remained as cloud droplets. In a simulated case study of
an observed seeder–feeder episode on the Iberian Peninsula,
Fernández-González et al. (2015) found that the seeding ice
crystals collected supercooled cloud droplets in the feeder
cloud, which led to moderate snowfall and prevented freez-
ing drizzle. The seeder cloud also has radiative effects on the
feeder cloud. Chen et al. (2020) used idealized model simu-
lations to study this effect and noticed that the downwelling
longwave radiation from the seeder cloud reduced the cloud-
top radiative cooling from the feeder cloud. Together with the
latent heat release in the feeder cloud from glaciation caused
by the seeded ice particles, this led to the dissipation of the
feeder cloud in their case.

While such idealized studies help to understand the pro-
cesses involved, their use for a quantitative impact assess-
ment is limited. Additionally, the sensitivity study approach
of removing the seeding cloud entirely, applied in modeling
studies up to date, possibly introduces large perturbations.
In this study, we want to add a mechanistic understanding
of the effect of natural cloud seeding to the evidence for the
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frequent occurrence of natural cloud seeding over Switzer-
land (Proske et al., 2021). To this end, we simulate a seeder–
feeder case study with the non-hydrostatic limited-area at-
mospheric model of Consortium for Small-scale Modelling
(COSMO). The situation is over the Swiss Alps, where the
topography permits orographic clouds to form and where we
can combine our results with the natural cloud seeding fre-
quency estimates over Switzerland from Proske et al. (2021).
Most importantly, we remove only those seeding ice particles
that would reach a feeder cloud immediately above the feeder
cloud in order to reduce feedbacks. The following section
(Sect. 2) further explains the employed methods and model
setup. In Sect. 3, results from the sensitivity studies of both
the internal and external seeder–feeder cases are presented
and discussed. Conclusions and an outlook make up Sect. 4.

2 Methods

2.1 Model setup

To understand the effect of the internal and external seeder–
feeder process on surface precipitation better, we use the
non-hydrostatic limited-area atmospheric model of the Con-
sortium for Small-scale Modelling (COSMO version 5.4.1b;
Baldauf et al., 2011). This COSMO version has recently been
used to study wintertime orographic MPCs in the Swiss Alps
(Lohmann et al., 2016; Henneberg et al., 2017; Dedekind
et al., 2021, 2023a). We use a two-moment cloud micro-
physics scheme within COSMO with six hydrometeor cate-
gories, including hail (Blahak, 2008), graupel, snow, ice crys-
tals, raindrops and cloud droplets (Seifert and Beheng, 2006).
The two-moment cloud microphysics scheme includes the
rime splintering process, which is used in all simulations in
this study. The output of ice, snow, graupel and hail precip-
itation fluxes was implemented, especially for this study, to
obtain these hydrometeors’ sedimentation rates as needed for
the analysis of the seeder–feeder process. Here we defined
two different scenarios for the seeder–feeder process: the ex-
ternal and internal seeder–feeder process (Fig. 1). Between
13:00 and 17:00 UTC, ice particles were removed between
cloud layers for the external seeder–feeder process (detailed
in the next paragraph). For the internal seeder–feeder pro-
cess the in situ ice particles were removed between 17:15
and 20:45 UTC.

The external seeder–feeder process is defined as when
ice particles sediment into a separate lower cloud layer.
The in-cloud regions are determined by calculating the in-
cloud water as a function of the mass mixing ratio for cloud
droplets (QC) and cloud ice (QI) from the subgrid-scale and
convective cloud schemes. Whenever QC > 0 g kg−1 and/or
QI > 10−7 g kg−1, then the cloud cover (CLC, a full 3D func-
tion) is larger than 0. Therefore, CLC= 0 is defined as the
out-of-cloud regions or, in this case, the region between the
cloud layers. To inhibit the external seeder–feeder process, in
a sensitivity simulation (No-Ext-SF), we removed the seed-

ing ice particles where CLC is again larger than 0 in the
level just above the feeder cloud to prevent any interaction
with the feeder cloud. At the level where the seeding ice par-
ticles are removed, they are not sublimated or melted, but
rather they are artificially removed. Therefore, no adiabatic
cooling takes place in this layer for the No-Ext-SF simula-
tion. In the No-Ext-SF simulation, the increase in ice crystals
can then only occur through primary or secondary ice for-
mation processes in the feeder cloud. In COSMO, ice crys-
tals and snow are typically described as hexagonal plates and
“mixed aggregates”, respectively (Seifert and Beheng, 2006,
and references therein). Additionally, an option is included in
which the ice crystal and snow particle shapes are changed to
spheres without changing the mass of that particle (No-Ext-
SF_Sph simulation) when they sediment out of the seeder
cloud (Fig. 1). Spherical ice particles have a smaller ventila-
tion coefficient for Reynolds numbers less than 100 and sub-
limate at a slower rate (Wang, 2013). In conjunction with the
slower sublimation rate, they also have a smaller drag coeffi-
cient and therefore fall larger distances in dry air. Proske et al.
(2021) conducted sublimation calculations of rosettes, plates
and spheres and showed that spheres led to successful seed-
ing in 64 % of the cases. This is 17 % and 22 % higher than
plates and rosettes, respectively. Therefore, we anticipate that
spherical ice particles should enhance the seeder–feeder pro-
cess and produce a larger signal in comparison with the No-
Ext-SF simulations.

For another sensitivity simulation, focusing on the inter-
nal seeder–feeder process, we inhibit in situ ice particles (de-
fined here where CLC > 0) from sedimenting and crossing
the −35 °C isotherm (Fig. 1b). This simulation is referred
to as the No-Int-SF simulation. Ice particles are allowed
to be lofted from warmer temperatures across the −35 °C
isotherm. We chose the temperature, T =−35 °C, to be con-
sistent with Herbert et al. (2015) and Proske et al. (2021).

Also of interest to us is the impact of ice particle breakup
through ice–graupel collisions on the seeder–feeder process
(e.g., Sullivan et al., 2018; Dedekind et al., 2021, 2023a).
The enhancement of ice particles through secondary ice pro-
duction processes, other than the Hallett–Mossop process,
has not been studied in light of the seeder–feeder process.
Dedekind et al. (2021) showed that allowing for the occur-
rence of breakup reduces the ice crystal and snow particle
sizes and hence their fall speeds. This could therefore sig-
nificantly reduce the sedimentation distances of ice parti-
cles in dry air (CLC= 0). In both the external and internal
seeder–feeder inhibiting cases, additional simulations were
conducted in which breakup occurs (No-Ext-SF_BR and No-
Int-SF_BR simulations) and compared to a CNTL simula-
tion in which breakup occurs (CNTL_BR simulation). Here,
we used the same breakup parameters for BR as defined in
Dedekind et al. (2021). See Table 1 for a summary of the
CNTL and sensitivity simulation setups.

The model and analysis domain roughly covers a re-
gion of 550× 650 km2 (44.5 to 49.5° N and 4 to 13° E) and
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Figure 1. Schematic of the two seeder–feeder processes and the setup for the sensitivity simulations. In (a) the seeder and feeder clouds
are the higher and lower clouds, respectively. In (b) the seeder and feeder clouds are separated at a temperature of −35 °C, with the seeder
cloud laying above the feeder cloud. The red line in both seeder–feeder cases is the level at which the seeding ice particles are removed. The
simulations in which they are removed are referred to as (a) No-Ext-SF or (b) No-Int-SF (see Table 1).

Table 1. Control and sensitivity simulations. Shown here are the processes that were either removed or included in each sensitivity simulation.
When seeding ice particles are removed in the sensitivity simulations, no feeding of the lower-lying cloud occurs. These simulations are
referred to as either the no external seeder–feeder process (No-Ext-SF) or the no internal seeder–feeder process (No-Int-SF) simulation.
Including collisional break or spherical ice particles (ice crystals and snow) is denoted by _BR and _Sph, respectively. All simulations
include the rime splintering process.

Control No external No internal Collisional Spherical ice
seeder–feeder seeder–feeder breakup particles

process process

CNTL ×

CNTL_BR × ×

No-Ext-SF ×

No-Ext-SF_BR × ×

No-Ext-SF_Sph × ×

No-Int-SF ×

No-Int-SF_BR × ×

230× 235 km2 (45.5 to 47.5° N and 4.8 to 8° E), respectively,
at a horizontal grid spacing of 1.1 km× 1.1 km. The analy-
sis domain consists of about 55 000 columns and is used for
all the analyses and figures in this study. A height-based hy-
brid smoothed level vertical coordinate system (Schär et al.,
2002) with 80 levels was used and stretched from the sur-
face to 22 km. Hourly initial and boundary conditions anal-
ysis data at a horizontal resolution of 7 km× 7 km, sup-
plied by MeteoSwiss, were used to force COSMO. For this
study, we simulate a heavy precipitation event over eastern
Switzerland. Our simulations are initiated at 10:00 UTC on
18 May 2016 and run until 22:00 UTC on that day. During
this time a heavy precipitation event occurred from 17:30
to 20:45 UTC. Our analysis is split up into time periods
from 13:30 to 17:00 UTC and 17:15 to 20:45 UTC (Fig. 2).
During the initial period from 13:30 to 17:00 UTC many

multi-layered clouds were developing, making it suitable to
study the external seeder–feeder process. Later during the
day 17:15 to 20:45 UTC, the clouds deepened significantly,
stretching from close to the surface to about 10 km, which is
appropriate for studying the internal seeder–feeder process.
Each simulation consists of 10 ensemble members. The en-
semble members are created by perturbing the initial tem-
perature conditions at each grid point in the model domain
with unbiased Gaussian noise at a zero mean and a standard
deviation of 0.01 K (Selz and Craig, 2015; Keil et al., 2019).

The cloud cover computed by COSMO was compared
to the DARDAR satellite data product by Proske (2020,
their Fig. 3.10) in an attempt to validate it. The output for
one COSMO time step at 12:30 UTC was compared to the
overpass track of the satellite over eastern Switzerland at
12:32 UTC on 18 May 2016. Proske (2020) showed that
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COSMO was able to simulate the cloud layers observed
in the DARDAR data remarkably well, with a few excep-
tions where COSMO simulated more clouds than observed.
Specifically, in regions close to the surface and beneath a
thicker cloud layer, the discrepancy between COSMO and
DARDAR can be attributed to either COSMO simulating
cloud cover incorrectly or the radar signal from the satel-
lite being attenuated when passing through the thicker top
cloud layer. Considering that only a single time point from
the model was compared to the observations, no generaliza-
tions can be drawn from their conclusion.

In the analysis of multi-layered clouds (Sect. 3.1), we do
not distinguish between the phase (ice, mixed or liquid) of
the clouds in our simulations. As long as a multi-layered
cloud was present within a column with a width and breadth
of 1.1 km× 1.1 km, the layered cloud formed part of the anal-
ysis. For the seeder–feeder process to be recorded in the
CNTL simulation, two criteria need to be fulfilled. First,
there needs to be a precipitation flux at the bottom of the
seeder cloud and at the top of the feeder cloud. Second, when
the precipitation flux into the feeder cloud occurs the ice par-
ticle mass mixing ratio has to be larger than 10−10 g m−3;
otherwise, the precipitation flux into the feeder cloud will be
set to 0 g m−2 s−1 in order to avoid noise.

3 Results

3.1 Control simulation: multi-layered clouds vs.
seeder–feeder events

The multi-layered clouds and seeder–feeder events analyzed
here are only for layered clouds that are separated by “clear”
air, where CLC= 0 (see Fig. 1a). Figure 3 displays the fre-
quency of occurrence of any clouds, multi-layered clouds
and seeder–feeder situations. On average, 48 % (varying be-
tween 28 % and 62 % during the period) of any clouds ob-
served over the domain had another cloud below them, while
only a small fraction, 10 % (varying between 8 % and 12 %
during the period), of all layered clouds had ice particles
precipitating from the seeder cloud into the feeder cloud
from 13:30 to 17:00 UTC. The 48 % of layered cloud is
comparable to the 31 % reported by Proske et al. (2021) in
their 10-year mean for several reasons. Firstly, here we only
analyze a single case study in which a high precipitation
event occurred which was selected because above-average
multi-layer clouds were observed. Secondly, Proske et al.
(2021) required that a pure ice cloud (cirrus) be above a
lower-lying cloud, limiting the number of possible seeder–
feeder situations. The largest fraction of seeder–feeder oc-
currences (between 10 % and 12 % of all layered clouds) was
found between 13:30 and 14:30 UTC. This corresponded to
a mean vertically integrated precipitation flux into the feeder
cloud of ≈ 1.3 g m−2 s−1 (Fig. 3a and b). From 13:30 until
17:00 UTC the frequency of the external seeder–feeder pro-
cess occurrences, layered cloud occurrences and any cloud

occurrences was reduced by 71 %, 74 % and 46 %, respec-
tively. The continuous development and deepening of the
clouds were responsible for the strong reduction in layered
clouds and the external seeder–feeder process as seen in the
reduction of the distances between layered clouds (Fig. 3b).
The highest frequency of layered cloud occurrences, of
≈ 70 000 counts, had distances of 0.5 to 1.1 km compared
to ≈ 2500 occurrences with distances of 3 km (Fig. S1 in the
Supplement). Hall and Pruppacher (1976) and Proske et al.
(2021) showed that ice crystals (plates, spheres or rosettes)
can typically survive a fall of around 2 km (4 km at a very
low occurrence frequency of less than 5 %) depending on
the relative humidity in the in-between air layers before they
completely sublimate in the drier air layer. The ice particle
survival fraction was calculated as the fraction of the ice par-
ticle precipitation flux rate at the top of the feeder cloud di-
vided by the ice particle precipitation flux rate at the bottom
of the seeder cloud. We note from Fig. 4a and b that there are
rare cases in which ice particles seeded a lower-lying cloud
that was between 2.5 and 4.7 km below the seeder cloud.
In some of these long-distance cases, the ice particle sur-
vival fraction was high, showing little loss in the ice particle
precipitation flux rate. In general, the total precipitation flux
summed over the analysis domain from 13:30 to 17:00 UTC
at the bottom of the seeder clouds and at the top of the feeder
clouds was 190 and 78 kg m−2 s−1, respectively. Therefore,
in the seeder–feeder situations, approximately 60 % of the
ice particle mass was lost due to sublimation or melting of
ice particles during sedimentation. The high retention of the
ice particle mass between the cloud layers is mainly because
of the high occurrence of cloud layers being closer together
than 1 km (see Fig. 4b). Proske et al. (2021) analyzed 2210
DARDAR–CLOUD satellite tracks set over Switzerland and
showed the highest occurrences of seeder–feeder situations
(which corresponds to our definition of layered clouds and is
comparable to the blue histogram in Fig. 4a) between 2 and
6 km (the dark green line in Fig. 4c). Our results suggest that
shallower cloud layers compared to the 10-year climatology
of Proske et al. (2021) and the high ice particle retention be-
tween the cloud layers may have contributed to the heavy
precipitation event.

Next, we analyze the two time periods of 13:30 to
17:00 UTC and 17:15 to 20:45 UTC, which distinguish the
external from the internal seeder–feeder process in the CNTL
simulation. Figure 5 provides an overview of the mass mix-
ing ratios of the six hydrometeors in the CNTL simulation.
Here, the temporal mean of the vertically integrated zonal
mean mass mixing ratios is used for smoothing out the vari-
ability for each hydrometeor class. On 18 May 2016 from
13:30 to 17:00 UTC, the mean flow was towards the north-
east, causing the air mass to impinge on the mountain range
between 5 and 6.7° E and between 45.8 and 46.5° N (ex-
ternal seeder–feeder case, Figs. 1a and 2a), promoting en-
hanced hydrometeor growth (Fig. 5a and b). The cloud (QC),
rain (QR), snow (QS) and graupel (QG) mass mixing ratios
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Figure 2. Overview of the model orography and the amount of precipitation. The maps show the whole simulated domain, while the red box
is the domain used for the analysis. The accumulated precipitation is shown (a) from 13:30 to 17:00 UTC and (b) from 17:15 to 20:45 UTC.

Figure 3. (a) The occurrence frequency of any clouds, layered clouds (any occurrence of a cloud below another cloud) and seeder–feeder
(SF) cases. In percentages is the ratio of layered cloud occurrences to any cloud occurrences (blue) and the ratio of SF occurrence to layered
cloud occurrence (red) every 15 min from 13:30 to 17:00 UTC. (b) The mean of the ice particle precipitation flux rate out of the seeder cloud
(dashed red line) and into the feeder cloud (dotted red line) as well as the distance between layered clouds in the CNTL simulation (see
Table 1). The shaded areas signify the 95 % confidence interval of the control simulation.

all peaked between 45.8 and 46.25° N where the total ice
(QI+QS+QG+QH) and total liquid water (QC and QR)
paths reached maximum values of 0.68 and 0.28 kg m−2, re-
spectively. All the hydrometeors have a small variability be-
tween the ensemble members, except for the rain and graupel
mass mixing ratios with larger variabilities of 0.03 kg m−2.
The ice crystal mass mixing ratio exhibits the least variabil-
ity between the ensemble members and over latitude. The
small variability in the ice crystal mass mixing ratio over lat-
itude is most likely due to the fast conversion processes from
ice crystals to snow and graupel. Ice crystals can either ag-
gregate to form snow or can interact with cloud droplets and
raindrops to form graupel or hail, granted that the riming rate
is larger than the depositional growth rate (Seifert and Be-

heng, 2006). In this case, ice crystals, in the vicinity of cloud
droplets, are converted to graupel, implying that riming is the
dominant growth process (also seen in Fig. S2).

In the evening, from 17:15 to 20:45 UTC, the precipita-
tion increased significantly over a larger area with the pre-
cipitation maximum being shifted toward the east. The in-
creased precipitation rate is a result of the formation of
deeper clouds coinciding with fewer layered clouds (Figs. 1b
and 3a). The increase in all hydrometeor mass mixing ra-
tios, at least by a factor of 2, is associated with the deeper
clouds (Fig. 5c and d). Due to the orographic forcing, the
zonal and temporal mean of the cloud, rain and graupel mass
mixing ratios peak between 45.8 and 46.25° N. The ice and
liquid water paths were higher at 1.4 and 0.7 kg m−2, re-
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Figure 4. (a) The occurrence frequency of layered clouds and seeder–feeder situations plotted against the vertical distance between the
clouds and (b) the joint probability density function multiplied by bin area (P (x,y)1x1y) for ice particle survival (x) between cloud layers
(y) of varying distances from 13:30 to 17:00 UTC. The white line is the 50th percentile as a function of the distance between layered clouds.
The 230 km× 235 km analysis domain at a 1.1 km×1.1 km horizontal resolution gives about 55 000 columns. A total of 550 000 layered
clouds and 55 000 seeder–feeder occurrences were observed during the time period. (c) The occurrence of seeder–feeder situations (SF
sit., which is comparable to the layered clouds, the blue histogram, in a) against the vertical distance between clouds derived from 2210
radar–lidar (DARDAR) satellite tracks between 2006 and 2017 (adapted from Fig. 3 by Proske et al., 2021).

spectively, and consistent with a better-developed cloud that
had twice as much water compared to the cloud content
from 13:30 to 17:00 UTC. During these two time periods,
the clouds maintained a mixed-phase state with liquid water
fractions ([(QC+QR)/(QC+QR+QI+QS+QG+QH)]·100)
above 20 % and ice particle growth by riming that extended
throughout the cloud at 0≥ T ≥−35 °C (Figs. 5, S2a and
S3a).

3.2 External seeder–feeder

3.2.1 Changes in the cloud condensate

To understand the impact of the seeder–feeder process on
the cloud microphysics and surface precipitation, we inhib-
ited seeding ice particles from precipitating into a feeder
cloud from a seeder cloud. Figure S4a shows the vertically
integrated zonal and temporal mean mass mixing ratios for
all cloud condensate of the CNTL simulation, which peaks
at 0.82 kg m−2 at 46.1° N and decreases to 0.15 kg m−2 at
47.0° N. Table 2 provides an overview of the percentage
changes in the sensitivity simulations compared to the CNTL
and CNTL_BR simulations for the analyzed fields. The per-

centage change in the mass mixing ratio of all cloud conden-
sate of the No-Ext-SF simulation from the CNTL simulation
varies between −6.5 % and 1.8 % with an average reduction
of 2.0 % over the domain (45.5° N and 47.5° N). A total of
31 % of the deviations are outside of the CNTL simulation
variability (outside of the 95 % confidence interval) and are
therefore significant (Fig. S5 and Table 2).

3.2.2 Changes in riming and depositional growth rates

Riming and depositional growth processes depend on the
availability of ice particles. Reduced seeding ice particles can
cause a reduction in these growth processes in the feeder
cloud. Figure S5a and c illustrate that reducing the seeds
causes a maximum reduction of 17 % (3.1 %) and an average
reduction of 3.9 % (0.55 %) of the riming rate (depositional
growth rate) (Table 2). Over the domain, 21 % of the changes
in the riming rate from the CNTL simulation variability were
significant, whereas only 6.5 % of the changes in the depo-
sitional growth rate were significant. The reduction in the
riming rate in the No-Ext-SF simulation occurred mostly be-
tween 2 and 4 km in altitude, where cloud liquid was most
abundant. In this region of the cloud a significant reduction
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Figure 5. Hydrometeor mass mixing ratios for the CNTL simulations (see Table 1) for (a, b) the external seeder–feeder (13:30 to 17:00 UTC)
and, (c, d) the internal seeder–feeder processes (17:15 to 20:45 UTC). Shown is the temporal mean of the vertically integrated zonal means
for (a, c) ice crystals, cloud droplets and the mean topography height (gray), as well as (b, d) snow, graupel, hail, raindrops and the liquid
water fraction (gray). The liquid water fraction is calculated for temperatures 0≥ T ≥−35 °C to determine if the cloud is in a mixed-phase
state. The shaded areas signify the 95 % confidence interval of the control simulation.

in the riming rate of up to 10 % occurred, corresponding to
10−4 kg m−3 s−1, because of the reduced ice particle mass
mixing ratio in the No-Ext-SF simulation. Via reduced rim-
ing, removing seeding particles significantly impacts grau-
pel formation (Fig. S6). To further illustrate the importance
of the different growth processes in the seeder–feeder situa-
tions, specifically during the spring and summer seasons, we
first calculated the difference between each sensitivity simu-
lation (No-Ext-SF and No-Ext-SF_Sph) and the CNTL sim-
ulation and likewise between the No-Ext-SF_BR simulation
and the CNTL_BR simulation. After we normalized the pre-
cipitation and the growth rates, we calculated the correlation
coefficients. In this case, the most significant growth process
responsible for the seeder–feeder process was riming. The
riming rate has a correlation coefficient of 0.37 as shown in
the No-Ext-SF simulation (Fig. 6a). The correlation coeffi-
cients between the depositional growth rate with surface pre-
cipitation were relatively weak, less than 0.13, and mainly
insignificant (Fig. 6b). This suggests that when the seeder–
feeder process occurred in our case, the external ice parti-
cles’ growth through deposition or aggregation (not shown

here) did not significantly contribute to surface precipitation,
while riming did.

3.2.3 Changes in the surface precipitation

The precipitation change in the No-Ext-SF simulation com-
pared to the CNTL simulation’s variability over the domain
was over 45 %, especially south of 46.5° N. Between 45.5
and 46.8° N the No-Ext-SF simulation had at most 27 % and
on average 8.5 % less surface precipitation, which demon-
strates the impact of seeding ice particles on precipitation
formation (Fig. S7a and Table 2). It has to be considered that
the precipitation difference could originate partly from re-
moving the seeding particles at the feeder cloud top assum-
ing the seeding particles would have survived the fall in dry
air (without growing in the feeder cloud) until reaching the
ground. If they had survived the fall, then the reduction in
precipitation would originate merely from the removed seed-
ing particles. To analyze this further, the lowest 10th and 50th
percentiles of the distances of the feeder cloud top to the
surface were calculated. The 10th percentile shows the rare
cases in which the feeder cloud tops were the closest to the
surface, representing higher probabilities for ice particles to
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Table 2. Average and maximum changes in surface precipitation, mass mixing ratio of all cloud condensates, liquid water fraction, riming
rate, and depositional growth rate of the No-Ext-SF and No-Int-SF simulations (see Table 1) compared to the CNTL and the No-Ext-SF_BR
and No-Int-SF_BR simulations compared to the CNTL_BR simulations (numbers in brackets).

No external seeder–feeder process No internal seeder–feeder process

Average change Maximum change Average change Maximum change

Surface precipitation −8.5 % (−8.8 %) −27 % (−30 %) −3.0 % (−3.4 %) −7.5 % (−7.9 %)
MMR cloud condensate −2.0 % (−2.2 %) −6.5 % (−9.1 %) −5.8 % (−5.8 %) −8.4 % (−8.9 %)
Liquid water fraction −0.70 %∗ (−2.2 %∗) −8.9 %∗ (−19 %∗) 6.0 % (6.0 %) 8.9 % (10 %)
Riming rate −3.9 % (−5.4 %) −17 % (−22 %) −1.4 % (−2.6 %) −5.6 % (−9.4 %)
Depositional growth rate −0.55 %∗ (−0.52 %∗) −3.1 %∗ (−5.5 %∗) −0.77 % (−0.72 %) −3.4 % (−3.2 %)

∗ Less than 10 % of grid points over the zonal mean showed significant changes.

survive a fall. The 10th and 50th percentile distances were 1.3
and 2.3 km above the surface, respectively. Figure 4b illus-
trates that the seeding particles rarely sediment further than
2.5 km in dry air and also that the joint probability of ice
particle survival over distances of 2 km was substantially re-
duced. Therefore, it is likely that only a small fraction of the
seeding particles that were removed at the feeder cloud top
would have contributed to the total reduction of surface pre-
cipitation and the majority of the reduction was a result of
the missing external seeder–feeder process.

3.2.4 Impact of the ice particle shape on the
seeder–feeder process

We further analyzed whether the shape of ice particles im-
pacts the external seeder–feeder process by assuming spher-
ical crystals in the No-Ext-SF_Sph simulation. The No-
Ext-SF_Sph simulation behaves similarly to the No-Ext-
SF simulation, except that the snow mass mixing ratio was
also significantly reduced compared to the CNTL simulation
(Fig. S5a). The spherical snow has a faster fall velocity than
the snow, represented as “mixed aggregates”, in the CNTL
simulation. Even though spherical snow has a larger venti-
lation coefficient that causes faster sublimation rates, more
spherical snow reached the feeder cloud. Vassel et al. (2019)
and Proske et al. (2021) showed similar results in calculat-
ing the sublimation rate and the survival of spherical par-
ticles when they sediment between cloud layers. The per-
centage loss of the mass mixing ratio of all cloud conden-
sate was reduced by up to 7.9 % and on average by 3.1 %
(Fig. S5a) when assuming spherical crystals. Surprisingly
in our results, the additionally removed snow mass mixing
ratio did not cause a substantially stronger decrease in the
riming rates compared to the No-Ext-SF simulation between
45.5 and 46.8° N (Fig. S6a). There was a greater reduction in
the depositional growth rate, especially between 2 and 4 km,
which was also apparent in the vertical integral (Figs. S2f and
S6c). In general, the seeding particles in the No-Ext-SF_Sph
simulation impacted the surface precipitation; however, the
impact was not substantially larger than in the No-Ext-SF

simulation considering the reduction in all cloud condensate
mass mixing ratios (Fig. S5a).

3.2.5 Including ice–graupel collisions

Also of interest was the multiplication of ice particles
through the breakup of ice crystals and snow upon collid-
ing with graupel in the context of the seeder–feeder process
(No-Ext-SF_BR). Comparing CNTL_BR to CNTL across
the zonal mean, the impact of ice–graupel collisions was
clearly visible (Fig. S4). As the graupel mass mixing ratio
increased, snow–graupel collisions were promoted, resulting
in a decrease in the snow mass mixing ratio. The increase in
the total ice water path (QI+QS+QG+QH) caused a re-
duction in the total liquid water path (QC + QR), which can
be attributed to the significantly higher depositional growth
rates (Fig. S6d). Due to the huge depositional growth rates
below 6 km, there was an intensification in latent heat re-
lease and, consequently, in updraft velocity (Fig. S8). The
ice particles were either lofted to higher regions in the cloud
or sedimented at slower velocities against the strong up-
draft, reducing the amount of precipitation significantly. In
turn, the liquid water fraction was reduced between 4 % and
11 % compared to the CNTL simulation (Figs. 5b and S9b).
Adding ice–graupel collisions led to larger changes in the
liquid water fraction and riming rate from the seeder–feeder
process (comparing No-Ext-SF_BR to CNTL_BR). Inhibit-
ing the more abundant smaller ice particles from falling into
the feeder cloud yielded more profound positive and nega-
tive differences in both growth processes (riming and depo-
sition), but this is not any more significant than the difference
between the No-Ext-SF_Sph simulation and the CNTL sim-
ulations.

In the early stages of the development of mixed-phase
clouds during which breakup of ice particles occurred, the
dominant growth process contributing to surface precipita-
tion was riming, with a correlation coefficient of 0.34, com-
pared to deposition and aggregation with correlation coef-
ficients of 0.02 and −0.12 (not shown here), respectively,
which are not statistically significant (Fig. 6a and b). During
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Figure 6. Correlations for the external seeder–feeder growth processes (see Table 1) of (a) the riming rate and (b) the depositional growth rate
of ice particles where 0≥ T ≥−35 °C with the surface precipitation rate. One point represents the vertically integrated zonal and temporal
mean of the growth rates correlated with the zonal and temporal mean of the precipitation rate at a latitude point from 13:30 to 17:00 UTC.
Differences were calculated between the sensitivity (No-Ext-SF and No-Ext-SF_Sph) and the CNTL simulation ensemble means, as well as
the No-Ext-SF_BR and CNTL_BR simulation ensemble means, and normalized between 0 and 1. A linear least-squares regression for the
growth processes and the surface precipitation is shown by the colored lines.

a field campaign at Davos in the Swiss Alps, Ramelli et al.
(2021) measured cloud properties from an airborne balloon.
They found evidence for a large fraction of rimed ice parti-
cles including graupel during a seeder–feeder event, which
confirms the importance of the riming process in the feeder
cloud. Although aggregation rates can increase substantially
(e.g., Dedekind et al., 2021; Georgakaki et al., 2022) as a
direct consequence of having more ice particles from sec-
ondary ice production, this did not have a significant im-
pact on surface precipitation in our simulations (Fig. 6a and
b). Georgakaki et al. (2022) found the aggregation of snow
to be a major driver of secondary ice formation in exter-
nal seeder–feeder events. In their case, they considered ice–
ice collisions (Phillips et al., 2017) which did not require
rimed particles for fragmentation to occur and could there-
fore lead to secondary ice production in an ice cloud (seeder
cloud). Here, we are only including ice–graupel collisions
which require riming to form graupel. Further development
is required to describe the collisional tendencies between un-
rimed ice particles within the Seifert and Beheng (2006) two-
moment cloud microphysics scheme.

3.3 Internal seeder–feeder

3.3.1 Changes in the cloud condensate

The internal seeder–feeder sensitivity simulations were ana-
lyzed from 17:15 to 20:45 UTC during which the clouds were
well-developed and extended to about 10 km. The impact of
natural cloud seeding is studied by removing the seeding
ice particles before they sediment into the mixed-phase part
of the cloud at T >−35 °C (internal seeder–feeder process,
Fig. 1b). The removal of ice particles at ≈ 7 km in the No-
Int-SF simulation led to a maximum and average reduction
of 8.3 % and 5.8 %, respectively, of the mass mixing ratios
of all cloud condensate (Fig. S10a and Table 2). These per-
centage changes were significant over 98 % of the domain
(Fig. S10a).

3.3.2 Changes in the riming and depositional growth
rates

Over the domain, the impact of removing seeding parti-
cles on the riming rate (depositional growth rate) was more
(less) pronounced with a maximum and average reduction of
5.6 % (3.4 %) and 1.4 % (0.77 %), respectively, compared to
the CNTL simulation (Fig. S11a, c and Table 2). Between
46.00 and 46.25° N, the depositional growth rate was signifi-
cantly enhanced, reaching a change of 3.0 %, compared to the
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CNTL simulation (Fig. S11c). Less weight of the hydrome-
teors to be carried by the updraft velocity likely contributed
to the stronger updraft velocities in the No-Int-SF simula-
tion (Fig. S12). The enhanced updraft velocity in conjunction
with an enhanced liquid water fraction (Fig. S13a), as a re-
sult, promoted higher supersaturations with respect to ice, en-
hancing the growth of ice particles by vapor deposition (Fig.
S3d). However, the reduced average depositional growth rate
and a significantly enhanced maximum and average liquid
water fraction of 8.9 % and 6.0 %, respectively, show that the
removal of seeding ice particles slowed the glaciation in the
mixed-phase part of the cloud over the domain.

3.3.3 Changes in surface precipitation

Although the depositional growth rate had a similar fraction
of significant latitudinal grid points over the domain (34 %
of latitude grid points) compared to the riming rate, the de-
positional growth rate did not have an impact on surface pre-
cipitation, whereas the riming rate was shown to be the dom-
inant precipitation-forming process with a correlation coef-
ficient of 0.5 with surface precipitation (Fig. 7a). The No-
Int-SF simulation showed a maximum and average reduction
of the surface precipitation of 7.5 % and 3.0 %, respectively,
which was significant over 69 % of the latitude grid points
compared to the CNTL simulation (Fig. S14a).

Here we have shown that inhibiting the internal seeder–
feeder effect de-amplifies cloud glaciation. Because of the
reduction in cloud condensate the ice particle growth pro-
cesses are slowed down, causing a reduction in surface pre-
cipitation.

3.3.4 Including ice–graupel collisions

Including ice–graupel breakup in the CNTL simulation
(CNTL_BR) significantly changes the cloud characteristics
compared to the CNTL simulation. The significant increase
(decrease) in the cloud condensate (liquid water fraction)
compared to the CNTL simulation results from the huge
number of smaller ice particles (similar to Dedekind et al.,
2021) feeding on the available liquid water through the WBF
process when the supersaturation is between the saturation
with respect to water and ice (Figs. S10a, b and S15). The
smaller ice particles have smaller sedimentation velocities
and cannot fall against the stronger updrafts; therefore, they
have longer residence times and enhanced growth by deposi-
tion. At altitudes above 5 km, the cloud was glaciated in the
CNTL_BR simulation (Fig. S3e), which is also manifested
in a 3 % to 8 % reduction in liquid water fraction (Fig. S15),
slowing down the precipitation formation process.

Removing seeding ice particles in the No-Int-SF_BR sim-
ulation that originated from regions in the cloud where
T <−35 °C decreased the mass mixing ratio of all cloud
condensate on average by 3.4 % (significant over 98 % of the
domain), resulting in a higher average liquid water fraction

of 6.0 % compared to the CNTL_BR simulation (Figs. S9b,
S13b and Table 2). The fewer ice particles in the No-Int-
SF_BR simulation cause a significant decrease in the depo-
sitional growth rate between 5 and 7 km (Fig. S3d). How-
ever, here too, the change in the deposition rate is not cor-
related with the change in precipitation. Having fewer par-
ticles that eventually sediment to lower altitudes meant that
the riming rate was also significantly less between 45.8 and
46.6° N and below 3 km (Figs. S3 and S11b), which strongly
correlated with the reduction in precipitation (Fig. 7a). Inter-
estingly, the differences in surface precipitation between the
No-Int-SF and CNTL simulations and the No-Int-SF_BR and
CNTL_BR simulations due to inhibiting the internal seeder–
feeder process are very similar. Rutledge and Hobbs (1983)
showed that in the absence of seeding, the hydrometeors
remained in the liquid phase, which suggests that seeding
events were characterized by ice particle growth through the
WBF process. In accordance, here we show that removing
ice particles, which sediment from cirrus levels, de-amplifies
cloud glaciation and reduces surface precipitation.

4 Summary and conclusions

Simulations of a strong precipitation event associated with
a high occurrence of multi-layered clouds on 18 May 2016
in the Swiss Alps were carried out with the non-hydrostatic
limited-area atmospheric model COSMO. A two-moment
cloud microphysics scheme describing the evolution of the
number density and mass mixing ratio of six hydrometeor
species was used within COSMO to investigate the seeder–
feeder process and its impact on precipitation formation. The
seeder–feeder process was subdivided into two processes and
analyzed in separate simulations, inhibiting the external (No-
Ext-SF) and internal seeder–feeder processes (No-Int-SF),
and compared against a control (CNTL) simulation.

First, we analyzed the control simulations to describe the
frequency of occurrence of multi-layered clouds against the
external seeder–feeder processes, and our findings can be
summarized as follows.

– From 13:30 to 17:00 UTC, 47.6 % of all clouds, derived
from only masked cloudy regions, were categorized
as multi-layered clouds, which is comparable to what
Proske et al. (2021) identified from their 10-year satel-
lite data analysis over Switzerland. A total of 10.3 %
of the multi-layered clouds seeded a lower-lying feeder
cloud with ice particles.

– When the seeder–feeder process occurred, 60 % of the
ice particle mass was lost between cloud layers due to
sublimation or melting. The high retention of ice parti-
cle mass between cloud layers results from the high oc-
currence of short distances smaller than 0.9 km between
multi-layered clouds.

https://doi.org/10.5194/acp-24-5389-2024 Atmos. Chem. Phys., 24, 5389–5404, 2024



5400 Z. Dedekind et al.: Seeder–feeder impacts

Figure 7. As Fig. 6, but for the internal seeder–feeder growth processes (see Table 1) from 17:15 to 20:45 UTC.

Thus our simulations confirm that in COSMO, seeder–feeder
simulations are also frequent and that a considerable number
of ice particles survive the sedimentation into a lower cloud.

Second, we analyzed the sensitivity simulations for the ex-
ternal seeder–feeder process from 13:30 to 17:00 UTC and
the impact that the seeding particles had on the feeder cloud.

– Inhibiting the external seeder–feeder process signifi-
cantly reduced the amount of precipitation south of
46.25° N. That is because the reduced cloud condensate
reduced the riming rate over the domain, which was the
most prominent growth process for precipitation forma-
tion.

– In the No-Ext-SF_BR simulation, the riming process
was also the dominant growth process of ice particles
that led to surface precipitation. Higher amounts of the
total cloud condensate were retained within the clouds,
causing less surface precipitation in the No-Ext-SF_BR
simulation compared to the No-Ext-SF simulation.

These simulations highlight that the ice particles from the
seeder cloud not only influence the feeder cloud, but also
subsequent precipitation formation. The effect of breakup
on precipitation could be ambiguous. If breakup occurs in
the vicinity of supercooled cloud droplets, breakup should
enhance precipitation via the WBF and riming processes.
Conversely, in the absence of supercooled cloud droplets,
breakup is expected to yield smaller ice crystals, thereby in-
creasing the likelihood of sublimation below the cloud base.
The findings on the role of deposition and riming in the
seeder–feeder process have implications for the process’s

significance over Switzerland: across the Swiss Alps, the
liquid water fraction for wintertime mixed-phase clouds is
less than ∼ 20 % (Henneberg et al., 2017; Dedekind et al.,
2021, 2023a). Because of the lower liquid fraction, the in-
teraction between liquid water and ice particles (the riming
process) is less efficient than during summertime. In winter-
time mixed-phase clouds the ice crystals mainly grow via de-
position, to which the WBF process (Korolev, 2007) largely
contributes (Henneberg et al., 2017; Dedekind et al., 2021;
Georgakaki et al., 2022). During summertime, the signifi-
cance of the depositional growth process appears to be of
minor importance in influencing the seeder–feeder process.
The enhanced liquid water fraction of ∼ 35 % favors riming
as the dominant growth formation process, which is signifi-
cant for the seeder–feeder process.

Third, we analyzed the sensitivity simulations for the inter-
nal seeder–feeder process, in which seeding ice particles are
inhibited from sedimenting from cirrus (T <−35°C) levels
within the same cloud.

– By removing the seeding ice particles, significantly less
cloud condensate seeded the lower part of the cloud
from cirrus levels, which reduced the ice particle num-
ber densities, resulting in a higher liquid water fraction.
Inhibiting the internal seeder–feeder process reduced
the surface precipitation significantly, but not by the
same magnitude that the cloud condensate decreased,
which is opposite to the external seeder–feeder case.

– In both the No-Int-SF and No-Int-SF_BR simulations,
removing seeding ice particles generally resulted in
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a decrease in the deposition rate at 0≥ T ≥−35 °C,
pointing towards a de-amplification in cloud glaciation.

In general, we found the external seeder–feeder process to
be more important than the internal seeder–feeder process in
terms of percentage changes in riming and surface precipita-
tion. The simulations with the COSMO model allowed us to
investigate the process mechanism and effect in detail. They
indicate that natural cloud seeding impacts both feeder cloud
glaciation and surface precipitation. Together with the fre-
quency estimate from Proske et al. (2021), our results make
the case for the seeder–feeder process being both a frequent
and impactful process with the need for further study. In par-
ticular, both observational and model studies with a larger
domain and sample size are needed to elucidate the global
significance of the process.

Our study has implications for model development as well
since it highlights the importance of simple ice sedimen-
tation parameterization. The process may lie at the root of
model cloud microphysics behavior. For example, the global
climate model ECHAM-HAM has been shown to be insensi-
tive to heterogeneous freezing (Hoose et al., 2008; Dietlicher,
2018; Dietlicher et al., 2019; Villanueva et al., 2021; Ickes
et al., 2022; Proske et al., 2023), a process which in turn is
believed to be important in the atmosphere (Murray et al.,
2012; Kanji et al., 2017). One hypothesis for the insensitiv-
ity is that the sedimentation of ice crystals is so strong in
the model that it supplies ample ice crystals to lower-lying
clouds, leaving no room for heterogeneous freezing to act as
an ice-triggering process. In turn, other microphysical pro-
cesses may impact the importance of the seeder–feeder pro-
cess. For example, ice–ice collisions (which are currently not
included in the COSMO model due to a lack of observational
data) may result in the formation of ice particles of smaller
diameters in the seeder cloud. In this case, the fractured seed-
ing ice particles will fall shorter distances and may not reach
the feeder cloud, rendering the seeder–feeder process less
important.

In terms of model development, the question of how to
represent ice sedimentation is further linked to the cloud mi-
crophysics scheme choice. The two-moment scheme in par-
ticular introduces an artificial divide between ice crystals and
snowflakes, where snow reaches the ground via sedimenta-
tion within one time step. Schemes like the P3 CMP scheme
(Morrison and Milbrandt, 2015; Dietlicher et al., 2018) over-
come this divide and treat all ice sedimentation explicitly.
Our study adds to the evidence that ice sedimentation as a
process deserves more consideration in model investigation
and development, showing that it influences cloud interac-
tions and precipitation formation via the seeder–feeder pro-
cess. In addition, it also adds an approach on how to constrain
the sedimentation process’s formulation: by investigating the
seeder–feeder process as demonstrated here, with a combina-
tion of satellite and modeling studies, we may constrain the
magnitude and influence that ice crystal sedimentation has

in the atmosphere and should have in weather and climate
models.

Code and data availability. The COSMO model output used for
our analysis is available at https://doi.org/10.5281/zenodo.7637600
(Dedekind et al., 2023b), and the software to analyze the data can be
found at https://doi.org/10.5281/zenodo.7637604 (Dedekind et al.,
2023c).

Supplement. The supplement related to this article is available
online at: https://doi.org/10.5194/acp-24-5389-2024-supplement.

Author contributions. ZD conducted the simulations and ana-
lyzed the results. ZD and UP were the main authors of the paper.
UP, DN, UL and SF contributed to the design of the study and the
analysis of the results. All authors contributed to the writing of the
study.

Competing interests. The contact author has declared that none
of the authors has any competing interests.

Disclaimer. Publisher’s note: Copernicus Publications remains
neutral with regard to jurisdictional claims made in the text, pub-
lished maps, institutional affiliations, or any other geographical rep-
resentation in this paper. While Copernicus Publications makes ev-
ery effort to include appropriate place names, the final responsibility
lies with the authors.

Acknowledgements. All simulations were performed with the
Consortium for Small-scale Modelling (COSMO) model. The sim-
ulations were performed and are stored at the Swiss National Su-
percomputing Center (CSCS) under projects s1009 and s903. We
sincerely thank the reviewers for their constructive feedback.

Financial support. This research has been supported by
the Schweizerischer Nationalfonds zur Förderung der Wis-
senschaftlichen Forschung (grant no. 200021_175824) and the EU
H2020 European Research Council (grant no. 821205).

Review statement. This paper was edited by Timothy Garrett and
reviewed by two anonymous referees.

https://doi.org/10.5194/acp-24-5389-2024 Atmos. Chem. Phys., 24, 5389–5404, 2024

https://doi.org/10.5281/zenodo.7637600
https://doi.org/10.5281/zenodo.7637604
https://doi.org/10.5194/acp-24-5389-2024-supplement


5402 Z. Dedekind et al.: Seeder–feeder impacts

References

Ansmann, A., Tesche, M., Althausen, D., Müller, D., Seifert, P.,
Freudenthaler, V., Heese, B., Wiegner, M., Pisani, G., Knip-
pertz, P., and Dubovik, O.: Influence of Saharan Dust on
Cloud Glaciation in Southern Morocco during the Saharan
Mineral Dust Experiment, J. Geophys. Res., 113, D04210,
https://doi.org/10.1029/2007JD008785, 2008.

Ansmann, A., Tesche, M., Seifert, P., Althausen, D., Engelmann,
R., Fruntke, J., Wandinger, U., Mattis, I., and Müller, D.: Evo-
lution of the Ice Phase in Tropical Altocumulus: SAMUM Lidar
Observations over Cape Verde, J. Geophys. Res., 114, D17208,
https://doi.org/10.1029/2008JD011659, 2009.

Baldauf, M., Seifert, A., Förstner, J., Majewski, D., Raschendor-
fer, M., and Reinhardt, T.: Operational Convective-Scale Nu-
merical Weather Prediction with the COSMO Model: Descrip-
tion and Sensitivities, Mon. Weather Rev., 139, 3887–3905,
https://doi.org/10.1175/MWR-D-10-05013.1, 2011.

Bergeron, T.: On the Physics of Clouds and Precipitation, Proces
Verbaux de l’Association de Météorologie, 156–178, 1935.

Blahak, U.: Towards a better representation of high den-
sity ice particles in a state-of-the-art two-moment bulk
microphysical scheme, p. 9, https://pdfs.semanticscholar.org/
9f09/aba324e82fd3129770e84ba47e8c33623380.pdf (last ac-
cess: 15 March 2022), 2008.

Braham, R. R.: Cirrus Cloud Seeding as a Trigger for Storm Devel-
opment, J. Atmos. Sci., 24, 311–312, 1967.

Carruthers, D. J. and Choularton, T. W.: A Model of the Feeder-
Seeder Mechanism of Orographic Rain Including Stratification
and Wind-Drift Effects, Q. J. Roy. Meteor. Soc.,109, 575–588,
https://doi.org/10.1002/qj.49710946109, 1983.

Chen, Y.-S., Harrington, J. Y., Verlinde, J., Zhang, F., and Oue,
M.: Dynamical Response of an Arctic Mixed-Phase Cloud
to Ice Precipitation and Downwelling Longwave Radiation
From an Upper-Level Cloud, J. Geophys. Res.-Atmos., 125,
e2019JD031089, https://doi.org/10.1029/2019JD031089, 2020.

Creamean, J. M., Suski, K. J., Rosenfeld, D., Cazorla, A., De-
Mott, P. J., Sullivan, R. C., White, A. B., Ralph, F. M., Min-
nis, P., Comstock, J. M., Tomlinson, J. M., and Prather, K. A.:
Dust and Biological Aerosols from the Sahara and Asia Influ-
ence Precipitation in the Western U.S., Science, 339, 1572–1578,
https://doi.org/10.1126/science.1227279, 2013.

Dedekind, Z., Lauber, A., Ferrachat, S., and Lohmann, U.: Sen-
sitivity of precipitation formation to secondary ice produc-
tion in winter orographic mixed-phase clouds, Atmos. Chem.
Phys., 21, 15115–15134, https://doi.org/10.5194/acp-21-15115-
2021, 2021.

Dedekind, Z., Grazioli, J., Austin, P. H., and Lohmann, U.: Heavy
snowfall event over the Swiss Alps: did wind shear impact sec-
ondary ice production?, Atmos. Chem. Phys., 23, 2345–2364,
https://doi.org/10.5194/acp-23-2345-2023, 2023a.

Dedekind, Z., Proske, U., Ferrachat, S., Lohmann, U., and
Neubauer, D.: Data for Simulating the seeder-feeder impacts on
cloud ice and precipitation over the Alps, Zenodo [data set],
https://doi.org/10.5281/zenodo.7637600, 2023b.

Dedekind, Z., Proske, U., Ferrachat, S., Lohmann, U., and
Neubauer, D.: Software for Simulating the seeder-feeder impacts
on cloud ice and precipitation over the Alps, Zenodo [software],
https://doi.org/10.5281/zenodo.7637604, 2023c.

Dennis, A. S.: Initiation of Showers by Snow, J. Meteorol., 11, 157–
162, 1954.

Dietlicher, R.: Ice clouds: from ice crystals to their re-
sponse in a warming climate, Doctoral Thesis, ETH Zurich,
https://doi.org/10.3929/ethz-b-000309518, 2018.

Dietlicher, R., Neubauer, D., and Lohmann, U.: Prognostic pa-
rameterization of cloud ice with a single category in the
aerosol-climate model ECHAM(v6.3.0)-HAM(v2.3), Geosci.
Model Dev., 11, 1557–1576, https://doi.org/10.5194/gmd-11-
1557-2018, 2018.

Dietlicher, R., Neubauer, D., and Lohmann, U.: Elucidat-
ing ice formation pathways in the aerosol–climate model
ECHAM6-HAM2, Atmos. Chem. Phys., 19, 9061–9080,
https://doi.org/10.5194/acp-19-9061-2019, 2019.

Dore, A. J., Sobik, M., and Migala, K.: Patterns of Precipitation and
Pollutant Deposition in the Western Sudete Mountains, Poland,
Atmos. Environ., 33, 3301–3312, https://doi.org/10.1016/S1352-
2310(98)00294-5, 1999.

Fernández-González, S., Valero, F., Sánchez, J. L.,
Gascón, E., López, L., García-Ortega, E., and Merino,
A.: Analysis of a Seeder-Feeder and Freezing Driz-
zle Event, J. Geophys. Res.-Atmos., 120, 3984–3999,
https://doi.org/10.1002/2014JD022916, 2015.

Findeisen, W.: Kolloid-Meteorologische Vorgänge Bei Neider-
schlagsbildung, Meteorol. Z., 55, 121–133, 1938.

Fleishauer, R. P., Larson, V. E., and Vonder Haar, T. H.: Observed
Microphysical Structure of Midlevel, Mixed-Phase Clouds,
J. Atmos. Sci., 59, 1779–1804, https://doi.org/10.1175/1520-
0469(2002)059<1779:OMSOMM>2.0.CO;2, 2002.

Georgakaki, P., Sotiropoulou, G., Vignon, É., Billault-Roux, A.-C.,
Berne, A., and Nenes, A.: Secondary ice production processes in
wintertime alpine mixed-phase clouds, Atmos. Chem. Phys., 22,
1965–1988, https://doi.org/10.5194/acp-22-1965-2022, 2022.

Hall, W. D. and Pruppacher, H. R.: The Survival of Ice
Particles Falling from Cirrus Clouds in Subsaturated Air,
J. Atmos. Sci., 33, 1995–2006, https://doi.org/10.1175/1520-
0469(1976)033<1995:TSOIPF>2.0.CO;2, 1976.

Hallett, J. and Mossop, S. C.: Production of secondary ice
particles during the riming process, Nature, 249, 26–28,
https://doi.org/10.1038/249026a0, 1974.

Henneberg, O., Henneberger, J., and Lohmann, U.: Formation and
Development of Orographic Mixed-Phase Clouds, J. Atmos. Sci.,
74, 3703–3724, https://doi.org/10.1175/JAS-D-16-0348.1, 2017.

Herbert, R. J., Murray, B. J., Dobbie, S. J., and Koop, T.:
Sensitivity of liquid clouds to homogenous freezing pa-
rameterizations, Geophys. Res. Lett., 42, 2014GL062729,
https://doi.org/10.1002/2014GL062729, 2015.

Hill, F. F., Browning, K. A., and Bader, M. J.: Radar
and Raingauge Observations of Orographic Rain over
South Wales, Q. J. Roy. Meteor. Soc., 107, 643–670,
https://doi.org/10.1002/qj.49710745312, 2007.

Hobbs, P. V., Matejka, T. J., Herzegh, P. H., Locatelli, J.
D., and Houze, R. A.: The Mesoscale and Microscale
Structure and Organization of Clouds and Precipitation in
Midlatitude Cyclones. I: A Case Study of a Cold Front,
J. Atmos. Sci., 37, 568–596, https://doi.org/10.1175/1520-
0469(1980)037<0568:TMAMSA>2.0.CO;2, 1980.

Hobbs, P. V., Lyons, J. H., Locatelli, J. D., Biswas, K. R.,
Radke, L. F., Weiss Sr., R. R., and Rangno, A. L.: Radar

Atmos. Chem. Phys., 24, 5389–5404, 2024 https://doi.org/10.5194/acp-24-5389-2024

https://doi.org/10.1029/2007JD008785
https://doi.org/10.1029/2008JD011659
https://doi.org/10.1175/MWR-D-10-05013.1
https://pdfs.semanticscholar.org/9f09/aba324e82fd3129770e84ba47e8c33623380.pdf
https://pdfs.semanticscholar.org/9f09/aba324e82fd3129770e84ba47e8c33623380.pdf
https://doi.org/10.1002/qj.49710946109
https://doi.org/10.1029/2019JD031089
https://doi.org/10.1126/science.1227279
https://doi.org/10.5194/acp-21-15115-2021
https://doi.org/10.5194/acp-21-15115-2021
https://doi.org/10.5194/acp-23-2345-2023
https://doi.org/10.5281/zenodo.7637600
https://doi.org/10.5281/zenodo.7637604
https://doi.org/10.3929/ethz-b-000309518
https://doi.org/10.5194/gmd-11-1557-2018
https://doi.org/10.5194/gmd-11-1557-2018
https://doi.org/10.5194/acp-19-9061-2019
https://doi.org/10.1016/S1352-2310(98)00294-5
https://doi.org/10.1016/S1352-2310(98)00294-5
https://doi.org/10.1002/2014JD022916
https://doi.org/10.1175/1520-0469(2002)059<1779:OMSOMM>2.0.CO;2
https://doi.org/10.1175/1520-0469(2002)059<1779:OMSOMM>2.0.CO;2
https://doi.org/10.5194/acp-22-1965-2022
https://doi.org/10.1175/1520-0469(1976)033<1995:TSOIPF>2.0.CO;2
https://doi.org/10.1175/1520-0469(1976)033<1995:TSOIPF>2.0.CO;2
https://doi.org/10.1038/249026a0
https://doi.org/10.1175/JAS-D-16-0348.1
https://doi.org/10.1002/2014GL062729
https://doi.org/10.1002/qj.49710745312
https://doi.org/10.1175/1520-0469(1980)037<0568:TMAMSA>2.0.CO;2
https://doi.org/10.1175/1520-0469(1980)037<0568:TMAMSA>2.0.CO;2


Z. Dedekind et al.: Seeder–feeder impacts 5403

Detection of Cloud-Seeding Effects, Science, 213, 1250–1252,
https://doi.org/10.1126/science.213.4513.1250, 1981.

Hobbs, P. V., Rangno, A. L., Shupe, M., and Uttal, T.: Air-
borne Studies of Cloud Structures over the Arctic Ocean and
Comparisons with Retrievals from Ship-Based Remote Sens-
ing Measurements, J. Geophys. Res.-Atmos., 106, 15029–15044,
https://doi.org/10.1029/2000JD900323, 2001.

Hoose, C., Lohmann, U., Erdin, R., and Tegen, I.: The global in-
fluence of dust mineralogical composition on heterogeneous ice
nucleation in mixed-phase clouds, Environ. Res. Lett., 3, 025003,
https://doi.org/10.1088/1748-9326/3/2/025003, 2008.

Ickes, L., Neubauer, D., and Lohmann, U.: What is triggering ice in
mixed-phase clouds: A process analysison the importance of ice
nucleation and sedimentation with ECHAM-HAM, EGU Gen-
eral Assembly 2022, Vienna, Austria, 23–27 May 2022, EGU22-
8879, https://doi.org/10.5194/egusphere-egu22-8879, 2022.

Locatelli, J. D., Hobbs, P. V., and Biswas, K. R.: Precip-
itation from Stratocumulus Clouds Affected by Fall-
streaks and Artificial Seeding, J. Clim. Appl. Me-
teorol., 22, 1393–1403, https://doi.org/10.1175/1520-
0450(1983)022<1393:PFSCAB>2.0.CO;2, 1983.

Murray, B. J., O’Sullivan, D., Atkinson, J. D., and Webb,
M. E.: Ice nucleation by particles immersed in super-
cooled cloud droplets, Chem. Soc. Rev., 41, 6519–6554,
https://doi.org/10.1039/C2CS35200A, 2012.

Kanji, Z. A., Ladino, L. A., Wex, H., Boose, Y., Burkert-
Kohn, M., Cziczo, D. J., and Krämer, M.: Overview of
Ice Nucleating Particles, Meteorol. Monogr., 58, 1.1–1.33,
https://doi.org/10.1175/AMSMONOGRAPHS-D-16-0006.1,
2017.

Keil, C., Baur, F., Bachmann, K., Rasp, S., Schneider, L., and
Barthlott, C.: Relative contribution of soil moisture, boundary-
layer and microphysical perturbations on convective predictabil-
ity in different weather regimes, Q. J. Roy. Meteor. Soc., 145,
3102–3115, https://doi.org/10.1002/qj.3607, 2019.

Korolev, A.: Limitations of the Wegener–Bergeron–Findeisen
Mechanism in the Evolution of Mixed-Phase Clouds, J. Atmos.
Sci., 64, 3372–3375, https://doi.org/10.1175/JAS4035.1, 2007.

Korolev, A. and Leisner, T.: Review of experimental studies of sec-
ondary ice production, Atmos. Chem. Phys., 20, 11767–11797,
https://doi.org/10.5194/acp-20-11767-2020, 2020.

Lauber, A., Kiselev, A., Pander, T., Handmann, P., and Leisner, T.:
Secondary Ice Formation during Freezing of Levitated Droplets,
J. Atmos. Sci., 75, 2815–2826, https://doi.org/10.1175/JAS-D-
18-0052.1, 2018.

Lohmann, U., Henneberger, J., Henneberg, O., Fugal, J. P.,
Bühl, J., and Kanji, Z. A.: Persistence of orographic
mixed-phase clouds, Geophys. Res. Lett., 43, 10512–10519,
https://doi.org/10.1002/2016GL071036, 2016.

Morrison, H. and Milbrandt, J. A.: Parameterization of Cloud
Microphysics Based on the Prediction of Bulk Ice Particle
Properties. Part I: Scheme Description and Idealized Tests,
J. Atmos. Sci., 72, 287–311, https://doi.org/10.1175/JAS-D-14-
0065.1, 2015.

Mossop, S. C. and Hallett, J.: Ice Crystal Concentration in Cumulus
Clouds: Influence of the Drop Spectrum, Science, 186, 632–634,
https://doi.org/10.1126/science.186.4164.632, 1974.

Murray, B. J., Broadley, S. L., Wilson, T. W., Bull, S. J., Wills, R. H.,
Christenson, H. K., and Murray, E. J.: Kinetics of the homoge-

neous freezing of water, Physical Chemistry Chemical Physics,
12, 10380–10387, https://doi.org/10.1039/C003297B, 2010.

Phillips, V. T. J., Yano, J.-I., Formenton, M., Ilotoviz, E., Kanawade,
V., Kudzotsa, I., Sun, J., Bansemer, A., Detwiler, A. G., Khain,
A., and Tessendorf, S. A.: Ice Multiplication by Breakup in Ice–
Ice Collisions. Part II: Numerical Simulations, J. Atmos. Sci., 74,
2789–2811, https://doi.org/10.1175/JAS-D-16-0223.1, 2017.

Pinto, J. O., Curry, J. A., and Intrieri, J. M.: Cloud-
Aerosol Interactions during Autumn over Beaufort
Sea, J. Geophys. Res.-Atmos., 106, 15077–15097,
https://doi.org/10.1029/2000JD900267, 2001.

Proske, U.: Estimation of the importance of natural cloud seed-
ing, MSc Thesis, ETH Zurich, https://doi.org/10.3929/ethz-b-
000477328, 2020.

Proske, U., Bessenbacher, V., Dedekind, Z., Lohmann, U.,
and Neubauer, D.: How frequent is natural cloud seeding
from ice cloud layers (< −35 °C) over Switzerland?, Atmos.
Chem. Phys., 21, 5195–5216, https://doi.org/10.5194/acp-21-
5195-2021, 2021.

Proske, U., Ferrachat, S., Klampt, S., Abeling, M., and
Lohmann, U.: Addressing Complexity in Global Aerosol Cli-
mate Model Cloud Microphysics, J. Adv. Model. Earth Sy.,
15, e2022MS003571, https://doi.org/10.1029/2022MS003571,
2023.

Pruppacher, H. R. and Klett, J. D. (Eds.): Heterogeneous Nu-
cleation, in: Microphysics of Clouds and Precipitation, Atmo-
spheric and Oceanographic Sciences Library, Springer Nether-
lands, 287–360, https://doi.org/10.1007/978-0-306-48100-0_9,
2010.

Purdy, J. C., Austin, G. L., Seed, A. W., and Cluckie, I.
D.: Radar Evidence of Orographic Enhancement Due to the
Seeder Feeder Mechanism, Meteorol. Appl., 12, 199–206,
https://doi.org/10.1017/S1350482705001672, 2005.

Ramelli, F., Henneberger, J., David, R. O., Bühl, J., Radenz,
M., Seifert, P., Wieder, J., Lauber, A., Pasquier, J. T., Engel-
mann, R., Mignani, C., Hervo, M., and Lohmann, U.: Micro-
physical investigation of the seeder and feeder region of an
Alpine mixed-phase cloud, Atmos. Chem. Phys., 21, 6681–6706,
https://doi.org/10.5194/acp-21-6681-2021, 2021.

Robichaud, A. J. and Austin, G. L.: On the Mod-
elling of Warm Orographic Rain by the Seeder-Feeder
Mechanism, Q. J. Roy. Meteor. Soc., 114, 967–988,
https://doi.org/10.1002/qj.49711448207, 1988.

Rutledge, S. A. and Hobbs, P.: The Mesoscale and Mi-
croscale Structure and Organization of Clouds and Pre-
cipitation in Midlatitude Cyclones. VIII: A Model for
the “Seeder-Feeder” Process in Warm-Frontal Rainbands,
J. Atmos. Sc., 40, 1185–1206, https://doi.org/10.1175/1520-
0469(1983)040<1185:TMAMSA>2.0.CO;2, 1983.

Schär, C., Leuenberger, D., Fuhrer, O., Lüthi, D., and Gi-
rard, C.: A New Terrain-Following Vertical Coordinate
Formulation for Atmospheric Prediction Models, Mon.
Weather Rev., 130, 2459–2480, https://doi.org/10.1175/1520-
0493(2002)130<2459:ANTFVC>2.0.CO;2, 2002.

Seifert, A. and Beheng, K. D.: two-moment cloud microphysics pa-
rameterization for mixed-phase clouds. Part 2: Maritime vs. con-
tinental deep convective storms, Meteorol. Atmos. Phys., 92, 67–
82, https://doi.org/10.1007/s00703-005-0113-3, 2006.

https://doi.org/10.5194/acp-24-5389-2024 Atmos. Chem. Phys., 24, 5389–5404, 2024

https://doi.org/10.1126/science.213.4513.1250
https://doi.org/10.1029/2000JD900323
https://doi.org/10.1088/1748-9326/3/2/025003
https://doi.org/10.5194/egusphere-egu22-8879
https://doi.org/10.1175/1520-0450(1983)022<1393:PFSCAB>2.0.CO;2
https://doi.org/10.1175/1520-0450(1983)022<1393:PFSCAB>2.0.CO;2
https://doi.org/10.1039/C2CS35200A
https://doi.org/10.1175/AMSMONOGRAPHS-D-16-0006.1
https://doi.org/10.1002/qj.3607
https://doi.org/10.1175/JAS4035.1
https://doi.org/10.5194/acp-20-11767-2020
https://doi.org/10.1175/JAS-D-18-0052.1
https://doi.org/10.1175/JAS-D-18-0052.1
https://doi.org/10.1002/2016GL071036
https://doi.org/10.1175/JAS-D-14-0065.1
https://doi.org/10.1175/JAS-D-14-0065.1
https://doi.org/10.1126/science.186.4164.632
https://doi.org/10.1039/C003297B
https://doi.org/10.1175/JAS-D-16-0223.1
https://doi.org/10.1029/2000JD900267
https://doi.org/10.3929/ethz-b-000477328
https://doi.org/10.3929/ethz-b-000477328
https://doi.org/10.5194/acp-21-5195-2021
https://doi.org/10.5194/acp-21-5195-2021
https://doi.org/10.1029/2022MS003571
https://doi.org/10.1007/978-0-306-48100-0_9
https://doi.org/10.1017/S1350482705001672
https://doi.org/10.5194/acp-21-6681-2021
https://doi.org/10.1002/qj.49711448207
https://doi.org/10.1175/1520-0469(1983)040<1185:TMAMSA>2.0.CO;2
https://doi.org/10.1175/1520-0469(1983)040<1185:TMAMSA>2.0.CO;2
https://doi.org/10.1175/1520-0493(2002)130<2459:ANTFVC>2.0.CO;2
https://doi.org/10.1175/1520-0493(2002)130<2459:ANTFVC>2.0.CO;2
https://doi.org/10.1007/s00703-005-0113-3


5404 Z. Dedekind et al.: Seeder–feeder impacts

Seifert, P., Ansmann, A., Mattis, I., Althausen, D., and Tesche, M.:
Lidar-Based Profiling of the Tropospheric Cloud-Ice Distribution
to Study the Seeder-Feeder Mechanism and the Role of Saharan
Dust as Ice Nuclei, Proceedings of the 8th International Sympo-
sium on Tropospheric Profiling, edited by: Apituley, A., Russ-
chenberg, H. W. J., and Monna, W. A. A., Delft, the Netherlands,
ISBN 978-90-6960-233-2, 2009.

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

Sullivan, S. C., Barthlott, C., Crosier, J., Zhukov, I., Nenes, A., and
Hoose, C.: The effect of secondary ice production parameteriza-
tion on the simulation of a cold frontal rainband, Atmos. Chem.
Phys., 18, 16461–16480, https://doi.org/10.5194/acp-18-16461-
2018, 2018.

Takahashi, T., Nagao, Y., and Kushiyama, Y.: Possible High
Ice Particle Production during Graupel–Graupel Collisions,
J. Atmos. Sci., 52, 4523–4527, https://doi.org/10.1175/1520-
0469(1995)052<4523:PHIPPD>2.0.CO;2, 1995.

Vardiman, L.: The Generation of Secondary Ice Parti-
cles in Clouds by Crystal–Crystal Collision, J. At-
mos. Sci., 35, 2168–2180, https://doi.org/10.1175/1520-
0469(1978)035<2168:TGOSIP>2.0.CO;2, 1978.

Vassel, M., Ickes, L., Maturilli, M., and Hoose, C.: Classi-
fication of Arctic multilayer clouds using radiosonde and
radar data in Svalbard, Atmos. Chem. Phys., 19, 5111–5126,
https://doi.org/10.5194/acp-19-5111-2019, 2019.

Villanueva, D., Neubauer, D., Gasparini, B., Ickes, L., and Tegen, I.:
Constraining the Impact of Dust-Driven Droplet Freezing on Cli-
mate Using Cloud-Top-Phase Observations, Geophys. Res. Lett.,
48, e2021GL092687, https://doi.org/10.1029/2021GL092687,
2021.

Wang, P. K.: Diffusion growth and evaporation of cloud
and precipitation particles, in: Physics and Dynamics
of Clouds and Precipitation, 228–251, Cambridge Uni-
versity Press, Cambridge, ISBN 978-0-511-79428-5,
https://doi.org/10.1017/CBO9780511794285.010, 2013.

Wegener, A.: Thermodynamik Der Atmosphäre, Octavo, pp. viii,
331, J. A. Barth, Leipzig, 1911.

Atmos. Chem. Phys., 24, 5389–5404, 2024 https://doi.org/10.5194/acp-24-5389-2024

https://doi.org/10.1175/MWR-D-14-00140.1
https://doi.org/10.5194/acp-18-16461-2018
https://doi.org/10.5194/acp-18-16461-2018
https://doi.org/10.1175/1520-0469(1995)052<4523:PHIPPD>2.0.CO;2
https://doi.org/10.1175/1520-0469(1995)052<4523:PHIPPD>2.0.CO;2
https://doi.org/10.1175/1520-0469(1978)035<2168:TGOSIP>2.0.CO;2
https://doi.org/10.1175/1520-0469(1978)035<2168:TGOSIP>2.0.CO;2
https://doi.org/10.5194/acp-19-5111-2019
https://doi.org/10.1029/2021GL092687
https://doi.org/10.1017/CBO9780511794285.010

	Abstract
	Introduction
	Methods
	Model setup

	Results
	Control simulation: multi-layered clouds vs. seeder–feeder events
	External seeder–feeder
	Changes in the cloud condensate
	Changes in riming and depositional growth rates
	Changes in the surface precipitation
	Impact of the ice particle shape on the seeder–feeder process
	Including ice–graupel collisions

	Internal seeder–feeder
	Changes in the cloud condensate
	Changes in the riming and depositional growth rates
	Changes in surface precipitation
	Including ice–graupel collisions


	Summary and conclusions
	Code and data availability
	Supplement
	Author contributions
	Competing interests
	Disclaimer
	Acknowledgements
	Financial support
	Review statement
	References

