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Abstract. Collision-induced water drop breakup in a verti- 1 Introduction

cal wind tunnel was observed using a high speed camera for

interactions between larger drop sizes (up to 7 mm diameterRaindrop breakup events are important to the evolution and
than have previously been experimentally observed. Thredormation of drop size distributions in precipitating clouds,
distinct collisional breakup types were observed and the drogarticularly for warm rain processes in which frequent col-
size distributions from each were analysed for comparisorlision, coalescence and breakup events play a major role in
with predictions of fragment distributions from larger drops the production of raindrop-sized precipitation. To investigate
by two sets of established breakup parameterisations. Ththe nature of this phenomenon, researchers have performed
observations showed some similarities with both parameterexperimental laboratory studies to observe breakup events,
isations but also some marked differences for the breakugnodelling simulations of the evolution of cloud drop size dis-
types that could be compared, particularly for fragmentstributions based on parameterisations from the experimental
1 mm and smaller. Modifications to the parameterisationsobservations, and compared results to observations of drop
are suggested and examined. Presented is also currently tiséze distributions in natural clouds. A short review of the
largest dataset of bag breakup distributions observed. Differaspects of these areas of research relevant to this study is
ences between this and other experimental research studigsesented.

and modelling parameterisations, and the associated impli- Very few experimental laboratory investigations have been
cations for interpreting results are discussed. Additionally,conducted to measure the drop size distributions resulting
the stochastic coalescence and breakup equation was solvé@m collision-induced breakup. To our knowledge to date,
computationally using a breakup parameterisation, and thehese studies include McTaggart-Cowan and List (1975a),
evolving drop-size distribution for a range of initial condi- Low and List (1982a), and Barros et al. (2008), and all three
tions was examined. Initial cloud liquid water content was have employed an experimental setup which involved collid-
found to have the greatest influence on the resulting distriing falling drops. McTaggart-Cowan and List (1975a) and
bution, whereas initial drop number was found to have rela-Low and List (1982a) used a drop acceleration system in
tively little influence. This may have implications when con- which drops created at two sources, vertically accelerated
sidering the effect of aerosol on cloud evolution, raindrop toward terminal velocity as they fell. A small blower was
formation and resulting drop size distributions. Calculationsused to horizontally deflect one drop into the path of an-
presented show that, using an ideal initial cloud drop-sizeother to encourage collision; the larger, faster-falling drop
distribution, ~1-3 % of the total fragments are contributed always collided from above onto the smaller slower-falling
from collisional breakup between drops of 4 and 6 mm. drop. The resulting coalescence-breakup event was observed
using a camera, which allowed drop fragments to be counted
afterwards. Drop sizes were reproducibly controlled, and
10 drop-pair size combinations were used, ranging in diam-
eter from 0.395-4.600 mm. A more detailed discussion of
their experimental apparatus is given in McTaggart-Cowan

Correspondence taC. Emersic and List (1975b). Of 25000 drop collisions, it was reported
BY (christopher.emersic@manchester.ac.uk)that only 712 resulted in breakup, with the breakup type
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distribution consisting of 27 % filament (a.k.a. neck), 55 % or larger and fewer concentrations of drops of size 0.2 mm or
sheet, 18% disc, and only 3 events as bag breakup (thesamaller than were observed in their experiments.
breakup types are defined below). The breakup type that was McFarquhar (2004b) found from modelling studies that
more likely to occur seemed to be dependent on the kineti¢he variation in raindrop size distributions depends heavily on
energy of the collision event, the impact location, and thethe drop distribution at precipitation onset, and that the large
angle between the two colliding drops. spread in the breakup distributions can account for the inabil-
Filament (or neck) breakup describes when a connectingty of equilibrium distributions to form in nature. Clustering
bridge of water forms between the two separating drops afteof raindrops, where larger, faster falling drops catch up with
collision (usually a glancing collision). As the drops sepa- smaller, slower falling drops during descent, was also found
rate further, this bridge disintegrates into a series of smalletto increase the chances of interactions between drop-pairs.
drops; the two parent drops retain much of their original Modelling studies examining how the drop size distributions
mass. Sheet breakup occurs when the collision is less glangn rain-producing clouds evolve over time have found that
ing and more direct, with the strike point on the edge ratherthree-peaked distributions can form (McFarquhar and List,
than the centres of the drops. The impact energy causes thE991a, b; List and McFarquhar, 1990). In their 1-D simula-
drops to spread preferentially at one side to form a sheettions, multiple pulses of rain with durations of between 2—
The original smaller drop becomes indistinguishable in thel0 min at a repeated rate of every 4-12 min at the top of the
resulting mass, and the sheet breaks up into many smalleshaft led to drops arriving in packages at the ground, with
drops and a remaining larger drop. Disc breakup is a varithe largest drops arriving first in each package. Averaged
ation of sheet breakup and occurs when the impact point i®ver time, the three-peak distributions were observed. Simu-
more central. The smaller drop, effectively impacting from lations in which clustering and associated raindrop overlap-
underneath the larger drop, coalesces and causes the whaghng was prevented did not produce the three-peak distribu-
drop to spread out flat into a disc. The thinning edges lifttion, and it was proposed that the drop interactions from their
due to aerodynamic drag and disintegrate into many smallediffering terminal velocities were necessary for subsequent
drops; the parent drops are often indistinguishable in the reeoalescence and breakup events to give rise to the distribu-
sulting drop distribution. Bag breakup was rarely observedtion peaks. Simulations using the newer parameterisations by
and involved the flattening out of the resulting drop after col- McFarquhar (2004a) revealed a three-peak steady-state dis-
lision as with disc, but the centre lifts and inflates to form tribution of raindrops is no longer realized in the numerical
a thin bag which bursts explosively to produce many smalloutput. Instead, a two-peak distribution is realised, with the
drops. two peaks representing the drops generated by coalescence
Barros et al. (2008) used a similar experimental setupand by the breakup fragments respectively.
which again encouraged two vertically falling drops to in- A number of observations have measured multiple drop
teract. They interacted 6 drop-pair size combinations withdistribution peaks at similar sizes to those modelled (De-
drop sizes ranging from 0.93 mm to 4.8 mm and found thatbeauville et al., 1988; Steiner and Waldvogel, 1987; Willis,
in 535 collision events, 142 were filament (27 %), 47 were 1984; Zawadzki and Antonio, 1988); however, some ob-
sheet (9 %) and 58 were disc (11 %). servational studies have noted drop size distributions with-
Many of the researchers who have conducted laboratoryut multiple modes or with time- and altitude-varying sin-
experiments have subsequently parameterised their obsegle modes (Joss and Gori, 1978; Warner, 1969). However,
vations and examined the accuracy of these parameterisanuch of the original observational evidence of the three-
tions relative to the observations of others and within vari- peak raindrop distribution is now in question. McFarquhar
ous cloud simulations. Low and List (1982b) were the first and List (1993) showed that the effects of irregularities in
to form numerical parameterisations for filament, sheet andhe diameter classification of the Joss-Waldvogel disdrom-
disc breakup types based on their initial observations. Mc-eter produced artificial peaks at the locations where peaks
Farquhar (2004a) later reformulated parameterisations whicthad been reported in observational studies. Furthermore, the
took into account mass conservation, provided a more physmagnitudes of the instrument related peaks were similar to
ical basis for extending the results of the original 10 collid- the magnitudes of the observed peaks, negating some of the
ing pairs to arbitrary drop pairs, and had a complete uncerprevious evidence of three-peak distributions.
tainty analysis. These parameterisations formed the standard In this study, larger drops than those used by other ex-
to which all subsequent research made comparisons and feerimental researchers were investigated. The spontaneous
which this study compares. (a.k.a. aerodynamic) breakup of larger drops may have some
Barros et al. (2008) constructed a computer model basedignificance to drop spectrum evolution. In general however,
on the Low and List parameterisations and compared thespontaneous drop breakup is not considered to be as influ-
results for the drop-pair sizes they used with the output.ential to the resulting raindrop-size distribution in warm rain
They found that the simulated location and width of peaksprocesses owing to difficulties in large drops forming with-
in the fragment size distributions showed good agreementout prior collisionally-induced breakup having already oc-
but predicted greater concentrations of drops of size 0.5 mnturring (Magarvey and Geldart, 1962; Low and List, 1982a).
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Nevertheless, Hobbs and Rangno (2004) conducted airborn
measurements beneath cumulus congestus clouds formed i
one case by a biomass fire in Brazil, and in another case

in very clean but atmospherically unstable conditions in the ~20 om

Marshall Islands in the tropical Pacific Ocean, and observed Appmrate

very large raindrops of the order of 1 cm in diameter in their levitation
position

associated rainshafts. These drops were thought to hav
formed rapidly by the coalescence of drops in narrow regions
of the cloud where liquid water contents were unusually high.
It is also suspected that large drops can form in the regions ~15m
between updraughts where drop-drop collisions (and there-
fore breakups) are minimised but that scavenging of smaller
cloud droplets can lead to drop growth+® mm as observed A
by Beard et al. (1986).

Using a wind tunnel to generate an air well, it is possible
to levitate and interact drops injected into the air stream fromFig- 1. Experimental setup; vertical wind tunnel: fan (A) blows
above. Drop-pairs of larger sizes than have been used be@lr_t_hrough into settlln_g_ chamber (B) tq minimise tu_rbulent_:e before
fore (up to the sizes observed in nature as discussed abovgj't'ngdthrough tdo.plor'f'ce (C). Orf'.fl'ce 'E.Cﬁv.ered with ?W're.?r:at‘te
have been interacted, and the breakup events filmed using produce a racial pressure protiie which in conjunction with 'op.

. . . . late (D) provides a back-pressure and creates a stagnation well in
ne\_/vly-_avallabl_e high speed video Fechnology. The_ Primary\hich drops can levitate.
objective of this study was to examine the droplet size distri-
butions that result after a collision-induced breakup occurs,
and use our observations to evaluate existing parameterisa-
tions of collision-induced break-up over a different range of wire probe to be 10.40.5ms ! in the centre, with an edge
drop sizes than has been done previously. It was not our obspeed of 12.& 0.5ms!; the theoretical terminal velocity
jective to examine the conditions that lead to breakup of aof drops of the size used here4®ms™* (Pruppacher and
particular type. A computer model based on the parameteriKlett, 1978, Fig. 10-25, 420 pp.), indicating the air speed
sations of Low and List (1982b) and McFarquhar (2004a) ischosen is sufficient to allow the drop to levitate in the pres-
used to predict expected results for the larger drop-pair sizesure well. The airspeed in the pressure well decreases with
used, and help verify extrapolations from the parameterisaheight and so drops oscillating within it will fluctuate in
tions. Furthermore, simulations of cloud drop-size distribu- height about the position where the airspeed is equal to their
tion evolution and contributions to this from larger drop-pair terminal velocity. It is also possible to calculate the veloc-
sizes are performed to examine the significance of these inity shear produced: for a shear region of 10cm, the largest
teractions. A description of the experimental procedure isdrop size used~6 mm), and radial air velocity difference
presented in Sect. 2, a discussion of experimental observasf 2.2msL, the percentage gradient in shear across the di-
tions and the results of computer simulations are presentethension of the drop is-1%. Levitated drops were filmed
in Sect. 3, and a concluding summary is given in Sect. 4.  using a high-speed camera (Photron Fastcam MC-1) at 2000
frames per second which allowed drop breakup events to
be resolved confidently to approximately 1 mm resolution.
2 Experimental setup and procedure The spatial resolution available could not be improved be-
yond 1 mm without reducing the field-of-view (required to be
Experiments were conducted using a vertical wind tunnellarge enough to capture the area covered by the vertical mo-
(Fig. 1). Air is passed through a settling chamber beforetion of the drop), and thus an analysis of fine-scale, sub-mm
passing out through an upper orifice covered by a wire gratelrop breakup structure was not possible in this study. The
to produce a radial velocity profile from the centre where higher temporal resolution available in the high speed videos
the air speed is lowest. The presence of an upper plate prallows much greater dynamical information to be extracted
vides a back-pressure, which combined with the radial ve-from the breakup process relative to past research. This may
locity profile, generates a stagnation pressure well in whichalso improve the robustness of counting fragments relative to
injected drops can levitate. Additional drops can then be in-a strobe photography technique that has been used in the past.
jected into the air stream from above which would find their Water drops were injected from above and fell into the well.
way into the well and may interact with any drop present. Precise control over drop-size was not possible; however, the
The airspeed as a function of radius in the well at approxi-drop impacting from above was always smaller than the levi-
mately the height where the drops vertically oscillate for thetated drop. The larger levitating drop was approximately sta-
given air speed (i.e. the part of the system where drop intionary during the brief collision event and therefore at its ter-
teractions took place) was measured using a calibrated haninal velocity. This experimental setup was dissimilar to that
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employed by Barros et al. (2008) and Low and List (1982a)

where larger, faster falling drops fell from above onto smaller

drops. Despite this difference, our breakup events show suf

ficient similarities that comparisons with other experimental

observations can be made. Our lack of ability to control drop

size to the same degree as other researchers prevented 4

tempts to reproduce their fragment distributions and be able)

to examine whether experimental differences had a signifi-

cant effect on the results. For the larger drop sizes used herg

we suspect the differences in our experimental setup may no

have a significant effect given the breakup type similarities

observed (particularly for filament and sheet breakup). We

encourage the reader to view the associated video data avail-

able online ahttp://youtu.be/3IxOFufnQZg Fig. 2. Images of observed drop breakup types.

In this short investigation, a total of only 25 collisional

drop breakup events were examined. Failed breakup events

were not counted given the different physical system. ResultSheet breakup

ing breakup fragments were counted by eye from the video

data, and binned to 1 mm size; resolution limitations pre-After collision, the resulting coalesced drop tends to flat-

vented higher accuracy. Note thus, that all particles 1 mmten out roughly horizontally during oscillations, before lift-

or smaller were binned as 1 mm. ing at one edge and disintegrating into many smaller drops
(Fig. 2ii). Other researchers found that sheet breakup was
associated with a more direct collision nearer the edge than

3 Results and discussion the centre, to cause one side to flatten out before disintegrat-

ing. The sheet breakups we observed tended to be more as-

sociated with the larger resulting coalesced drop entering a

flattened-out configuration some variable time lengtii §)

Efter collision-coalescence due to the oscillations setup by

Ellament

3.1 Experimental observations and simulated breakup
distribution comparisons

While other researchers have observed 4 distinct types o e impact
breakup — filament (neck), sheet, disc and bag (see Sect. ’
for definitions) — we only observed three, namely filament,
sheet and bag, and this is likely a consequence of the us
of larger drops. Based on our observatiohgg://youtu.be/

3IxOFufnQZ9, we define the breakup types observed below.

gag breakup

Bag breakups are similar to sheets initially; after coales-
cence, the resulting oscillating drop can flatten out some time
Filament breakup (<1s) after impact. However, the drop’s centre, rather than
edge, can lift and arch in the air stream to form a thinning
After collision, the drops briefly coalesce and then sepa-bag, edged by the drop rim containing the bulk of the water
rate. The original drop sizes are often approximately re-(Fig. 2iii). This bag rapidly expands upwards before burst-
stored and an interconnecting bridge between them forms beng explosively to produce numerous smaller drops. The size
fore disintegrating into a spectrum of smaller drops (Fig. 2i).of the bag and its inflation depth varied widely and were
The disintegration of the filament bridge tends to depend orlikely related to the thickness of the initially arching drop
the thickness variations along its length; the thicker partscentre. This mode of breakup has rarely been observed by
typically form larger drops as the filament destabilises andother researchers (Low and List only saw 3 such events in
pinches during drop formation. Other researchers have ob/61 breakups) and the reason we saw so many is likely due to
served that filament breakup is associated with glancing colthe larger drop sizes used here. It is worth noting that we did
lisions. However, we observed that it could sometimes occunot see any disc breakups — probably because bag breakups
with any nature of drop collision; after collision, the larger are more preferential at larger parent drop sizes, and both the
drops used here can become sufficiently unstable from theriginal drops were large in size.
impact that either immediately upon collision or at a vari-  To try and quantify how the drop interactions in our experi-
able time k1 s) afterward, the drop’s configuration becomes ments may differ energetically from that of other researchers,
conducive to the filament type breakup. we calculated the collisional kinetic energy that the drop-pair
interaction would have had under natural free-fall conditions
(using Eq. (3.1) in Low and List, 1982a). These values were
within an order of magnitude of the collisional kinetic en-
ergy estimated in our observations, to the accuracy of our
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Table 1. Drop breakup data, including initial and coalesced drop sizes. The large drop was approximately stationary during collision event;
smaller drop velocity was determined from video footage. Theoretical collisional kinetic energy calculated for equivalent natural drop-pair
collision using Low and List (1982b).

Breakup  small drop small large Size Coalesced Collisional  Theoretical
mode velocity drop-size drop-size ratio  drop-size  kinetic energy CKE
(ms™h (mm) (mm) (mm) (CKE) (1J) (nJ) Bin size (mm) & count
1 2 3 4 5 6

1 Bag 0.50 3 5 17 5 1.8 6.5 44 6 2 1 0 0
2 0.67 4 5 1.3 6 7.4 0.9 18 6 3 1 0 0
3 0.67 3 5 1.7 6 3.1 6.5 63 10 4 1 0 0
4 0.33 3 6 2.0 6 0.8 7.6 73 5 4 1 0 0
5 0.67 4 4 1.0 5 7.4 0.0 20 1 3 1 0 0
6 0.67 4 6 15 7 7.4 13 53 4 3 1 1 0
7 0.67 4 6 15 6 7.4 13 48 10 2 2 0 0
8 0.50 4 6 15 7 4.2 1.3 60 16 3 0 2 0
9 0.50 4 6 15 7 4.2 13 11 2 2 4 0 0
10 0.67 4 5 1.3 6 7.4 0.9 35 11 3 1 0 0
11 0.67 4 7 1.8 7 7.4 1.4 38 15 4 2 1 0
12 0.25 4 6 15 7 1.0 1.3 27 20 6 0 1 0
13 0.67 4 5 1.3 6 7.4 0.9 52 3 6 1 0 0
14  Sheet 0.40 4 6 1.5 7 2.7 1.3 8 4 5 2 1 0
15 0.67 4 6 15 7 7.4 1.3 2 4 2 1 0 1
16 0.50 4 5 1.3 6 4.2 0.9 6 6 3 0 1 0
17 0.33 4 6 15 6 1.9 1.3 34 9 5 1 0 0
18 Filament 0.67 4 6 15 8 7.4 13 7 1 1 0 2 0
19 0.67 4 8 2.0 9 7.4 14 1 3 3 0 1 1
20 0.67 3 5 1.7 6 31 6.5 3 0 1 0 1 1
21 0.67 4 6 15 7 7.4 1.3 2 2 1 0 1 1
22 0.50 4 5 1.3 6 4.2 0.9 0 2 1 1 1 0
23 0.50 4 6 15 7 4.2 1.3 8 4 1 1 2 0
24 0.67 4 6 15 6 7.4 13 10 6 4 0 1 0
25 0.40 4 6 1.5 7 2.7 1.3 2 3 0 1 0 1

Mean

Bag 0.57 3.77 554 1.49 6.23 417 84 35 12 04 0.0

Sheet 0.48 4.00 575 1.44 6.50 125 58 38 10 05 03

Filament 0.59 3.88 6.00 1.55 7.00 41 26 15 04 11 05

measurements (Table 1). Thus, our physical situation is eneresulting post-breakup fragment distributions in our experi-
getically similar to that in nature despite the apparent dynam-mental setup, and that they may only be indirectly important
ical differences. The observations we made question the dithrough possibly influencing the eventual breakup type — par-
rect importance of collisional kinetic energy to the resulting ticularly for smaller drop sizes. Only the breakup type itself
breakup drop-size distribution in our experiments. Low andseems to directly determine the average resulting drop-size
List (1982a) suggested collisional kinetic energy was impor-distribution.

tant in determining the likelihood of breakup. We ob d
ant I getermining the 1kelinoad of breaxup. e observe Of the 25 drop-breakup events observed here, 8 were fil-

a variation in oscillation behaviour and lengths of time be- s, 4 heet 413 b h i
fore breakup after a collision-coalescence event despite som@Nents, & Were sheets, an Were bags. 1he experimen-

similar pre-collision conditions. In addition to the impact, t"’,‘l szat I'Sb s;gmmanseﬂ In T,"’lb:f 1,3a?d tg((je.t.resuitlng drotp
interaction with the air is likely to have contributed to these Siz€ distributions aré shown in 1g. s. In addition, fragmen

drop oscillations for the larger drops used. Yet after coales-SiZ_e distri_butions were also_computed us_ing the param_eteri-
cence, once the drop configured itself where it became apg,atmns given by Low and List (1982b), with the corrections

h i K il in the vi reported in List et al. (1987), and using parameterisations by
parent thata given breakup mode will occur in the video data1\/|cFarquhar (2004a). The Low and List (1982b) and McFar-
the resulting fragment drops for that breakup type followed L
a similar distribution on average. Our observations sugges uhar (200.43). par'ameterlsatlons can .be US.Ed to calculate the
that either collisional kinetic energy or earlier drop interac- ragment distribution due to breakup in 3 different breakup

tion history may not necessarily be directly important to the YPes: disk, sheet, a_nd filament. For filament breakup it is
assumed that two primary modes result; one centred on the
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Fig. 3. Normalised histogram comparisons between observed drop breakup distribution and those predicted by the Low and List (1982a, b)
and McFarquhar (2004a) parameterisations for each breakup type. Bin values represent lower limit sizes; a drop diameter of “0” represents
all particles between 0 and 1 mm, and so forth. Interquartile range is shown in observed results; horizontal bé) repfesents what is

deemed to be the maximum error in the drop-size. Both data resolution (1 mm) and high resolution (1 um) are shown.

small drop diameter and the other on the coalesced drop diadjoining bridge between the two primary drops. This mode
ameter; in the case of Low and List these are normally dis-is assumed to be log-normally distributed in both the Low
tributed whereas in the case of McFarquhar the small modend List, and McFarquhar methods. For sheet breakup, two
is normally distributed, but the large mode is a delta functionmodes are assumed to result, a normally distributed mode
of size equal to the coalesced drop size. In addition it is ascentred on the large drop and a log-normally distributed, this
sumed that a third mode results through disintegration of thds the same for disk break-up. Common to both the Low and
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List and McFarguhar method is the way in which the number For the drop sizes we interacted experimentally, the com-
of resulting drops from the each of the break-up types are deputed distributions using the Low and List parameterisations
termined, which is defined in by Low and List (1982b). The (Fig. 3ii) showed key differences to our observed data. Com-
mode diameters and relative heights of all of the modes comparing filament breakup, the parameterisations over-predict
prising the break-up functions for filament, sheet and disk arghe number of resulting drops that are 3mm or larger, but
determined in different ways for the two parameterisationsunder-predict the number of drops 2 mm or smaller, particu-
(see original papers for details). Once the parameters of eadarly for the smallest sizes. The parameterisations predict no
distribution are known they are integrated over the limits of drops of these small sizes despite the fact that we observed
the size bins used in this observed data (1 mm width) to enthem to be most numerous despite our relative insensitivity
able fair comparison. We were not required to calculate theto these smaller sizes due to resolution restrictions. The pre-
total breakup function (as in Low and List, 1982b) since we dicted distribution also reveals a mode at the largest drop-size
were able to classify each observed breakup event into thassociated with the larger parent drops which is not always
one of the three types. present in the observations. Predicted sheet fragment dis-
Observed filament and sheet breakups are compared wittributions show broad agreement in concentration for frag-
those derived from the parameterisations. We did not ob-ment sizes between 2-5 mm, with decreasing concentration
serve disc breakups to enable comparison, and there is nfor larger fragments. The parameterisations over-predict the
data available to us that we are aware of in the literature tanumber of resulting drops, however, as fragment size in-
compare our bag breakups with. creases above 5 mm. At the smallest fragment drop-size, the
The observed breakup distributions (Fig 3i) reveal a con-parameterisations suggest decreasing concentration, and at
sistent pattern of increasing drop concentration with decreasthe largest sizes, predict increasing concentration which is
ing drop-size for a given breakup type. The concentration ofthe opposite of the observations. Comparisons of the ob-
smaller drops (1 mm or less in diameter) increases as breakugervations to the predicted fragments indicate that there is
type transitions from filament{40 % of total), through sheet enough similarity to be able to cautiously compare the sheet
(~50 %), to bag breakup~(75 %), where explosive breakup breakups we observed with those of other researchers who
was more likely to be observed. This trend is qualitatively used a different experimental approach.
consistent with the experimental observations of other re- It is possible that these discrepancies result from the Low
searchers (e.g. Barros et al., 2008) despite their alternativand List parameterisations being less applicable to the rela-
experimental setup (see Sect. 2). Sheet and bag breakujvely larger drop-pair sizes interacted in these experiments,
produced relatively fewer larger drops (1 mm or larger) thanranging in size from 3—6 mm with size ratios of 1.0-2.0 (Ta-
filament breakup, as would be expected from a greater porble 1); those used by Low and List (1982a) ranged in size
tion of the coalesced drop mass transferring to predominanthfrom 0.395-4.600 mm and had size ratios between 1.8-11.4.
larger concentrations of smaller drops on breakup for thosén general, the parameterisations of Low and List may only
two breakup types. Sheet breakup had slightly higher conhave application to the drop-pair sizes used in the experi-
centrations of drops 2-3 mm in diameter than bag breakupments from which they were constructed (larger size ratios
consistent with the reduced breakup explosiveness. The inare, however, likely to be more representative of breakup
terquartile range in the observed distributions was greatestvents inside natural clouds, McFarquhar and List, 1991b).
for smaller drop sizes for all breakup types; the number of This is further supported by two further notable differences in
small drops produced was highly variable for a particularthe filament breakup distributions in Fig. 3i: (a) the presence
breakup event. Larger drops were more consistent in conef a saddle between the two observed distribution modes; (b)
centration with the exception of filament breakup, whosethe observed shifting to a smaller size of the mode corre-
propensity to produce larger drops more frequently led tosponding to the larger of the original drops. The saddle, (a),
greater variability between breakup events. is possibly a consequence of how the filament bridge forms
In the computed parameterised distributions (Fig. 3ii andbetween drop-pairs of such large size; in the case observed
iii), two resolutions of data are presented. The first is datahere with two larger drops 4-6 mm in diameter, the bridge
resolution corresponding to a bin size of 1 mm — the mini- that formed was often substantial, containing a greater wa-
mum size used in the observations — to help with direct comter mass. This often allowed greater filament length before
parisons. The second, higher resolution of 1 um is used tdreaking into smaller drops, and thus led to greater numbers
show the finer details of the parameterisations. The higheof smaller drops, to form a more substantial mode at smaller
resolution data had to be normalised; the scaling factors fosizes. A shorter bridge would more likely be formed by
filament, sheet and disc breakup lines were 200, 1000 andmaller parent drops, and result in less beading and reduced
100 respectively for the Low and List parameterisations, andsmaller drop concentration, and distributions more compara-
30, 200 and 300 respectively for the McFarquhar parameterble to those described by the Low and List parameterisations.
isations. Furthermore, because the drops used here where larger than
have been used previously, it is more likely that they will be
separated in size in the resulting distribution from the smaller
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fragments of the bridge. The modal size shift, (b), is likely a imisation,« was calculated to be 55.8646. Repeating this
consequence of mass conservation; the second mode at largarocess for sheet breakup, we formulated Eq. (2), where
size corresponds to a size slightly smaller than the pareny = 1180340 andg = 3.1243. These approximations also
drop sizes. In filament breakup, the parent drops are typfit the fragment distributions observed by Low and List rea-
ically restored, with mass lost to form the filament bridge; sonably well as shown in Fig. 4.
the corresponding reduction in drop-size is represented by
this second mode. No such co.rres_pondence between seg; =a<ﬁ> (D — Ds)+2 1)
ondary mode and parent drop-size is observed by the Low D
and List parameterisations; the second mode remains centred
on the larger drop-size after breakup. This may suggest thaf's = ny +2 (2)
conservation of mass requires a more complete treatment in
breakup parameterisations. McFarquhar (2004a) constructed Using these equations in lieu of those derived by Low
new parameterisations which treated this explicitly. The pa-and List in their parameterisations and those of McFar-
rameterisations, however, assumed that the mass in the figuhar (2004a), we recalculated the predicted fragment dis-
ament was not contributed by the larger of the two parenttributions for the larger drop sizes used in our experiments;
drops (modelled as a delta function) — based on analysis ofhese are plotted in Fig. 3iv and v respectively (note for high
the Low and List parameterisations by Brown (1997) — andresolution plots, normalisation scaling factors of 1000 for
so the modal shift observed in experimental data is not repboth sheets and filaments were applied to the Low and List
resented, as seen in Fig. 3iii. However, in the experimentaparameterisations, and 250 and 200 for filament and sheet re-
observations of other researchers, filament breakup has beeapectively for the McFarquhar parameterisations so that fea-
associated with mostly glancing impact between the two partures can be identified on the same axis scale). The new frag-
ent drops which may result in little modal shift. In our experi- ment fit increases the concentration of drops from 1-3mm
ments, most of our drops coalesced before breaking up whicland decreases the concentration of drops 3-5mm, relative
is more likely to result in greater mass being contributed toto the original Low and List filament breakup parameterisa-
the filament than with a glancing edge impact, exaggeratingions, to be considerably closer to those observed (Fig. 3iv).
any modal shift. Furthermore, the McFarquhar parameteri-Sheet breakup fragments are not significantly altered. The
sations reveal that neither filament nor sheet breakup distrinew approximation still does not capture the larger number of
butions compares as well to our observed data relative to themaller drops observed, and for filament breakup, this could
Low and List parameterisations when extrapolated to largebe related to the way the standard deviation of the lognormal
drop sizes. Larger numbers of smaller drops are predictegbart of the distribution is calculated — it may be overestimated
for sheet breakup; however, this seems to be a significanby Low and List and underestimated by McFarquhar. Frag-
over-estimate. ment concentration for filament breakup using the alternate
In examining how well mathematical fits to the original fits in the McFarquhar parameterisations, increases for sub-
observed fragment data collected by Low and List (1982a)mm drops to larger values than is observed and decreases for
scaled to drop sizes outside the parameter space to whickizes 3—4 mm to values comparable to those observed. Sheet
they were originally compared, we noted areas where the fitbreakup fragments are not significantly altered. In general,
broke down. Equation (3.3) given in Low and List (1982b) the original Low and List parameterisations with adjusted
describes the number of fragments for filament breakupfragment concentration approximations compare better with
however this approximation to the observed data produceghe observed concentrations for all but the smallest fragment
negative values for the larger drop sizes interacted in our exsizes, but still do not reproduce the saddle and mode shifts
periments, in which we saw many smaller drops (note thatobserved for filament breakup. Further work is suggested to
Low and List do account for this by ensuring that the min- improve parameterisations to fit breakup distributions of all
imum value this equation can give is 2 to remain physi- observed drop sizes.
cally sensible). By summing the average numbers of frag- In addition to 25 coalescence and breakup events listed
ment drops in each distribution bin for filament breakup, wein Table 1, we observed separately an instance where a
were able to acquire an equivalent fragment number valuaear-filament breakup event failed and the drop did not
(equal to 10.2) that is obtained using Eq. (3.3) in the Low breakup, but re-formed into a flattened drop before enter-
and List approximation. Plotting this value amongst the oth-ing bag breakup within a few hundred milliseconds. We
ers provided by Low and List against the difference in dropalso observed two instances of breakup occurring twice in
sizes revealed families of straight lines through the origin,succession from the same parent drefl §): the first in-
with a gradient depending on the ratio of the small to largevolved a filament breakup followed by a bag breakup of the
drop-size. Using this empirical observation, we formulatedlarger remaining drop; the second involved two bag breakups
Eq. (1) (note the final term is to ensure that in the case wherevhere after the first breakup, a large enough drop remained to
Ds= D_, there are at least the original 2 parent drops result-break up again as a secondary bag breakup event. This type
ing). Using non-linear regression using least squares mineof double breakup is not currently modelled when applying
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i Filament Breakup coalescence and breakup is considerably sho#tiis] than
(IR I R R R RN R the timescales associated with spontaneous breakds].
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2 Lo and Lt 3.2 Simulation of stochastic coalescence and breakup

The evolution through coalescence and breakup of an ini-
] tial drop spectrum was simulated through the solution of the
, R ] stochastic coalescence and breakup equation. Our method
®
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to solve the stochastic coalescence/breakup equation follows
Bott (1998). Bott has demonstrated that this method gives
excellent results when compared to the analytical solution to
LA 1 Golovin's kernel and when compared to the more computa-
+ : tionally expensive Berry and Reinhart method. Also, it has
+ ] been shown that a 1-moment approach is adequate for resolv-
ing stochastic breakup (Feingold et al., 1988).

A mass grid is used, ofwhicheachadjacentbinl@Z
o 01 02 03 04 05 06 07 times the previous bin. The number-size distribution is trans-
Large drop size {om) formed into a mass distribution following Berry and Reinhart
Sheet Breakup and the equation is integrated using a simple time-stepping
AR N S B R ] scheme. Firstly the loss of mass from two bins contain-
g (")' B:\:Vaand List fit 1 ing colliding drops is calculated using the collision kernel of
F | — New fit ‘ ] Long (1974). The mass from these interacting bins is added
I ] together and the fraction that coalesces is added to the bin
that is nearest to the sum of the two interacting bins — of
which a fraction is then transported to the adjacent mass bin
using the exponential flux method. The mass that does not
coalesce is redistributed on the mass grid using the fragment
distributions calculated from Low and List (1982b). Also im-
1 plemented are spontaneous breakup schemes where drops of
/ 1 a certain size have a finite probability of breaking up due
A o ] to hydrodynamic instability, yielding a fragment distribu-
Vg/ tion that is exponentially distributed (see Kamra et al., 1991;
= ] Komabayasi et al., 1964; Villermaux and Bossa, 2009).
R Cloud drop-size distribution evolution was simulated for
0 01 02 03 04 05 06 07 1500s with the spontaneous breakup scheme active in all
Large drop size (cm) cases to examine how drop mass-weighted mean diameter
Fig. 4. Comparison between the original Low and List (1982a) data ((;:?p Sgr)]caer:gr;ggszr:;agg;é?&g%;gffodﬁ telr?tlt\l/stlarcelov;?-
combined with our data, and both the original Low and List fits and | o . .
our modified fits. ied for cases when collisional breakup was active and inac-
tive to test sensitivity. The resulting drop size distributions
are shown in Fig. 6.
the Low and List breakup parameterisation to the stochas- Figure 5 reveals that the time to reach a steady-state
tic coalescence and breakup equation; however, it is diffi-in mean drop-size and concentration is heavily influ-
cult to judge the statistical relevance of this type of eventenced by the cloud liquid water content, with greater val-
in nature. Given that for our experimental setup we wereues allowing steady-state to be reached earlier; a value
able to observe that a variable length of time can pass beef 3x 10-3kgkg! allows steady-state to be reached by
tween collision-coalescence and eventual breakups), it  ~500s, and & 103kgkg™! by ~1500s. Collisional
is worth highlighting the question of how long is required breakup reduces the resulting steady-state mean drop diam-
before breakup for the event to be classified as collisionally-eter from~2.5 mm to~0.5 mm ¢factor of 5), which is not
induced or spontaneous. In very few of the preliminary ex-substantially changed by initial cloud liquid water content.
periments separate to the data presented here, true spontaimilarly, steady-state drop concentration was increased by
neous breakup was observed where a large degpnfm)  collisional breakup from~1.5x 10°m—2 to ~7 x 10*m—3
in the pressure-well of the wind tunnel that had not been(~factor of 50). The resulting drop size distributions
subjected to direct collisions, eventually broke up after tens(Fig. 6) did not show a three-peaked distribution as observed
of seconds. The variable length of time between collision-in modelling studies by List and McFarquhar (1990) and
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Fig. 5. Simulations of mass-weighted mean diameter and concentration changes during cloud evolution for 1500 s. Initial drop concentration
and cloud liquid water content were varied for cases when collisional breakup was either active or inactive. Spontaneous breakup was active
in all runs.

McFarquhar and List (1991a, b) in which a requirement for distribution, cloud evolution and rain formation may be less
such distributions appeared to be the presence of overlappingignificant relative to parameters less dependent on aerosol
and interacting falling rain pulses. The initial drop concen- such as initial cloud liquid water content (for fixed drop con-
tration had less effect on the time taken to reach steady-stateentration).
a factor of 5 increase in initial drop concentration led to a The distributions observed in our experiments were con-
delay of~100s to reach steady-state. It also had no effectsidered for inclusion in the computer program to solve the
on the resulting mean size or resulting drop concentrationstochastic coalescence and breakup equation, to enable a
however, increasing initial drop concentrations resulting incomparison with the Low and List distributions; however,
more rapid mean size and concentration changes as steadgur lack of sensitivity to sizes smaller than 1 mm was consid-
state is approached — this follows from the reduced initialered a sufficient enough shortcoming to prevent this. How-
concentration that increasing initial drop number causes foever, it was possible to compare the estimated distribution
a fixed initial cloud liquid water content. This rate of change fragment concentration from the Low and List parameteri-
is affected to a considerably greater extent from alterationsations with those observed. From this it was possible to
in initial cloud liquid water content however. quantify estimated adjustments to the predicted fraction of
The resulting drop size distributions (Fig. 6) show no pres-total breakup events from the Low and List parameterisations
ence of a three-peaked distribution. Increasing initial cloudfor drop-pairs of sizes 4 and 6 mm. These larger drop sizes
liquid water content increases the maximum drop-size byare observed in nature (Hobbs and Rangno, 2004), but the
0.5 mm to~3 mm when collisional breakup is active. In the Low and List parameterisations were not constructed from
absence of collisional breakup, the resulting distribution isobservations of drops of such large sizes and in fact predict
markedly broadened, particularly for greater initial cloud lig- very low concentrations of large-@ mm) drops. Figure 7
uid water contents. The initial drop concentration has negli-shows both the time varying percentage fraction of total col-
gible effect on the resulting distribution regardless of whetherlisions, and percentage fraction of total fragments that the
or not collisional breakup is active. This may be relevantLow and List parameterisations predict should occur from
to considerations of how aerosols affect cloud microphysicsdrops of size 4 and 6 mm (comparable in size with the mean
(Lohmann and Feichter, 2005), and may also affect calculasizes used in the experiments here, Table 1) for two high val-
tions of precipitation susceptibility (Ma et al., 2010; Stevens ues of cloud liquid water content of 3 and 5 kgKg It is as-
and Feingold, 2009). Aerosol influences on cloud drop-sizesumed that a precipitating drop concentration sf10-31-1
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disc and sheet predictions are both compared to our observed
sheet breakup data; it should be noted that our sheet data does
Fig. 6. Resulting simulation drop size distributions. Initial drop N0t match well with the predicted disc data and so values here
concentration and cloud liquid water content were varied for casedOr disc breakup should be treated cautiously. After adjust-
when collisional breakup was either active or inactive. Spontaneougnent of the maximum percentage contributing fractions in
drop breakup was active in all runs. Fig. 7, as many as'1-3 % of total fragment drops could ac-
tually be contributed by the larger drop-pair interactions for
filament and sheet breakup.
is present initially in the rain shaft, with an exponential drop-
size distribution. Spontaneous breakup is not represented in
the calculations to ensure only the collisionally-induced con-4 Summary
tributions to breakup events are represented to be consistent
with the experimental observations. The Low and List pa- The breakup of large colliding water drops has been exam-
rameterisations suggest that a maximum~d@f.18-0.40% ined using a vertical wind tunnel and high speed video. The
of total breakup events are expected to be contributed bybjectives of this study were to examine the breakup frag-
the larger 4 and 6 mm drop-pair interactions &.0.5mm;  ment distributions of larger drops than have been used in
5.8+ 0.5mm) and~0.26-0.66 % of all breakup fragments. previous experimental studies. The conditions which lead to
These fractions reduce in value rapidly and are negligible bybreakup of a given type were not examined. Additionally, the
100s. It is possible to compare the prediction of percentagdreakup distributions were compared to predicted distribu-
fragment contributions with an equivalent result based on thdions from computed extrapolations of the parameterisations
experimental observations. By comparing the number of ob-of Low and List (1982b) and McFarquhar (2004a) to examine
served experimental breakup fragments with those estimatedhether they are valid for drop sizes larger than those orig-
from the distributions resulting from the Low and List pa- inally used in their construction. Furthermore, simulations
rameterisations, it is possible to find adjustment factors forof cloud drop-size distribution evolution and contributions to
each breakup type to apply to Fig. 7. These help to quantifythis from larger drop-pair sizes are performed to examine the
the underestimation of fragment concentrations of the Lowsignificance of these interactions.
and List parameterisations for the drop-pair sizes used in the Of the 25 drop-breakup events observed here, 8 were fila-
observations. Appendix A describes the method to establisiments, 4 were sheets, and 13 were bags (Table 1). The con-
the estimated parameterised fragment concentrations used t@ntration of smaller fragment drops (1 mm or less in diame-
determine these factors, and these are listed in Table 2. Relder) in our observations increases as breakup type transitions

Drop diameter (mm)
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Table 2. Factors to adjust the predicted percentage fraction of total resulting breakup fragments contributed by 4 and 6 mm drop-pair
interactions based on the Low and List parameterisations. The adjusted range corresponds to initial cloud liquid water contents of 3 and
5kgkg L. (See Appendix A for procedure to calculatgalue and total estimated fragments.) Note that disc and sheet predictions are both
compared to our observed sheet breakup data (see discussion section).

Total Observed Relative  Adjusted maximum %
Breakup estimated average total fractional fraction contribution
type k value fragments fragments difference of fragments
Filament  1.64x 104 2.46 10.25 4.17 1.1-2.8
Sheet 5.64< 107° 5.66 23.75 4.20 1.1-2.8
Disc 2.58x 1074 3.87 23.75 6.14 1.7-4.1

from filament (40 % of total), through sheet60%), to  the total fragment concentration produced by interactions be-
bag breakup~75%) (Fig. 3). Fragment distributions de- tween the larger 4 and 6 mm drops used here, based on our
rived from the Low and List parameterisations tended todata. This revealed that as many-ak-3 % of total fragment
over-predict the number of large drops, but under-predict thedrops could actually be contributed by the larger drop-pair
number of drops 2 mm or smaller, particularly for the small- interactions for filament and sheet breakup for a precipitat-
est sizes (Fig. 3ii). The McFarquhar parameterisations do noing drop concentration of & 1031~ with an exponential
compare well with the observed fragment distributions whendrop-size distribution with cloud liquid water content rang-
extrapolated to the larger drop sizes used here (Fig. 3iii)ing from 3-5kgkg?.

Using new approximations for resulting fragment concentra-

tions (Egs. 1 and 2) based on empirical observations from the

combination of Low and List’s experimental drop breakup

data with ours, new fragment distributions were calculatedAppendix A

for the parameterisations of both Low and List, and McFar-

quhar, which satisfied both datasets reasonably well (Fig. 3i\Calculation of parameterisation adjustment factors

and v; further details in Sect. 3.1, paragraph 11). However,
the new approximation still did not capture the larger num-

. In Sect. 3.2, fragment contributions from 4 and 6 mm dro
ber of smaller drops observed. Further work is suggested t g P

) o . R fhteractions relative to all interactions are predicted based
improve parame_terlsatlons to fit breakup distributions of allOn the Low and List parameterisations and solution of the
observed drop sizes. stochastic coalescence and breakup equation. By comparing
The evolution of a simulated initial drop distribution was the number of observed drop fragments from the estimated
computed through the solution of the stochastic coalescencgumber suggested by the parameterisations, factors can
and breakup equation (Sect. 3.2). The computations repe established for interactions between 4 and 6 mm drops.
vealed that the time for mean drop-size and drop concentraThese can then be used to adjust the fractional contribution
tion steady-state to be reached was independent of whetheflues suggested by the parameterisations to help better
collisional breakup was active, was weakly influenced by ini- indicate their overall significance to the resulting drop size
tial drop number, but was heavily dependent on initial cloud distributions, given that such large drops have been observed

liquid water content (Figs. 5, 6 and Sect. 3.2). The result-in natural clouds (Hobbs and Rangno, 2004).
ing drop spectrum (Fig. 6) was again influenced heavily by

initial cloud liquid water content in addition to whether col-
lisional breakup was active. The relative lack of significant

. L . . List of terms (Sl units):
influence of the initial drop concentration on the resulting

Mass of large drop

steady-state mean drop diameter, drop concentration, and the ,
resulting drop spectrum has implications when considering ,,
significance of the effect of aerosol on cloud microphysics M;
and evolution of raindrop size distributions. k

A comparison between the total number of breakup frag- p,,
ments from the Low and List parameterisations and those p;
observed was made to find adjustment factors which could v,
then be applied to the fragment contribution values given vg
in Fig. 7. This provided an estimate for the contribution to v;
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Mass of small drop

Total mass

Mass of distribution element
Scaling factor

Density of water

Drop distribution

Volume of large drop

Volume of small drop

Volume of distribution element
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