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A B S T R A C T

Experiments were performed at the Mainz vertical wind tunnel where two types of drop breakup were investi
gated with freely floating drops. Spontaneous breakup under laminar conditions resulted in 5 % breakup events 
of drops with equivalent diameters between 8 and 13 mm by separating in the center due to strong oscillations in 
horizontal mode into two nearly equal sized fragments. In a turbulent airflow, several oscillation types mainly in 
vertical and transverse directions caused significant deformations of the drops, which seemed to promote the 
coherence of the drops. Collision-induced breakup occurs when two drops collide and break up into several 
fragments. To fill the gaps of missing drop sizes in earlier measurements, a set of relevant drop pairs with di
ameters of 4.0 to 5.2 mm and 1.9 to 3.1 mm was investigated. With a mean breakup efficiency of 0.55, 
approximately half of breakup events resulted in two or three fragments, the other half in the formation of more 
than 3 up to 9 fragments. The measured fragment size distributions were compared to results from earlier pa
rameterizations so that modifications due to the new data set were identified. Accompanying the experiments, 
process studies with a 3D cloud model were performed to study the impact of breakup on drop size distributions 
and precipitation. It was found that breakup reduces the numbers of the largest raindrops, thereby delays the 
onset of precipitation, possibly reduces total precipitation amounts and changes the local distribution of pre
cipitation. Important parameters in the process studies were the breakup efficiency as well as the fragment 
numbers and sizes.

1. Introduction

One of the anticipated effects of climate change is an increase of 
extreme precipitation events (IPCC, 2023). For the description and 
analysis of precipitation, the drop size distribution in cloud and pre
cipitation processes is fundamental. It serves as base to derive total drop 
number concentrations and liquid water contents and finally, by using 
drop terminal velocities, to compute rainfall rates (Pruppacher and 
Klett, 2010). Furthermore, drop size distributions are crucial parameters 
for the interpretation of satellite signals as well as in precipitation now- 
and forecasting by means of weather radar where the radar reflectivity is 
related to the precipitation rate. Cloud processes that mainly affect the 
evolution of the drop size spectrum are collisions, followed by bounce, 
coalescence, or breakup of drops (Testik, 2009). Bounce means that the 
drops separate again after collision so that the original drop pair is 
conserved. In case of coalescence, the drops merge and form a larger 
drop conserving the volume. In contrast, the drops may breakup into 

several fragments of different sizes, which is referred to as collision- 
induced breakup. Besides that, large drops may break up spontane
ously when they become aerodynamically unstable due to their oscil
lations. Breakup reduces in particular the numbers of large drops and 
may, therefore, decrease the speed of rain formation and surface rain 
rates (Seifert et al., 2005).

Spontaneous breakup occurs when the energy of the natural drop 
oscillation (Szakáll et al., 2009) exceeds the surface energy of the drop. 
Especially the increasing amplitude of the naturally occurring horizontal 
oscillation mode with increasing size might play a key role (Müller et al., 
2013). Turbulences in the airflow may also affect spontaneous drop 
breakup in the way that turbulent eddies pushing the drops around as a 
whole (unlike shears in lateral direction) could deliver energy to the 
drop causing significant shape oscillation that would overwhelm the 
surface tension and cause disintegration of the drop. Early experimental 
studies in a fall shaft (Fournier d’Albe and Hidayetulla, 1955) and in a 
simple vertical wind tunnel (Komabayasi et al., 1964) found 
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spontaneous breakup for drops larger than 6 to 8 mm equivalent 
diameter. A small open vertical wind tunnel using a blower and a back 
pressure plate to enable free suspension of drops was used by Kamra 
et al. (1991) to study spontaneous breakup of charged and uncharged 
drops. While the results from the latter confirmed those from earlier 
studies, the probability of spontaneous breakup was found to increase 
with increasing charge. Later, Villermaux and Bossa (2009) conducted 
experiments where water drops were falling against an air jet. They 
reported that only drops with equivalent diameters smaller than 6 mm 
survived; however, the question is whether the air jet they used had 
affected the stability of the drops because of the introduced nonnatural 
strong small-scale wind shear. In contrast to this finding, Szakáll et al. 
(2010) observed drops freely floated in the Mainz vertical wind tunnel 
larger than 6 mm remaining intact.

Experimental studies on collision-induced breakup indicated that the 
fragment size distributions and the fragment numbers depend on the 
breakup type; mostly filament, sheet, and disk breakup, rarely crown 
breakup (Testik, 2009; Testik et al., 2011; Emersic and Connolly, 2011; 
Szakáll et al., 2014; Lohmann et al., 2016; Szakáll and Urbich, 2018). In 
case of filament breakup, directly after collision a thin water bridge joins 
the two drops until it bursts into small fragments while the identities of 
the two colliding drops are substantially preserved. During sheet 
breakup, after collision a part of the larger drop forms an extending 
sheet of water from the impact area where the smaller drop often dis
appears. By disintegration of the sheet, a number of small fragments is 
formed. Thus, the smaller colliding drop is removed from the drop size 
spectrum whereas the larger drop basically preserves its identity. Disk 
breakup occurs when the two drops temporarily coalesce after collision 
and a water disk extends from the point of impact, incorporating the 
smaller drop. Finally, the disk gradually disintegrates producing a large 
number of small drops and eliminating the identities of the original 
colliding drop pair. Crown breakup represents a subset of disk breakup 
characterized by the formation of fewer and larger drops (all de
scriptions according to Testik et al., 2011). Similar to spontaneous 
breakup, collision-induced breakup is enhanced in an electric field that 
naturally occurs in deep convective clouds (Bhalwankar et al., 2023).

Experimental studies on the fragment size distribution of collision- 
induced breakup are rather limited so far as in laboratory experiments 
the proper realization and accurate measurement of atmospherically 
relevant parameters of colliding drops, such as drop and fragment sizes, 
terminal fall velocities, and impact angle are difficult. McTaggart- 
Cowan and List (1975) and Low and List (1982a) used an accelerator 
system designed for drop-drop collisions. Barros et al. (2008) conducted 
drop breakup experiments using a 14 m fall shaft to enable the inter
action of two vertically falling drops. Emersic and Connolly (2011)
employed an open wind tunnel to study collision-induced breakup, 
where one of the drops was levitated in a velocity dip in the center of the 
vertical air stream, another drop was injected from above – i.e., from 
downstream -, to collide with the stagnant drop. Similarly, Szakáll et al. 
(2014) performed experimental studies on drop-drop collisions in the 
Mainz vertical wind tunnel where the shape changes of raindrops during 
and after collision were analyzed.

The results of Low and List (1982a) still remain the major source for 
breakup parameterizations in numerical cloud models (Low and List, 
1982b; McFarquhar, 2004) and serve as base for comparing new results 
(Schlottke et al., 2010; Szakáll et al., 2014). Schlottke et al. (2010)
performed a numerical investigation of raindrop collisions; afterwards, 
the parameterization of Straub et al. (2010) includes their results 
together with the ones of Low and List (1982a). Later, Szakáll and 
Urbich (2018) compared the parameters obtained by Szakáll et al. 
(2014) to the parameterizations of McFarquhar (2004) and Straub et al. 
(2010). Although they found a good agreement between the parame
terizations and the experimental results, there was an obvious difference 
for drop sizes smaller than the smallest colliding drop (i.e., less than 0.5 
mm): fragments in that range are represented well by the McFarquhar 
(2004) parameterization but are missing in the Straub et al. (2010) size 

distribution.
An early parameterization was derived by Srivastana (1971) on the 

base of results from spontaneous breakup (Fournier d’Albe and 
Hidayetulla, 1955; Komabayasi et al., 1964), and the study of Blanchard 
and Spencer (1970) who observed drop breakup inside a fall shaft where 
it represents a mixture of spontaneous and collision-induced breakup. 
Thus, Srivastana (1971) claimed that the parameterization includes both 
processes.

In the present study, we combined model simulations with labora
tory experiments. The laboratory experiments were performed at the 
Mainz vertical wind tunnel with freely floating drops under conditions 
close to that in real clouds. Spontaneous breakup of drops was investi
gated in both, laminar and turbulent flow to find out whether turbulence 
may enhance spontaneous breakup. Collision-induced breakup was 
conducted with a set of relevant drop sizes to determine important 
breakup parameters, in particular the fragment size distributions. The 
goal was to fill the gaps of missing drop sizes and to state if modification 
of earlier parameterizations is required. Besides that, process studies 
with a 3D cloud model were performed to define the most important 
breakup parameters that affect the cloud drop size distributions and 
precipitation. We tested the early parameterization of Srivastana (1971)
and compared it to a new approach for collision-induced breakup based 
on the present results combined with results given by Low and List 
(1982a), Schlottke et al. (2010), and Szakáll and Urbich (2018).

2. Wind tunnel experiments

2.1. Methods: vertical wind tunnel

The experiments were performed at the Mainz vertical wind tunnel 
(Diehl et al., 2011) where cloud and raindrops can be investigated under 
conditions similar to that in the atmosphere. Two vacuum pumps 
maintain the continuous air flow through the tunnel. The air speed is 
controlled by a sonic valve which ensures precise as well as rapid vari
ations. The tunnel has a uniform velocity distribution along the entire 
cross section area up to the boundary layer at their walls, which ensures 
that large drops are floating in a rather stable fashion for longer time 
periods in the observation section. Before entering the observation 
section, the air flow passes a honeycomb followed by a set of sieves, and 
is afterwards accelerated to a constant speed. Thus, the air stream in the 
observation section is laminar with a residual turbulence level below 
0.5 %. An artificial turbulent flow can be generated by obstructing ob
jects positioned upstream of the floating drop (Vohl et al., 1999; Vohl 
et al., 2001; Diehl et al., 2000; Jost et al., 2019). The observation section 
of the wind tunnel with a cross-sectional area of 17 × 17 cm2 limits the 
experiments to the low wavelength range of the atmospheric turbulence 
spectrum, which is nonetheless relevant for cloud processes 
(Bodenschatz et al., 2010). During the experiments, the drops were 
recorded by a high-speed digital video camera (Motion ProX, Redlake, 
Inc.) mounted to the observation section of the tunnel. The camera 
captured images at a rate of 2000 fps (frames per second) with a reso
lution of 1280 × 1024 pixels and an image pixel size of 60 μm. Due to the 
size resolution of the camera setup the detectable fragment sizes were 
limited to 180 μm. Diffuse background illumination was used by a 
ground-glass plate in front of a 400 W DC cold light lamp. The drops 
were generated from distilled water. A scheme of the wind tunnel is 
shown in Fig. 1 that depicts the setup for the experiments with collision- 
induced breakup. For more details see Szakáll et al. (2010, 2014).

2.1.1. Spontaneous breakup
Individual drops with equivalent diameters between 8 and 13 mm 

were freely suspended at their terminal velocities under laminar and 
turbulent flow conditions. These two ambient conditions were appli
cated to determine whether turbulence, which is always present in and 
below clouds, has at all an impact on the survival of large raindrops. 
Previous studies indicated that cloud and precipitation processes are not 
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necessarily affected by ambient turbulence (e.g., Diehl et al., 2000; Vohl 
et al., 2001; Jost et al., 2019), allowing to neglect turbulence in nu
merical simulations of these processes. All together we observed about 
300 drops in this set of experiments. It was a difficult task to control 
drops of these sizes as due to strong oscillations and eddy shedding 
(Szakáll et al., 2010) they perform sudden strong motions in all di
rections. This was even more the case under turbulent conditions and 
limited the numbers of observed drops as well as the observation times. 
The drops were injected by one person into the wind tunnel with two 
syringes and needles simultaneously to reach the desired drop sizes. 
They were manually controlled by another person by adapting the air 
speed accordingly. After releasing from the needles, the strong random 
motions and jumps had to be balanced sufficiently so that the drop did 
not get lost. In this way, suspending times of several minutes were 
achieved; however, in turbulent conditions this was less successful. The 
drop sizes were determined from the video recordings by using the same 
image analysis method as in Szakáll et al. (2014).

To induce turbulent flow conditions, we placed obstructing objects in 
the wind tunnel downstream of the observation section (see Fig. 1), a 
ring of 4 cm diameter as used before by Diehl et al. (2000) or a needle of 
8 cm length as described by Vohl et al. (2001) and Jost et al. (2019). 
Both objects were tested to find the best method to successfully tackle 
the challenge to suspend the drops; however, in both cases suspending 
the drops was extremely difficult. Due to measurements with a hot wire 
instrument, the turbulent kinetic energy dissipation rate ε was between 
0.1 m2 s− 3 and 0.5 m2 s− 3 for wind speeds around 8 m/s that were 
required to suspend the large drops.

2.1.2. Collision-induced breakup
Breakup after collision was studied with drop pairs of 4.0 to 5.2 mm 

and 1.9 to 3.1 mm in equivalent diameters. Our earlier experiments 
covered small drop sizes by investigating the collision between 2.5 mm 
and 0.5 mm drops (Szakáll et al., 2014). To decide which drop sizes 
should be investigated in the current experiments, we used the results of 
Testik (2009) who determined the ranges where drop collisions would 
affect breakup (in contrast to bounce or coalescence) in dependence on 
the Weber number and the drop size ratio p = ds/dl, with ds the diameter 
of the small drop and dl the diameter of the large drop. The dimen
sionless Weber number We (Pruppacher and Klett, 2010) describes the 

relative importance of the inertia forces to the surface tension: 

We =
ρ ds

2(ΔV)2

σ (1) 

with ρ the density, σ the surface tension of water, and ΔV the relative 
speeds of the colliding drops: ΔV = V1

̅→ - V2
̅→, where V1 and V2 are the 

velocities of the larger and the smaller of the colliding drops, respec
tively. Thus, we calculated We for different combinations of drop pairs 
to find out which combinations let expect breakup events.

During the experiments, individual drops of larger sizes were freely 
floated in the laminar air stream of the wind tunnel while drops of 
smaller sizes were introduced upstream of them, see Fig. 1. The chal
lenge was to provide drop collisions in the observation section of the 
wind tunnel within the focus of the video camera. The larger drops came 
from a drop generator that was mounted at the upper part of the 
observation section. It consisted of a water supply in a pressure flask, 
which was joined to the wind tunnel by thin tubes ending in nozzles, 
from where drops entered the wind tunnel. The pressure in the flask 
(200 hPa above atmospheric pressure) controlled the water flow to the 
nozzles. To get drops of desired sizes, we selected the nozzle openings 
appropriately. Additionally, a wind speed of approximately 8.9 m/s was 
required to support the drops detaching from the nozzle. At the lower 
part of the observation section, the smaller drops were injected into the 
tunnel by a syringe and a long needle that was fixed at a wire cross in the 
center of the tunnel. The small disturbance in the cross center caused a 
small minimum of the air speed so that the drops were kept in balance 
(Jones and Saylor, 2009). The continuous generation of the larger drops 
from above together with the manual input of smaller drops from below 
allowed that drop collisions occurred in the observation section in front 
of the video camera. In case of drop collisions, the video camera was 
manually started to record the breakup type and the fragments after 
breakup. Finally, collisions of 137 drop pairs recorded by the video 
camera could be evaluated to determine parameters such as drop size, 
breakup efficiency and breakup type, and, in dependence on the breakup 
type, the number of fragments and the fragment size distributions after 
breakup.

2.2. Experiments: results and discussion

2.2.1. Spontaneous breakup
The drops in the laminar air stream, in particular the larger ones, 

showed extreme oscillations in horizontal mode that play a key role as 
supposed by Müller et al. (2013). We observed approximately 5 % 
spontaneous breakup events (8 breakup events of about 170 observed 
drops). In all these cases, the drop separated in the center forming two 
new drops of nearly equal sizes. Often it seemed as if the drop would 
breakup but then still remained together and came back to less oscilla
tions. Such an example is given in Fig. 2. Because the drop motion during 
these experiments were rather strong in horizontal and vertical di
rections, it did not come about that a breakup event (which occurred 
anyhow rare) was recorded by the high-speed video camera, but we had 
the chance to record a video of a breakup event with a mobile phone.

The drops investigated in the turbulent air stream showed another 
oscillation behavior. The horizontal oscillation mode was not dominant 
but the drops were partly significantly deformed by several oscillation 
types mainly in vertical and transverse directions. We had the impres
sion that this behavior promotes the coherence of the drops in contrast 
to the extreme oscillations in horizontal mode of the drops in the laminar 
air stream. The drops we observed did not undergo any breakup. Due to 
the challenge to freely float drops in a turbulent environment we were 
not able to observe them as long as the drops in the laminar air stream. 
Thus, one may argue that we missed breakup events as we lost the drops 
before. However, during their free suspension the drops did not show 
any tendency to break up, as the drops in the laminar environment did. 
Summarizing, our results confirm the findings of previous experimental 

Fig. 1. Scheme of the Mainz vertical wind tunnel with the setup for collision- 
induced breakup experiments.
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studies that drops larger than 8 mm in equivalent diameter may survive 
without breaking up (Pruppacher and Klett, 2010) but contradict the 
findings of Villermaux and Bossa (2009). However, as pointed out 
already in Szakáll et al. (2010), those experiments of Villermaux and 
Bossa (2009) were performed with a less appropriate measurement 
setup where breakup was probably artificially induced by the air jet due 
to its nonnatural strong small-scale wind shear.

2.2.2. Collision-induced breakup
Altogether, 137 colliding drop pairs were recorded, 61 collisions 

ended in coalescence, and 76 in breakup, giving a breakup efficiency of 
0.55 for the investigated drop size range. Approximately half of breakup 
events resulted in two or three fragments. 40 collisions ended in the 
formation of more than 3 fragments, the maximum number of fragments 
was 9. Most of the breakup events (71) were filament breakup, while 5 
events could be identified as disk breakup (according to Testik et al., 
2011). Two examples of filament and disk breakup events are depicted 
in Fig. 3 as a time series.

In case of filament breakup (Fig. 3, left panel), the separated drop 
pair is visible at -13 ms, i.e. 13 ms before collision. After 3 ms, the two 
drops had collided directly and in a grazing fashion so that it seems as if 
the small drop had passed through the large drop. Afterwards, a water 
junction formed between the two drops that became thinner and finally, 
at 16 ms, disrupted into three small drops while the identity of the 
original drop pair had changed only a little. During disk breakup (Fig. 3, 
right panel), we note the drop pair at -5 ms before collision occurred at 0 
ms. After 45 ms complete disintegration took place and the fragments 
were carried along with the air flow. The collision occurred near to the 
center of the large drop. The drops coalesced temporarily, but the disk 
that formed upon impact disintegrated into a large number of medium- 

sized drops. After breakup the original identities of the drops were lost.
The fragment size distributions formed after filament and disk 

breakup are given in Figs. 4 and 5 as columns. The size ranges were 
selected according to Straub et al. (2010); for each size range the 
numbers of fragments were determined from the video recordings. In 
Fig. 4, the results for filament breakup are summarized for two clusters 
of drop pairs, i.e. for several drop pairs with similar sizes, which 
represent the lower and the upper limits of the investigated size range. 
The comparison indicated that in both cases the sizes of the original 
drops, i.e. 4.0 and 1.9 mm as well as 5.5 and 2.9 mm, were part of the 
spectrum; however, in case of the smaller drop pairs, the sizes of the 4.0 
mm drops were reduced to 3.5 mm after breakup. Additionally, we see 
the fragments that formed when the water bridge disrupted, which had 
smaller sizes than the original drops (i.e. smaller than 1.9 and 2.9 mm, 
respectively). In case of disk breakup, the results from all five disk 
breakup events were summarized for a cluster of drop pairs with 
equivalent diameters of 4.7 and 2.7 mm (Fig. 5). We note in comparison 
to Fig. 4 for filament breakup, that the spectral numbers of the larger 
fragments are significantly lower, reflecting that the original drops were 
eliminated by breakup, while the spectral numbers of the smaller frag
ments were higher, reflecting that more fragments formed by breakup.

For comparison, in both Figs. 4 and 5 fragment size distributions 
calculated with the parameterizations of McFarquhar (2004) and Straub 
et al. (2010) were included. The parameterization of McFarquhar (2004)
distinguishes between filament and disk breakup while the one of Straub 
et al. (2010) does not. We note that McFarquhar (2004) describes the 
fragment size distributions for both breakup types qualitatively well, i.e. 
the fragment sizes are estimated well but the fragment numbers are 
partly overestimated. For disk breakup, Straub et al. (2010) describe the 
fragment numbers of sizes smaller than 1 mm and with sizes between 2 

Fig. 2. Time sequence of drop floating in laminar air stream with extreme oscillations in horizontal mode. Δ t = 0.05 s. From video recording with a mobile phone.

Fig. 3. Time series of breakup after collision of a large and a small drop. Left panel: filament breakup, equivalent drop diameters of 4.54 and 2.42 mm. Right panel: 
disk breakup, equivalent drop diameters of 4.56 and 2.56 mm.
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and 3 mm well while the fragments in the 1 mm size range are missing 
and the numbers in the 4 to 5 mmm size range are overestimated 
(Fig. 5). In case of filament breakup (Fig. 4), it is obvious that the Straub 
et al. (2010) parameterization does not match with the experimental 
results and, thus, is not representative for this type of breakup. In case of 
disk breakup, the Straub et al. (2010) parameterization has to be 
modified.

Figure 6 shows the breakup efficiency as a function of the Weber 
number (Eq. 1) for the present and a number of previous experiments 
together with a fit to the data provided by Schlottke et al. (2010), which 
indicates that our new data match with the previous ones. The error bar 
of the data point derived from the present data resulted from the spread 
in the sizes of the drops released from the drop generators. The breakup 
efficiency exponentially increases with the Weber number We: 

Fig. 4. Size distribution of fragments after filament breakup for two clusters of drop pairs with similar sizes. Fragment numbers between 2 and 3. Grey columns: 
present results from experiments. Average drop equivalent diameters, left panel: 4.0 and 1.9 mm, right panel: 5.5 and 2.9 mm. Blue and red lines: calculated ac
cording to the parameterizations of McFarquhar (2004) and Straub et al. (2010), respectively, for corresponding drop sizes. Spectral number: number per unit size 
interval. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 5. Size distribution of fragments after disk breakup for a cluster of drop pairs with similar sizes. Fragment numbers between 5 and 9. Grey columns: present 
results from experiments, average drop equivalent diameters 4.7 and 2.7 mm. Blue and red line: calculated according to the parameterizations of McFarquhar (2004)
and Straub et al. (2010), respectively, for corresponding drop sizes. Spectral number: number per unit size interval. (For interpretation of the references to color in 
this figure legend, the reader is referred to the web version of this article.)
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Ebreak = 1 − exp(1 − 1.15 We) (2) 

Thus, the larger the smaller colliding drop and the larger the dif
ference between the two terminal velocities ΔV (the latter implying a 
larger difference between dl and ds), the more increases the breakup 
efficiency. This implies that breakup is more expectable for large Weber 
numbers because then the collision energy is larger than the surface 
energy that keeps the temporarily coalesced drop together. For small 
Weber numbers where the surface energy dominates the collision energy 
the collision results in coalescence of the two drops.

3. Process studies by implementing breakup parameterizations 
in a 3D cloud model

3.1. Methods: COSMO model

The model simulations were performed with the 3D cloud model 
COSMO-SPECS (Grützun et al., 2008; Diehl and Grützun, 2018), which 
contains a spectral bin-microphysics that explicitly solves the micro
physical equations. The effect of breakup on the development of pre
cipitation was studied by simulating convective clouds, which produce 
the largest raindrops (Pruppacher and Klett, 2010) so that breakup is 
potentially most important. Accordingly, convective vertical tempera
ture and dew point profiles were used (Diehl and Grützun, 2018) to 
simulate an idealized convective cloud by a heat bubble over a flat 
terrain that was initialized by a temperature disturbance. It was located 
in the center of the domain (covering 80 × 80 × 18 km3) at 1.4 km 
height with a horizontal extension of 5 km. We selected the temperature 
disturbance as 0.5 K, which resulted in a cloud reaching 11.5 km altitude 
after 45 min and dissipating afterwards by precipitation. The strongest 
vertical updraft in the cloud was noted after 30 min with vertical ve
locities up to 24 m/s in the cloud center.

The microphysical scheme (Diehl and Grützun, 2018) describes 
detailed cloud processes including entrainment. A fixed bin structure is 
used that combines wetted aerosol particles and liquid drops, divided 
into 66 size bins, starting with 0.002 μm in diameter, with a mass 
doubling in every category. After activating the initial dry aerosol par
ticles (a mono-modal lognormal number size distribution from Krei
denweis et al., 2003), the particles and drops move in the spectrum by 
processes such as growth by water vapor deposition, shrinking by 
evaporation, collision and coalescence of drops, and impaction scav
enging of particles. Detailed freezing processes are also included in the 
scheme but were turned off during the present investigations. A new 
parameterization based on recent and present experiments of collision- 
induced breakup was derived and compared to an earlier one based on 

experiments of mixed spontaneous and collision-induced breakup 
(Srivastana, 1971).

3.1.1. Parameterization according to Srivastana (Sriva)
Srivastana (1971) derived a parameterization on the base of exper

imental studies including spontaneous as well as collision-induced 
breakup. Drops reaching a critical size may breakup according to a 
probability function P in s− 1 and generate drops with a defined size 
distribution Q. In the microphysical scheme, variable parameters were 
the starting size bin Jstart and the smallest target size bin after breakup 
Jtar. All drops in size bins J ≥ Jstart had the chance to breakup according 
to the probability P, which increases with the size bin J. After breakup, 
the available water mass was distributed in the bins between Jtar and J 
and the number of fragments was calculated according to the size dis
tribution Q for each of these bins. For details see Srivastana (1971). We 
performed sensitivity studies where we selected bins 58, 60, and 62 as 
Jstart (corresponding to drop diameters of 1200, 1905, and 3024 μm, 
respectively) and size bins between 47 and 54 as Jtar (corresponding to 
drop sizes from 95 to 476 μm). This description was incorporated into 
the microphysical scheme so that all drops with corresponding sizes had 
the chance to breakup. The list of the simulated cases is given in Section 
3.2.1.

3.1.2. New parameterization of collision-induced breakup (Coll)
In the microphysical scheme, the collisions of drops are described by 

the linear discrete method (Simmel and Wurzler, 2006) including the 
collision kernel of Kerkweg et al. (2003) and the corresponding terminal 
velocities for each colliding drop pair. In previous studies, colliding drop 
pairs were assumed to coalesce with an efficiency of 1 (Diehl and 
Grützun, 2018). In the present study, not all colliding drops were 
allowed to remain together. In the model routine where drop collisions 
are described, collision-induced breakup was calculated after the drop 
collision loop in each time step, based on previous (Low and List, 1982a; 
Schlottke et al., 2010; Szakáll and Urbich, 2018) and present results. For 
potential breakup we considered the sizes of the resulting drops after an 
assumed coalescence. The sizes of drops – after hypothetical coalescence 
– that were observed to break up had sizes of 1200 μm in diameter or 
larger, which corresponds to size bin 58 in the microphysical scheme. 
Based on the literature given above, for each size bin between 58 and 65 
the parameters breakup efficiency Ebreak and number of fragments Nfrag 
were compiled. From the ranges of the data, mean values were estimated 
for each size bin considering the frequency of occurrence, as listed in 
Table 1.

The breakup efficiency Ebreak ranged from 0.2 to 0.9; taking into 
account the mean values we varied Ebreak between 0.4 and 0.75 in the 
sensitivity studies and selected 0.65 as a realistic value for all size bins 
(considering Fig. 6). The mean numbers of fragments Nfrag ranged from 2 
to 14; we varied them between 2 and 16 and selected values from 2 to 8 
as realistic ones, in dependence of the drop size. Note that breakup into 
two drops means that the drop number remains the same but the drop 
sizes may be different after collision. This is not the same as bounce 
where the two colliding drops just touch and keep their identity. The list 
of the simulated cases is given in Section 3.2.1.

To estimate the effects of the fragment sizes on the development of 
cloud microphysics and precipitation, several approaches were selected. 
On one hand, drops of equal sizes were formed after breakup while on 
the other hand a drop size spectrum was generated. The sizes and 
numbers of the drops after breakup had to match in a way that the sums 
of masses and volumes of these drops agree with mass and volume of the 
breaking drops (mass and volume conservation). In Table 2, the drop 
numbers after breakup and the size bins into which the drops were 
sorted are listed. K was the size bin before breakup, i.e. any size bin 
larger than 58 (the smallest size bin where breakup was allowed). When 
equally sized drops formed after breakup, then the target bins for 
breakup were (K-1) for breakup into 2 drops, (K-2) for breakup into 4 
drops, (K-3) for breakup into 8 drops, and (K-4) for breakup into 16 

Fig. 6. Breakup efficiency as a function of Weber number. Data point from 
present study: from several measurements with error bar.
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drops. This sorting is a consequence of the mass doubling in every size 
bin. In cases where the drops formed a spectrum after breakup, we 
selected the target size bins accordingly. With spectrum 1, larger and 
smaller drops were formed simultaneously, the spectrum covered three 
size bins. Spectrum 2 covered twelve size bins and contained rather large 
drops together with small drops. Spectrum 3 covered 10 size bins and 

contained large, moderate sized, and small drops.
The fragment size distributions after breakup reflect the breakup 

types. When the fragment size distribution contained drops in the size 
bin (K-1), this case can be considered as filament breakup where the 
water junction between the colliding drops disrupted into small drops 
while larger drops remained from the two original ones. The other cases 

Table 1 
Values of breakup efficiencies and fragment numbers as derived from the literature: Low and List, 1982a (LL1982); Schlottke et al., 2010 (SC2010); Szakáll and Urbich, 
2018 (SU2018); present study (PS2025) with mean values. Model range: values used in the sensitivity studies. Model realistic values: based on mean values from 
literature. Size bins and diameters after hypothetical coalescence.

size 
bin

mean diameter 
μm

reference Ebreak 

from 
literature

Ebreak 

mean values fr. 
literature

Nfrag 

from 
literature

Nfrag 

mean values fr. 
literature

Ebreak 

model 
range

Ebreak 

model 
realistic 
value

Nfrag 

model 
range

Nfrag 

model 
realistic 
value

58 1200 SC2010 0.5–0.75 0.625 2 2 0.4–0.7 0.65 2–4 2 / 4
59 1512 SC2010 – – – – 0.4–0.7 0.65 2–4 2 / 4
60 1950 SC2010 0.5–0.75 0.625 2 2 0.4–0.7 0.65 2–16 2 / 4
61 2400 SC2010 0.75 0.75 2 2 0.4–0.7 0.65 2–16 2 / 4
62 3024 SC2010 

SU2018
0.4–0.9 0.73 2–8 3.25 0.4–0.75 0.65 4–16 4

63 3810 LL1982 
SC2010 
PS2025

0.2–0.9 0.65 2–14 5.2 0.4–0.75 0.65 4–16 4 / 5 / 7

64 4800 LL1982 
SC2010 
PS2025

0.2–0.9 0.62 2–14 7.5 0.4–0.75 0.65 4–16 5 / 7 / 8

65 6048 PS2025 – 0.55 2–9 4.6 0.4–0.75 0.65 4–16 5 / 7 / 8
66 7622 – – – – – 0.4–0.75 0.65 4–16 5 / 7 / 8

Table 2 
Fragment numbers after breakup and size bins into which the new drops were sorted. K is the size of the drop before breakup.

Nfrag drops after breakup K-1 K-2 K-3 K-4 K-5 K-6 K-7 K-8 K-9 K-10 K-11 K-12 breakup type

2 equal sizes 2 – filament
4 equal sizes – 4 – disk
8 equal sizes – – 8 – disk
16 equal sizes – – – 16 – disk
4 spectrum 1a 1 1 2 – – filament
8 spectrum 1b – 2 2 4 – disk
7 spectrum 2 1 2 – – – – – – – – 1 3 filament
5 spectrum 3 1 2 – – – – – – 1 – 1 – filament

Fig. 7. (a) Temporal development of precipitation during 90 min modeling time for the Sriva cases. (b) Local distribution of precipitation through the cloud after 90 
min. Cases as listed in Table 3; same color means same value of Jtar, dotted lines: dstart = 1200 μm, broken lines: dstart = 1905 μm, solid lines: dstart = 3024 μm.

K. Diehl et al.                                                                                                                                                                                                                                    Atmospheric Research 326 (2025) 108327 

7 



can be considered as disk breakup where the original drop pair is 
eliminated and larger numbers of new drops are formed (see Section 
2.2.2).

3.2. Process studies with breakup parameterizations: Results and 
Discussion

3.2.1. Results from breakup according to Srivastana (Sriva)
Precipitation results from the Sriva cases are summarized in Fig. 7

and listed in Table 3. It was found that precipitation formation is 
dependent on both parameters Jstart and Jtar but much more sensitive to 
Jtar. The smaller the drop sizes after breakup, the higher reduction of 
precipitation was found in comparison to case 0 without breakup. With 
larger size bins Jtar, precipitation was nearly equal for different starting 
bins Jstart (e.g., cases S-4, S-8, and S-12 with dbreak,min = 476 μm), but the 
results differed more and more with decreasing Jtar (e.g., cases S-1, S-5, 
and S-9 with dbreak,min = 95 μm). From Fig. 7 it is obvious, that breakup 
affected a delay of precipitation in the way that the amount after 45 min 
was reduced as well as the increase at later times, even when the total 
amount was similar or even higher than in case 0. Looking at the local 
distribution of precipitation, we note from Fig. 7b that it was more 
concentrated in the center of the cloud area in all Sriva cases and more 
evenly distributed in case 0.

Comparing the drop spectra for case 0 without breakup and the Sriva 
cases S-1 and S-3 (Fig. 8), we observe significant differences over the 
entire range of drop sizes. In case 0, the drop size spectra contained high 
numbers of small diameters (< 60 μm) at high altitudes and low 
numbers of large drops ranging from 2 to 10 mm that were reaching the 
ground as precipitation. The Sriva cases showed less drops at high alti
tudes as case 0 but more drops near the ground, many of them with sizes 
between 60 and 600 μm and small numbers with sizes around 3 mm. 
Precipitation was lower in Sriva cases S-1 and S-3 (45 × 106 L and 56 ×
106 L) as in case 0. Drops larger than 4 mm were reduced in comparison 
to case 0 due to breakup. In particular, precipitation was dominated by 
drops ranging from 50 to 300 μm in case S-1, and from 200 to 400 μm in 
case S-3. This is according to the lower Jtar value in case S-1. Note in this 
context that the drop volume significantly increases with increasing size. 
For instance, a 6 mm drop has a volume of approximately 1.1 × 10− 4 L, 
in contrast to 4.2 × 10− 9 L of a 200 μm drop.

3.2.2. Results from collision-induced breakup (Coll)
Precipitation results from the Coll cases are given in Table 4 and in 

Fig. 9. Breakup was allowed for all size bins J ≥ Jstart. In a first set of 
model simulations, we chose one value of Nfrag and Ebreak for all size bins 
larger than the threshold value Jstart (cases C-1 to C-10). In a second set, 
we used combinations of one to three values of Nfrag and Ebreak in 

dependence on the drop sizes. The combination of the parameters Jstart 
and Nfrag implied the smallest drop sizes as a result of breakup. In cases 
C-1 to C-13, the drop fragments had equal sizes after breakup, while in 
cases C-14 to C-16 we simulated the formation of a drop size spectrum 
after breakup as described in Section 3.1.2.

Fig. 9a shows precipitation results from the first set of model simu
lations with fixed values of Nfrag or Ebreak (i.e. cases C-1 to C-10). They 
indicate that with Nfrag = 4, the total amount of precipitation decreased 
when increasing Ebreak from 0.4 to 0.75 (cases C-1 to C-6). In comparison 
to case 0 without breakup, precipitation was higher or equal in cases C-1 
to C-4 but lower in cases C-5 and C-6 with a breakup efficiency Ebreak ≥

0.7. With Nfrag = 8 (cases C-7, C-9, and C-10), precipitation was signif
icantly lower than case 0 when Ebreak ≥ 0.65. In cases C-2 and C-4, two 
parameters were kept fixed and Jstart was enhanced from 58 to 62, which 
resulted in slightly decreased precipitation. With fix Ebreak = 0.6, pre
cipitation significantly decreased when increasing Nfrag from 8 to 16 
(cases C-7 and C-8). In case C-7, the precipitation amount was similar as 
in case 0 without breakup but it was lower in case C-8 with Nfrag = 16. 
Thus, the following settings considerably reduce precipitation: Nfrag = 4 
together with Ebreak ≥ 0.7, Nfrag = 8 together with Ebreak ≥ 0.65, Nfrag > 8. 
In accordance with these results, cases C-11 to C-13 with combinations 
of two or three Nfrag values resulted in less precipitation than case 
0 (Fig. 9c), in particular case C-12 with a breakup efficiency Ebreak = 0.7.

Cases C-14 to C-16 in which we simulated the formation of a drop 
size spectrum after breakup affected similar precipitation amounts as in 
the corresponding cases with the formation of equal drops (cases C-14 vs 
C-13, C-15 vs. C-11, C-16 vs. C-3; the comparing cases were selected 
according to the numbers of fragments). We note from Fig. 9c that the 
courses of the corresponding cases were similar. With spectrum 1 (C-14) 
and 2 (C-15), precipitation was slightly enhanced in comparison to the 
corresponding cases but it was reduced with spectrum 3 (C-16). How
ever, in general the resulting precipitation amounts did not differ 
significantly from each other. In comparison to case 0 without breakup, 
precipitation was slightly reduced. Nevertheless, precipitation was 
delayed by 15 min in the breakup cases (Figs. 9a and c) when compared 
to case 0 but it increased fast afterwards in cases where the precipitation 
amount was similar as in case 0 (cases C-1, C-2, C-3, C-7, C-11, C-15, C- 
16). Precipitation was more concentrated in the center of the cloud area 
(Figs. 9b and d) except in cases C-15 and C-16 where drop spectrum 2 or 
3 was formed after breakup that cover a broader spectrum of drop sizes 
(see Table 2). There we found more rain from the edges of the cloud 
similar as in case 0.

Figure 10 shows the drop spectra after 45 min for selected Coll cases. 
Differences are visible in the size range above 60 μm diameter, in 
particular above 600 μm diameter. For cases with the formation of a 
drop spectrum after breakup and the corresponding cases where equal 
sized drops were formed, the drop size spectra were rather similar (cases 
C-14 vs. C-13, C-15 vs. C-11, C-16 vs. C3) while between the case pairs 
we noted some differences. Thus, it seems that the number of fragments 
has more effects on the drop size spectrum than the specification 
whether the drop fragments have equal or different sizes. In comparison 
to case 0 without breakup (see Fig. 8), the drop sizes were reduced, 
mostly in cases C-11, C-13, and C-14, so that more drops in the size range 
around 3 mm were present. However, drops near ground as precipitation 
had diameters from 2 to 8 mm, similar as in case 0 (maximal sizes 10 
mm).

3.2.3. Process studies with breakup parameterizations: Discussion
Comparing the drop size spectra of the Coll cases to the Sriva cases 

(Figs. 8 and 10), we note that the differences between case 0 and the Coll 
cases on one hand and the Sriva cases on the other hand were significant. 
Precipitation in the Sriva cases was dominated by much smaller drops, i. 
e. with diameters from 200 to 400 μm in case S-3 that resulted in a 
similar precipitation amount as the Coll cases shown in Fig. 10. This is 
directly implied by the Sriva parameterization in which more drops are 
formed in smaller size bins (compare Fig. 1 in Srivastana, 1971). In 

Table 3 
Precipitation results from simulated cases with the Srivastana (1971) breakup 
parameterization; values in bold type: reduced precipitation in comparison to 
case 0. dstart is the corresponding drop diameter to size bin Jstart, dbreak gives the 
size range of the new drops after breakup ranging from the size bins Jtar and J.

case 
no.

Jstart Jtar dstart (μm) dbreak (μm) total precipitation 
(× 106 L)

S-0 − − − − 60
S-1 58 47 1200 95–6048 45
S-2 58 50 1200 190–6048 51
S-3 58 52 1200 300–6048 56
S-4 58 54 1200 476–6048 66
S-5 60 47 1905 95–6048 46
S-6 60 50 1905 190–6048 51
S-7 60 52 1905 300–6048 56
S-8 60 54 1905 476–6048 66
S-9 62 47 3024 95–6048 49
S-10 62 50 3024 190–6048 53
S-11 62 52 3024 300–6048 58
S-12 62 54 3024 476–6048 66
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contrast, the Coll parametrization distributes the drops after breakup 
more singularly to the size classes, which represents a situation closer to 
the real case as demonstrated in recent and the present experimental 
studies.

Precipitation was delayed by breakup due to smaller drop sizes after 
breakup, as was expected because more time is needed during cloud 
evolution to form precipitation-sized drops. In most cases, it was found 
that precipitation was more concentrated in the cloud center. Exceptions 
were the cases where a broad drop spectrum was formed, containing 
small, moderate sized, and large drops, representing filament breakup. 
Here the local distribution of precipitation was more evenly distributed 
similarly as in case 0. The total precipitation amount could be signifi
cantly reduced when small drops were formed (Sriva cases) or when the 
breakup efficiency and the fragment numbers were high (Coll cases).

To contextualize the cases from our sensitivity studies in view of the 
real cloud situation, we may consider the smallest drop diameters after 
breakup. According to previous studies these were 250 to 500 μm 

(Schlottke et al., 2010), 200 μm (Szakáll and Urbich, 2018), and 240 μm 
found in the wind tunnel experiments of the present study. However, 
these values do not necessarily represent the real smallest drop sizes 
after breakup but may be limited by the measurement resolution. Thus, 
cases with realistic settings for Sriva parameterizations were those, 
where the smallest drops after breakup had diameters of 300 μm or less 
(see Table 3), and Coll cases C-15 and C-16 with the smallest drop di
ameters of 238 and 300 μm. Considering breakup efficiencies and 
fragment numbers, Coll cases C-11, C-13, and C-14 could be assumed as 
realistic cases, too. In all these cases, the total amount of precipitation 
was reduced but not significantly. This may, however, be valid only for 
the investigated case of a convective cloud and may change, e.g., in a 
deep convective cloud system with even higher numbers of large drops. 
However, in such cases ice formation has to be considered as well while 
the present sensitivity studies focused on the warm rain formation.

Fig. 8. Drop size spectra at 45 min in the center cell of the cloud for case 0 without breakup and two Sriva cases (1 and 3) according to Table 3. Number con
centrations (color scale) in m− 3, vertical lines: 60 μm, 600 μm, and 3 mm drop diameter.

Table 4 
Precipitation results from simulated cases with collisional breakup of drops; values in bold type: reduced precipitation in comparison to case 0. dbreak gives the size 
range covered by the new drops after breakup.

case no. Jstart dstart 

(μm)
Jbreak dbreak  

(μm)
Ebreak Nfrag drops after breakup total precipitation 

(× 106 L)

0 − − − − − − − 60.3
C-1 58 1200 56–64 756–4800 0.4 4 equal sizes 63.7
C-2 58 1200 56–64 756–4800 0.6 4 equal sizes 63.0
C-3 58 1200 56–64 756–4800 0.65 4 equal sizes 62.5
C-4 62 3024 60–64 1905–4800 0.6 4 equal sizes 60.6
C-5 62 3024 60–64 1905–4800 0.7 4 equal sizes 52.8
C-6 62 3025 60–64 1905–4800 0.75 4 equal sizes 48.4
C-7 60 1905 57–63 953–3811 0.6 8 equal sizes 60.3
C-8 60 1905 56–62 756–3024 0.6 16 equal sizes 45.2
C-9 63 3811 60–63 1905–3811 0.65 8 equal sizes 44.0
C-10 63 3811 60–63 1905–3811 0.75 8 equal sizes 34.9
C-11 58 

63
1200 
3024

56–64 
59–63

765–4800 
1512–3811

0.65 4 
8

equal sizes 56.3

C-12 62 
64

3024  
4800

60–64 
61–63

1905–4800 
2400–3811

0.7 4  
8

equal sizes 39.0

C-13 58 
62 
64

1200 
3024 
4800

57–60 
60–61 
61–63

953–1905 
1905–2400 
2400–3811

0.65
2 
4 
8

equal sizes
54.3

C-14 58 
62 
64

1200 
3024 
4800

57–60 
59–62 
60–64

953–1905 
1512–3024 
1905–4800

0.65
2 
4 
8

equal sizes 
spectrum 1 
spectrum 1

56.7

C-15 58 
63

1200 
3811

56–60 
51–65

756–1905 
238–6048

0.65 4 
7

equal sizes 
spectrum 2

57.8

C-16 58 
63

1200 
3811

56–60 
51–65

756–1905 
300–6048

0.65 4 
5

equal sizes 
spectrum 3

59.2
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4. Summary and conclusions

Two types of drop breakup were investigated in the Mainz vertical 
wind tunnel with freely floating drops under conditions close to that in 
real clouds. Spontaneous breakup occurs when the energy of the natural 
drop oscillation exceeds the surface energy; it was studied in a laminar 
and a turbulent environment. The experiments showed that the 
increasing amplitude of the horizontal oscillation mode with increasing 
size plays a key role. Under laminar conditions, about 5 % of the 
observed drops with equivalent diameters between 8 and 13 mm broke 
up. In all cases, the drop separated in the center and formed two new 
drops of equal sizes. Turbulences in the airflow changed the drop 
oscillation in the way that several oscillation types mainly in vertical 
and transverse directions caused significant deformations of the drops. 
However, this behavior seemed to promote the maintenance of the drops 
in contrast to the extreme oscillations in horizontal mode of the drops in 

the laminar air stream. Thus, we conclude that spontaneous breakup 
plays, if at all, a minor role and may be neglected in cloud models. Our 
observations validated that drops larger than 6 mm in diameter are able 
to survive without spontaneous breakup, which contradicts the findings 
of Villermaux and Bossa (2009). As pointed out already in Szakáll et al. 
(2010), their measurement setup might be inappropriate so that breakup 
was probably artificially induced by the air jet due to its nonnatural 
strong small-scale wind shear.

Thus, breakup is more likely to occur during drop collisions where 
they may break up into several fragments. Our experiments with 
collision-induced breakup indicated a breakup efficiency of 0.55 for the 
investigated drop pairs with mean diameters of 4.6 and 2.5 mm. The 
numbers of fragments ranged from 2 to maximal 9, but approximately 
half of breakup events resulted in 2 or 3 fragments. The most frequent 
breakup type was filament breakup, which agrees with the findings of 
Testik et al. (2011). Regarding the collisional breakup efficiency as a 

Fig. 9. (a) and (c) Temporal development of precipitation during 90 min modeling time, (b) and (d) local distribution of precipitation through the cloud after 90 min, 
for selected cases as listed in Table 4. Solid lines: equal sized drops after breakup, broken lines: drop spectrum after breakup. Similar colors show corresponding cases.
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function of the Weber number, the comparison of our present and a 
number of previous experiments indicates that our new data match with 
the previous ones. The breakup efficiency exponentially increases with 
the Weber number so that breakup is more expectable for large Weber 
numbers because then the collision energy is higher than the surface 
energy that keeps the drop together.

The comparison of our measured fragment size distributions to those 
given by two recent parameterizations indicated that the Straub et al. 
(2010) parameterization is not suited to describe the fragment size 
distribution after filament breakup. For disk breakup, it has to be 
modified in the way that the formation of fragments in the 1 mm and in 
the 4 5o 5 mm size ranges is reproduced. In contrast, we found that the 
parametrization of McFarquhar (2004), which distinguishes between 
filament and disk breakup, describes the fragment size distributions 
qualitatively well, even when including the present results for colliding 
drop pairs of larger sizes. Some modifications regarding the fragment 
numbers would improve the parameterization.

Numerical simulations were performed where a new parameteriza
tion of collision-induced breakup was compared to the early parame
terization of Srivastana (1971). The latter was derived from early 
measurements and includes a breakup probability that increases with 
drop size and a size distribution of the fragments, which results in 
increasing numbers with fragment size. The parameter giving the 
smallest drop size after breakup determines the cloud drop size distri
bution and, thus, the total amount of precipitation. However, with the 
knowledge of more recent experimental results, the Srivastana param
eterization might not adequately represent the drop spectrum after 
breakup. If it is used in cloud models, we would recommend to set the 
values of the parameters Jstart and Jtar such that breakup starts with drops 
of 1200 μm diameter and that the smallest drops after breakup have 
diameters of 300 μm or less, due to the findings from previous literature 
(Low and List, 1982a; Schlottke et al., 2010; Szakáll and Urbich, 2018) 
and the present study.

The new parameterization of collision-induced breakup is based on 

more recent literature (Low and List, 1982a; Schlottke et al., 2010; 
Szakáll and Urbich, 2018) and this study. Thus, it considers mainly the 
same data as the parameterizations of McFarquhar (2004) and Straub 
et al. (2010) but complemented in the range of larger drops by results 
from Szakáll and Urbich (2018) and the present study. However, in 
contrast to those parameterizations, it is coupled with the existing drop 
collision description of the microphysical bin scheme. Important pa
rameters are the breakup efficiency and the number of fragments after 
breakup. In particular the latter seems to have more effects on the cloud 
drop size spectrum than the specification whether the drop fragments 
have equal or different sizes. Thus, the type of the drop spectrum after 
breakup – and, implicitly, the type of breakup – may to have only sec
ondary effects on the drop size distribution and, thus, on precipitation 
amounts. Nevertheless, the formation of a drop spectrum containing 
drops of large, moderate, and small sizes comes closest to the experi
mentally determined drop spectra. The present parameterization is 
applicable in cloud models containing a spectral bin-microphysics with 
an appropriate description of drop collisions. Then the drops formed by 
collision can be divided in coalescing fractions and breakup fractions 
and the breakup conditions, i.e. breakup efficiency and numbers and 
sizes of fragments, can be provided as look-up tables in dependence of 
the drop sizes.

Similar as Seifert et al. (2005), we found that breakup reduces the 
numbers of large raindrops and delays the onset of precipitation. 
Additionally, it may change the local distribution in the way that pre
cipitation is more concentrated in the cloud center. Finally, it can reduce 
the total precipitation amounts but not significantly under conditions 
close to the real case. This may, however, be valid only for the investi
gated case of a convective cloud and may change, e.g., in a deep 
convective cloud system with even higher numbers of large drops. 
However, in such cases ice formation has to be considered as well while 
the present sensitivity studies focused on the warm rain formation.

Fig. 10. Drop size spectra at 45 min in the center cell of the cloud for selected Coll cases according to Table 4. Number concentrations (color scale) in m− 3, vertical 
lines: 60 μm, 600 μm, and 3 mm drop diameter. Upper line: cases with formation of drop spectrum after breakup, lower line: corresponding cases with formation of 
equal sized drops.
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