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ABSTRACT

Numerous laboratory and numerical studies have been dedicated to understanding collisional breakup as
one of the most important processes in rain formation. The present study aims to identify when, in natural
rain, collisional breakup is dominant and thus able to modify the shape of the raindrop size distribution
(DSD), up to the equilibrium DSD. To this end, an automated objective algorithm has been developed and
applied to a total of more than 6000 two-minute-averaged DSDs. Since breakup is mostly observed in heavy
precipitation, the method was applied to the DSDs where rain rate was above 5 mm h ™! The selected breakup
DSDs had good agreement with those predicted to be the equilibrium DSD by different theoretical models.
The equilibrium DSD was found in a variable fraction of the total samples (0%-7%), confirming that the
onset of equilibrium is a rare event in natural rain. The occurrence of a DSD in which breakup is dominant and
modifies the DSD but the equilibrium DSD is not reached is higher (15%-47%). The gamma distribution,
which has been widely used in the parameterization of observed size spectra, had a poor fitting in breakup-
induced DSD, especially in the 1.0-2.6-mm-diameter interval. This can impact applications for which the
parameterization of DSD is needed, such as in the retrieval of a DSD integral parameter (such as rain rate)

from active remote sensor data.

1. Introduction

The characteristics of the raindrop size distribution
(DSD) have been widely studied since Marshall and
Palmer (1948), which introduced a specific version of
exponential distribution for the observed size spectra
based on Marshall et al’s (1947) measurements of
raindrop records on dyed filter papers. Marshall and
Palmer (1948) added that their measurements were in
fair agreement with a similar study by Laws and Parsons
(1943). Since the impact-type Joss—Waldvogel dis-
drometer (Joss and Waldvogel 1969) became commer-
cially available during the early 1970s, there have been
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numerous studies on the representation of observed
DSD in a mathematical form. Among those studies, the
gamma distribution (Ulbrich 1983) has been widely used
and is adopted for retrieval of DSD from spaceborne
radar measurements, including the National Aero-
nautics and Space Administration (NASA) Tropical
Rainfall Measuring Mission (TRMM) Precipitation
Radar (Kozu et al. 2009) and the Global Precipitation
Measurement (GPM) mission Dual-Frequency Radar
(Seto et al. 2013). Meanwhile, advances in optics and
radar technology resulted in newly designed dis-
drometers, which later became commercially available.
The two-dimensional video disdrometer (Kruger and
Krajewski 2002) and the laser-optical Particle Size Ve-
locity (Parsivel) disdrometer (Loffler-Mang and Joss
2000) are based on optical principles, while the Pre-
cipitation Occurrence Sensor System (POSS; Sheppard
1990) and Pludix (Prodi et al. 2000) are low-power
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radars. The optical disdrometers measure the size and
fall velocity of individual hydrometeors directly, while
the radar-based disdrometers infer the size distribution
in a relatively larger sampling volume. Comparative
studies intend to demonstrate advantages and short-
comings of each disdrometer type (Krajewski et al. 2006;
Tokay et al. 2013, 2014), so the error in physical in-
terpretation and any other application of DSD can be
assessed. The shape of the size distribution is highly
variable not only because of the changes in rain intensity
but also because of the physics of precipitation. Tokay
and Short (1996) demonstrated the differences in DSD
between the convective and stratiform rain at the same
rain rate in the tropics. Similarly, the DSD exhibited
different concentrations between small and large drops
at the same reflectivity in the Amazon basin of Brazil
between westerly and easterly regimes (Tokay et al.
2002). There have been distinct differences in DSD
shape at the same reflectivity when rainfall is dominated
through the collision—coalescence process in the pres-
ence of the shallow ice layer aloft and when rainfall is
dominated though the riming process of the deep ice
layer. The former is typically observed in rainfall of
oceanic origin, while the latter is often seen in rainfall of
continental origin (Tokay et al. 2008). The breakup is
one of the main mechanisms that determine the DSD
shape in natural rain. In particular, when a larger drop
and a smaller drop collide and their collisional kinetic
energy (CKE) is not dissipated by viscous motion of
water molecules inside the coalesced drop but is able to
overcome the surface tension, the drops break in smaller
fragments. Undisturbed water drops can survive falling
in air, reaching sizes from 6 up to 8 mm (Villermaux and
Bossa 2010; Szakall et al. 2010) and then break because
of aerodynamical deformation. This is known as aero-
dynamical breakup, and it does not play an important
role in natural DSD shape; Barros et al. (2010) showed
evidence that the mean free path for a collision between
two drops is comparable with the average distance a
drop has to fall before having spontaneous breakup and
that their setup does not correctly represent free-fall
natural conditions.

The first laboratory studies on collisional breakup
were made by McTaggart-Cowan and List (1975) setting
up an aerodynamic drop accelerator to study collisions
between 10 pairs of drops (ranging from 0.04- to 4.4-mm
diameter) at terminal speed. With a similar setup, Low
and List (1982a,b) and List et al. (2009) increased the
spectrum of drop sizes in colliding pairs in order to
cover a wider range of events. More recent laboratory
studies focused on fragment distributions (Emersic and
Connolly 2011) and aerodynamic breakup (Villermaux
and Bossa 2010; Szakall et al. 2010). McFarquhar (2004)
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used a box model to derive the equilibrium DSD where
the mass is conserved. The resultant DSD had two peaks
around 0.26 and 2.3 mm and a relative minimum around
1.6 mm, where coalescence and breakup were balanced.
Prat and Barros (2007) followed Low and List (1982a,b)
and McFarquhar (2004) parameterizations in a micro-
physical model and found a good agreement in peak
location of DSD equilibrium, with higher discrepancies
in the number of very small droplets (diameter below
0.2 mm). They also obtained a third peak around 0.8 mm
when they used Low and List’s (1982a) parameteriza-
tion. By using a different modeling approach and
introducing a new parameterization, Straub et al. (2010)
found a stationary DSD with two peaks around 0.5 and
2.0mm. It has to be mentioned that small differences in
peak positions among modeling results could be due to
different model approaches and rain processes kernels
(Prat and Barros 2007; Prat et al. 2012).

Evidence of the breakup influence on experimental
DSD shape was observed by Zawadzki and De
Agostinho Antonio (1988) and Willis and Tattelman
(1989), with a bimodal DSD at rain rates higher than 100
and 200mmh ™", respectively. For much lower rain rates,
Wilson and Barros (2014) estimated the relative impact
of coalescence and breakup in natural rain at different
altitudes. Porcu et al. (2013, 2014) measured DSDs at
different altitudes and observed the breakup evidence
with a bimodal DSD shape. They found that peak di-
ameters were different from those of McFarquhar (2004)
and had altitude dependency.

The three-parameter gamma distribution (Ulbrich
1983) is frequently used to model the DSD. Willis and
Tattelman (1989), for instance, fitted the experimental
DSDs with gamma distribution and computed the
squared error for each measured distribution over a
wide range of rainfall. They found that the gamma dis-
tribution is generally a good approximation, but, in the
presence of the bimodal DSD, a more complex function
is needed to represent the observed size spectrum. Cao
and Zhang (2009) calculated bias and fractional error for
different moment estimators of measured and gamma-
modeled DSD. Their results show that generally middle-
moment estimators—namely second, third, and fourth
order—produce lower error, except when the DSD is
not well fitted by the gamma distribution; in that case,
the order of moment estimators depends on the selected
integral parameter (i.e., third and sixth order can be
used for the dual-polarized radar parameters).

The aim of this work is to analyze the DSD of natural
rain to identify the signature of collisional breakup. For
this purpose, we set up an automatic breakup identifi-
cation algorithm that can be applied to experimental
DSD data. The paper is structured as follows. Section 2
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describes the characteristics of instruments and the data-
sets used in this study. The algorithm is described in
section 3. The application of the algorithm to dis-
drometer datasets that were collected at various climatic
regimes is reported in section 4. This section highlights
the characteristics of DSD where breakup is dominant
(and the equilibrium DSD is reached) and where it is not.
Section 5 presents the comparison between experimental
DSDs and gamma-fitted distributions, while the conclu-
sions and future perspectives are presented in the last
section.

2. Instruments and measurement campaigns
a. Two-dimensional video disdrometer (2DVD)

The 2DVD (Kruger and Krajewski 2002; Schonhuber
et al. 2007) measures size, fall velocity, and shape of each
hydrometeor that falls in its cross section, which is
nominally 10cm X 10cm. It is equipped with two high-
speed line-scan cameras (A and B) with orthogonal
projections. The matching images from camera A and
camera B are critical to obtain geometrical properties of
the hydrometeor correctly. The hydrometeor size is es-
timated by counting the number of pixels occupied in
each image in both cameras. The fall velocity of hy-
drometeors is directly related to the elapsed time be-
tween the two planes. In that regard, each 2DVD is
calibrated with dropping metal spheres. In the presence
of rain, the deviation of measured fall speed from Gunn
and Kinzer’s (1949) observations may hint at a calibra-
tion error or oscillatory behavior, as documented in
Thurai et al. (2013). The secondary drops either due to
the splashing or dripping at the edge of sampling cross
section or mismatching are filtered out using a threshold
where the measured fall speed is faster or slower than
plus or minus 50% of the Gunn and Kinzer (1949) ob-
servations. Recent comparative studies revealed that
the 2DVD often underestimates the drop concentration
for sizes less than 0.5 mm in diameter (Tokay et al. 2013).
For the present study, the drops with diameters between
0 and 10mm are considered. To construct the size dis-
tribution, the bin size has been set to 0.2mm and the
sampling time to 1 min.

b. Parsivel

Parsivel® is the third generation of the laser-optical
disdrometer. Parsivel was originally developed by PM
Tech Inc., Germany (Loffler-Mang and Joss 2000).
Later, OTT redesigned Parsivel mainly as a present-
weather sensor for the transportation industry. Parsivel®
is an upgraded version of Parsivel, and measurement
accuracy at both the small and large drop ends is
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noticeably better in the new model (Tokay et al. 2014;
Angulo-Martinez and Barros 2015). It has a laser diode
(wavelength 780nm) that generates a horizontal flat
beam. The measurement area is nominally 54cm?.
When a hydrometeor passes through the laser beam, it
produces an attenuation proportional to its size. A re-
lationship between the attenuation and the particle size
is used to estimate the particle size. Parsivel® can mea-
sure particles of diameters up to about 25mm and
classifies them in 32 size classes of different width. The
instrument also estimates the hydrometeor terminal
velocity by measuring the time necessary for the particle
to pass through the laser beam. As for the 2DVD, the
Parsivel sampling time is also set to 1 min.

c. Field campaigns

The 2DVD data in this study were collected in six
different field campaigns that were conducted under the
GPM ground validation program (Hou et al. 2014). The
number of instruments, the seasonality, the location, and
the duration of the field studies vary from one site to
another and are listed in Table 1. The first column of
Table 1 also reports the city of the operational center of
each campaign, while the instruments were collocated at
various distances ranging from 100m to about 110km.
The sizes of the datasets used in this study ranged from
about 140 min during the Light Precipitation Validation
Experiment (LPVEXx; Tokay 2010) to about 4200 min dur-
ing the Iowa Flooding Studies (IFloodS; Tokay 2013), as
noted in Table 1. The Parsivel® data were collected in three
of the six field campaigns, and the dataset sizes range
from about 6500min for the Wallops Flight Facility
(Wallops; A. Tokay 2013, unpublished data) to about
9400 min for the Integrated Precipitation and Hydrology
Experiment (IPHEx; Barros et al. 2014; Tokay 2014). For
the other three sites, Parsivel (the previous version of
Parsivel®) is operated. Since the data quality of Parsivel®
is significantly better than that of the old model (Tokay
et al. 2014), we decided not to use the Parsivel data.

3. Collisional drop breakup identification
algorithm

Based on theoretical and laboratory studies, the
modification of the DSD shape from a single peak to two
or three peaks is a clear indication of collisional drop
breakup (Low and List 1982a; McFarquhar 2004; Prat
and Barros 2007).

During the evolution of a rain event, the collision—
coalescence and the collisional breakup dominate the
resultant DSD at the ground. If there is a dry layer un-
derneath the precipitation, evaporation also plays a
significant role, especially at the small-drop end. The
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TABLE 1. Overview of field campaigns.

2DVD Parsivel®
No. of No. of
No. of 1-min obs No. of 1-min obs
Field campaign Location Duration instruments (>5mmh™!) instruments (>5mmh™!)

IFloodS (Iowa City 42°N, 92°W May-Jun 2013 6 4222 14 7520
and Waterloo, Iowa)

MC3E (Ponca City, 36°N, 97°W Apr—Jun 2011 7 968 — —
Oklahoma)

Wallops (Wallops 37°N, 75°W Jul 2013-Mar 2014 6 3912 6 6446
Island, Virginia)

Alabama (Huntsville, 35°N, 87°W Dec 2009-Jun 2010 3 904 — —
Alabama)

IPHEXx (Asheville, 35°N, 83°W May-Jun 2014 5 2114 12 9316
North Carolina)

LPVEx (Helsinki, 60°N, 24°E Sep-Dec 2010 3 134 — —

Finland)

coalescence produces an increase of medium-size drops,
while the key feature in breakup is the presence of a
relative minimum followed by a relative maximum.
McFarquhar (2004) and Pratt and Barros (2007) re-
ported a relative minimum and maximum in the DSD
spectrum around 1.5 and 2.5 mm, respectively. The rel-
ative minimum and maximum position in the DSD
spectrum may be explained through CKE analysis, as
defined by Low and List (1982a):
_7p DngL 2
CKE = IR W v, )

where D is the drop’s diameter and V is the drop’s
terminal velocity, while the subscripts L and S in-
dicate large and small colliding drops, respectively.
Figure 1 shows the CKE values as a function of D,
and Dg.

Low and List (1982a) stated that collisional breakup
can take place when CKE > 5 uJ, but it is more effective
in modifying the DSD when a drop of a size corre-
sponding to the relative minimum (i.e., around 1.5 mm)
collides with a drop larger than 3mm, resulting in a
number of small fragments and one large fragment of a
size slightly smaller than the large colliding drop.
Breakup between larger size pairs may also occur as long
as provided CKE > 5ulJ, but it has less impact on the
DSD shape because of the lower number of such colli-
sions. For collisions with CKE > 5 uJ, the breakup can
occur or not, depending on other collision characteristics,
such as eccentricity (Schlottke et al. 2010; Szakall et al.
2014). As a result of breakup, drops around 1.5mm are
depleted, while there is an increase of small drops (less
than 1 mm in diameter) and an increase of drops around
2-3mm so that an inflection point shows up in the DSD

between 1.0 and 2.6 mm. The peak at small diameters is
more marked than the one at larger size. It should be
noted that it is impossible to recognize the breakup sig-
nature only by this feature because they could be due to
other factors that occur in and above the precipitation
layer (Radhakrishna and Rao 2009). Not even the second
peak, at larger diameter, represents a feature sufficient to
recognize the breakup because it can also be a product of
coalescence (McFarquhar 2004).

The inflection point in the range 1.0-2.6mm is the
main feature in DSD shape considered here to identify
cases where the breakup is dominant. When the equi-
librium DSD is reached, the inflection point lies be-
tween a local minimum and a local maximum, and the
DSD has positive slope around it. For this reason, the
slope of the DSD in the 1.0-2.6-mm range is analyzed:
the inflection point is searched for over a rather wide

x10%

o
CKE (J)

0 0.5 1.0 1.5 2.0 2.5 3.0
Small drop diameter (mm)

F1G. 1. CKE as a function of small and large colliding drops. The
white line marks the 5-uJ threshold.
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diameter range to take into account the expected un-
certainties in disdrometer measurement and in the
simulated DSDs, used here as a reference to identify
breakup signature in the DSD. Figure 2 shows three
examples of DSDs that, in the range 1.0-2.6 mm, have
positive (Fig. 2a) or negative slopes (Figs. 2b,c). The
dotted lines give a qualitative indication of the highest
slope (HS) direction, while the HS value computed by
the algorithm is reported in the Fig. 2 legends.

The automated algorithm is designed to identify the
strength of the breakup signal in the DSD. It is de-
veloped primarily for 2DVD data, which are sampled
at a uniform size bin, but it is also applied to Parsivel®
DSD, where the raw output contains drop counts at
uneven size bins. The algorithm consists of five steps:

o The linear best fit of the considered DSD is calculated
over a five diameter bins from smaller (starting point)
to larger diameters.

 Four different starting points are considered between
1.0 and 1.6 mm with steps of 0.2 mm. This results in
four linear relationships that fit the DSD between 1.0
and 2.6 mm.

o The HS of the four linear best fits is considered as a
reference to label the DSD.

e The individual DSDs are sorted from the lowest
(negative) to the highest (possibly positive) HS value.
HS ranges from —4.56 to 1.97m > mm >,

« A total of six classes are introduced based on HS. Most
of the DSDs have slopes between 0 and —2m > mm 2,
and this range is divided into four classes with an
interval of 0.5m > mm 2 (classes 2-5), and the remain-
ing two classes are defined with HS > Om *mm 2
(class 1) and with HS < —2m ™ *mm 2 (class 6).

The algorithm analyzes the DSD spectrum between 1.0-
and 2.6-mm diameter by computing the slope of the linear
best fit (see Fig. 2, dotted lines) and ranks the DSDs ac-
cordingly. The use of the slope of the linear fit was re-
vealed, after sensitivity studies, to be reliable and robust
in identifying the changes in slope of DSD, and it avoids
recognizing as breakup signature isolated spikes due to
the natural DSD variability at such short time scales,
especially if discrete differential operators are used.

The 1-min disdrometer observations are averaged
over 2min to have a more stable sampling and to
maintain a large-enough dataset. A minimum rainfall
threshold of Smmh ' is adopted to eliminate light rain,
since breakup is expected to take place mainly in heavy
rain (Li et al. 2009). This also prevents the analysis of
light-rain DSDs that can present sharp discontinuities
because of the low number of drops and because the
algorithm, which assumes the continuity of the DSD
between 1.0 and 2.6 mm, may fail.
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[—Hs=0.61] [—Hs=-0.25] [—Hs=-207]

0 1 2 3 0 1 2 3 0 1 2 3
Diameter (mm)
FIG. 2. Three examples of DSD with different values of HS of the

linear fit (dotted lines). The slope lines do not represent the re-
ported HS value because of axis shrinking.

As a matter of fact, many other mechanisms occurring
in the cloud or precipitation layers could be responsible
for multiple peaks in experimental DSD: the breakup of
ice particles (Valdez and Young 1985; Brown 1988), the
overlapping of rain shafts (Radhakrishna and Rao
2009), the coexistence of ice and supercooled water
(Zawadzki et al. 2001), and the complex interplay of all
these mechanisms (Radhakrishna and Rao 2009). Our
point here is that, when breakup is dominant in the rain
layer, it is able to substantially modify the DSD, and the
system may reach the equilibrium DSD, while the ef-
fects of other mechanisms are more evident in cases of
light precipitation rates.

4. Raindrop size distribution measurements

Figure 3 shows the 2DVD-derived DSDs averaged on
the six HS classes defined in the previous section for the
six field campaigns. The number of 2-min averages
(herein referred to as samples) for each class is also given.

A concave-down DSD shape with a single peak is
observed in all six sites for classes 5 and 6. The peak
occurred at a diameter between 0.5 and 1.0 mm, and the
relatively low concentration of smaller-size drops is
primarily attributed to the underestimation of small
drops by 2DVD (Tokay et al. 2013). For the remaining
four classes, a well-defined peak occurred at 0.3 mm. For
class 1, the DSD had a sharp decrease in concentration
from the peak to around 1.0 mm, followed by a plateau
where the concentration slightly increases without
changing significantly with size, until 2.0mm. A sec-
ondary maximum was observed at around 2 mm at most
of the sites, followed by exponential decrease with in-
creasing drop sizes. The DSDs with positive HS (class 1)
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FIG. 3. Mean DSD for each HS class for each field campaign from 2DVD data: (a) IFloodS, (b) Wallops, (c) MC3E, (d) LPVEX,
(e) Alabama, and (f) IPHEx. The number of samples of all HS classes is also reported.

have good agreement with those obtained by different
models and defined as the equilibrium DSD (McFarquhar
2004; Prat and Barros 2007; Straub et al. 2010). Thus, class
1islabeled as the equilibrium DSD. Class 2 shows a sharp
decrease in drop concentration from the peak to 1.0 mm,
followed by relatively slower decrease between 1.0 and
2.0mm. It represents samples where breakup is signifi-
cantly present, as witnessed by the inflection point on the
class 2 curves in Fig. 3, but the equilibrium DSD is not
reached. Class 2 can be seen as a transition between the
equilibrium DSD and the DSD where the breakup is
negligible with respect to other processes. Classes
3 and 4 have the exponential slope from peak distri-
bution to the largest observables sizes, wherein the
slope is sharper in class 4 than in class 3. When the drop
concentrations for each size interval fall below
0.1dropsm >mm ™', the DSD exhibits one or more
discontinuities, mostly observed for drop diameters
larger than 2 mm.

Figure 4 reports the cloud envelope of the mean DSD
plus and minus one standard deviation of each of the six
HS classes for the IFloodS dataset. The cloud envelope
follows the trend of the mean DSD, and the changing in
DSD shape from class 1 (Fig. 4a) to class 6 (Fig. 4f) is
evident. The width of cloud envelope decreases both
from class 1 to class 6 and from smaller to larger di-
ameters. When the drop concentration is very low, about

1m >mm !, the variance of distribution of the number
of drops corresponding to those diameter classes is too
high, and the cloud envelope diverges.

Table 2 reports the percentage of samples in each HS
class for each dataset. The DSDs have positive HS values
in a low percentage of cases, marking the fact that the
equilibrium DSD is rare in natural rain. The percentage
values depend on the season of experiment and climatic
characteristics of the regions. The maximum occurrence
for class 1 was 7%, based on 2DVD observations during
the Midlatitude Continental Convective Clouds Experi-
ment (MC3E; Tokay 2011), which was carried out during
the spring of 2011. In contrast, class-1 2DVD observa-
tions were 2.4% at Wallops, where the experiment period
was mainly during autumn 2013 and winter 2013/14.
Continental showers dominated the precipitation events
during MC3E, while widespread stratiform precipitation
was mainly observed at Wallops. The higher occurrence
of breakup-dominated DSD in convective rain is also
confirmed by Prat and Barros (2009), showing that the
time scale to equilibrium is much shorter for heavy
rainfall.

Combining the classes 1 and 2, the percentage reaches
up to about 47% during MC3E. This means that
breakup is more frequent during convective episodes,
but only in a few cases (the 7% in class 1) is the equilib-
rium DSD reached. High percentage values were also
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FIG. 4. Cloud envelope of mean DSD plus and minus one standard deviation (STD) for each HS class for the IFloodS dataset. The number
of samples of each HS class is also reported.

observed for both classes 1 and 2 during IPHEx and
IFloods, in which the experiments focused on springtime
flooding over orographic and flat areas, respectively.

LPVEXx had the lowest occurrences for classes 1 (0%)
and 2 (14.9%). This experiment was designed for ob-
servations of light rain that frequently occurs during
autumn at high latitudes, and this is additional proof that
breakup takes place mostly during convective rain. In
Alabama (A. Tokay 2011, unpublished data), the per-
centages were relatively low for classes 1 and 2. Al-
though most of the observations were during spring and
early summer, few cases of convective rainfall were in-
cluded. The rain rate and reflectivity recorded were
below 10mmh ' and 36 dBZ in most cases.

The HS-based classification described above is
designed for disdrometer observations where the bin
width is uniform. The performance of the identification
algorithm was tested for Parsivel® observations where
the bin width is not uniform and doubles from 0.129 to
0.257 mm at around 1.3 mm. This particular diameter is
within the range of size bins used by the algorithm to
compute the HS value.

Figure 5 reports the mean DSD for each HS class
obtained from Parsivel® data for IFloodS, IPHEX, and
Wallops. The results are in good agreement with the
findings based on 2DVD: class 1 shows the DSD equi-
librium, particularly during IFloodS and IPHEXx, and

class 2 identifies the samples where the breakup is able
to modify the DSD shape. The similarity of features of
DSD in each class between 2DVD and Parsivel” reveals
that the HS-based algorithm is not limited to a dis-
drometer where the size bin is uniform. However, the
percentage occurrence for classes 1 and 2 was much less
in Parsivel® than in 2DVD (Table 2). This is mainly as a
result of the larger width of DSD bins, which results in a
smoother DSD curve and indicates that this instrument
characteristic does not allow for recognizing a large
portion of breakup cases.

Finally, the results reported in Figs. 3 and 5 point out
that the inflection point, when present, is found in the
range 1-2.6 mm, regardless of season, location, and in-
strument type. This is also confirmed by previous works
on natural rain in different conditions (Willis and
Tattelman 1989; Zawadzki and De Agostinho Antonio
1988; Porcu et al. 2014).

5. Gamma model distribution

The three-parameter gamma distribution (Ulbrich
1983) is widely used to parameterize the DSD. In
particular, the parameters of the gamma distribution
are retrieved from dual-polarized radar measure-
ments (Bringi et al. 2003, 2004; Adirosi et al. 2014) and
from single- and dual-frequency spaceborne radar
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TABLE 2. Percentage of occurrence for each HS class for each dataset.

IFloodS MC3E Wallops Alabama LPVEx IPHEx
Class 2DVD Parsivel 2DVD 2DVD Parsivel 2DVD 2DVD 2DVD Parsivel
1 4.5 0.8 7.0 24 1.0 2.2 0 53 1.0
2 20.8 154 40.3 10.9 6.6 10.0 14.9 19.5 7.5
3 53.2 58.7 433 38.7 41.2 45.3 52.3 454 40.7
4 12.5 15.6 54 23.0 28.1 27.7 14.9 17.0 323
5 53 4.5 2.3 11.3 114 6.4 6.0 8.4 9.6
6 3.7 5.0 1.7 13.7 11.7 8.4 11.9 4.4 8.9

measurements (Kozu et al. 2009; Seto et al. 2013; Liao
et al. 2014). The parametric form of a gamma distri-
bution is expressed as follows:

N(D) = N,Dte AP,

where Ny (mm ™~ 'm?) is the intercept parameter, u is
the shape parameter that can assume both positive and
negative values, and A (mm ') is the slope parameter
and assumes positive values only. The method of mo-
ments is applied to calculate the parameters, and the nth
moment of a DSD is calculated as follows:

F(w+n+1)

M A/.L+n+l

=Ny .[0 N(D)D"dD,
where I" represents the complete gamma function.
Figure 6 shows four different gamma distributions as a
function of u and A. The shape parameter determines
the concavity, while A determines the slope of the dis-
tribution. Positive values of u determine downward
concavity in cases with a low concentration of small
drops, while negative values indicate upward concavity
with abundant small drops. Higher values of A indicate
narrow distribution in the absence of large drops, while
wider distributions result in lower A values. A visual
comparison between Figs. 3-5 and Fig. 6 reveals that the

gamma distribution is not the best model for the DSD in
presence of dominant breakup. This study does not seek
an alternative model for a better fit to the breakup-
induced DSD; rather, it evaluates the differences be-
tween the DSDs either dominated or not by breakup
and the goodness of the gamma parameterization.

We used the method of moments of second, third, and
fourth orders (M234) to estimate the gamma parame-
ters, following Cao and Zhang (2009), who pointed out
the advantages of M234 with respect to the other mo-
ments in fitting DSD with a gamma distribution. After
the computation of nondimensional parameter:

_ MM,
M:

n

the gamma parameters u, A, and N, are expressed as
follows:

M

5 MZA,L,L+3
, A=—=— and N,
M3(77 -1)

0 T(u+3)

The normalized gamma distribution is also used to pa-
rameterize the DSD. If the normalization is done with
respect to the total concentration Ny and the liquid
water content W, the respective intercept parameters
N% and Ny are expressed as follows:

10t
3 = Class 1 N.Samples:30 == Class 1 N.Samples:45 == Class 1 N.Samples:32
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FIG. 5. Mean DSD for each HS class for each field campaign from Parsivel® data. (a) IFloodsS, (b) IPHEX, and (c) Wallops. The number of
samples of all HS classes is also reported.
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where p,, is the density of water, while D,, is the ratio
between the fourth and third moments of DSD:

D

J " N(D)D*dD
Dmin

Dm - Dmax ’
J N(D)D?dD
D

min

a. Correlations

The Pearson correlation coefficient is calculated be-
tween the experimental 2-min-averaged DSD and the
corresponding estimated gamma distribution to de-
termine the applicability of the gamma fit at six different
HS classes. The correlation is also calculated for the size
interval 1.0-2.6 mm, where the algorithm computes the
slope of the DSD to assess the impact of breakup.
Figure 7 shows the correlation coefficients between the
experimental DSDs and the estimated gamma distri-
butions for the IFloodS 2DVD dataset, which is the
largest dataset. Considering the entire size spectrum, the
majority of observations have correlations above 0.8 for
classes 3—6, while the correlations have a relatively wider
range for classes 1 and 2 (Fig. 7a). For the selected size
interval of 1.0-2.6 mm, the correlations remained above
0.9 for classes 3-6, while class 1 exhibited evenly dis-
tributed correlations from near 0 to 1 (Fig. 7b). This
shows that the gamma distribution often fails in ap-
proximating breakup-dominated DSDs, and the same
applies to other single-maximum functions (such as the
lognormal distribution). Class 2, which is the transition
between the equilibrium DSD and the DSD where the
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breakup is negligible with respect to other processes, has
high correlations both above 0.9 and between 0.6 and
0.9. It should be added that the low correlation could be
partially due to the differences between observed and
fitted spectra in small and large drop ends. Since M234 is
used, the fitting in both ends of the size spectrum may
substantially deviate from the observations. If the ob-
served spectrum has a large number of small drops and/
or a presence of large drops, the correlations are ex-
pected to be relatively low.

b. Integral rainfall and size distribution parameters

The parametric form of size distribution is often de-
rived from disdrometer observations without visually
inspecting the DSD. In that regard, it is important to
identify the breakup-based DSD parameters if they are
different than nonbreakup DSD parameters. The sen-
sitivity of the selected rain and size distribution param-
eters to the HS classes is presented for the IFloodS
2DVD data, the largest dataset among all sites. The
analysis was also conducted for the other field cam-
paigns’ datasets, but the results are not shown in this
study because the findings were similar.

Table 3 reports the mean and standard deviation of se-
lected DSD parameters for each class. The mean value of
D,, and maximum drop diameter D,,,, decreases from
class 1 to class 6, as does the standard deviation, while the
two normalized intercept parameters N and Ny in-
crease. Both rain rate R and reflectivity Z have the highest
mean values for class 2, which shows also the highest
standard deviation. Class 1 has mean R and Z mean close
to those of class 2 but with lower standard deviation.

The distributions of D,,, and D ., as well as N ; and
Ny, had different characteristics at different classes. The
values of D,,, and D,,,, decreased from class 1 to class 6,
while the reverse was true for logarithmic values of N’
and Ny, (Figs. 8a—d). The low values of D ,,x and D,,
indicate narrow DSD, while high values of N >’T‘ and Ny
reveal large concentrations of small and midsize drops
for classes 5 and 6. This is in agreement with the mean
DSD in Figs. 3a—5a. The increase in Dy, and D,, is
more gradual from class 3 to class 1, coinciding with
relatively small changes in the width of the size distri-
bution in Figs. 3a-5a. The decrease in N and Ny is also
gradual from class 3 to class 1.

Rain rate, which is moment 3.67 of the DSD, did not
show any trend from class 1 to class 6 (Fig. 8e). Re-
flectivity, which is the sixth moment of DSD, decreased
from class 1 to class 6 (Fig. 8f). Classes 2 and 3 had larger
sample sizes and show wide variations in both rain rate
and reflectivity. Class 1 had relatively smaller sample
size and was bounded between 5 and 30 mmh ™" for rain
rate and between 36 and 51 dBZ for reflectivity. Models
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FIG. 7. Pearson correlation coefficient between the experimental DSD and the estimated gamma distribution for
(a) the whole DSD spectrum and (b) the 1.0-2.6-mm-diameter range, for the IFloodS dataset. The samples are
ordered from the lowest to the highest HS value. Colors refer to the HS class, as in Fig. 3.

find different rain-rate thresholds for the onset of equi-
librium DSD, generally varying between 10 and
50mmh ™", depending on the kernel, parameterization,
and time scale used (McFarquhar 2004; Prat and Barros
2007; Prat et al. 2012). We remark that models use much
shorter time scales (1-105s), while we have 2 min, and we
are in natural rain, where more complex interplay be-
tween other mechanisms takes place. Overall, none of
the computed DSD parameters, if considered alone, can
be used to classify breakup versus nonbreakup DSD, but
they can be additional indicators to screen out situations
where collisional breakup is not able to modify signifi-
cantly the DSD shape (i.e., no modification of the DSD
shape due to the breakup process when Z < 36 dBZ).

6. Conclusions

An unprecedented disdrometer dataset has been an-
alyzed to study the collisional breakup in natural rain,
developing and applying an algorithm to identify
breakup in experimental DSD. Six different measure-
ment campaigns, where three to seven 2DVDs were
operated, provided approximately 6000 two-minute
DSDs with rainfall rate higher than Smmh™'. In
addition, a large Parsivel’ dataset from three field
campaigns was analyzed to test the applicability of a

breakup identification algorithm to disdrometers with
uneven bin sizes. Indeed, the success of the algorithm to
rank DSDs according to relative impact of breakup, for
both uniform and nonuniform bin-width disdrometer
measurements, is a key accomplishment of this study.

The algorithm defined six classes based on the highest
slope (HS) of DSD between 1.0 and 2.6 mm, as repre-
sented by a linear fit. Class 1 indicated the dominant role
of breakup, in agreement with what different model and
laboratory studies describe as equilibrium DSD, char-
acterized by a two-peak shape, while class 2 is consid-
ered as a transition between the equilibrium DSD and
the DSD where breakup is not a relevant feature. This
study showed that equilibrium DSD is not commonly
reached in natural rain, as expected by modeling studies,
based on the percentage occurrence of class 1 (between
0% and 7% of the events among the different cam-
paigns, depending on season and latitude), but breakup
occurrence is significant if class 1 and class 2 are con-
sidered. There were also distinct differences in DSDs
between classes 5 and 6 and classes 1-4. Classes 5 and 6
exhibited relatively narrow distribution with more small
and midsize drops than the other classes.

This study showed that gamma distribution, which is
employed to retrieve size distribution parameters from
dual-frequency radar measurements onboard the GPM

TABLE 3. Mean plus or minus standard deviation of selected DSD parameters for each class during IFloodsS.

Class R (mmh™") Z (dBZ) D,, (mm) Doy (mm) log(N7) (m > mm™") log(Nw) (m >mm )
1 10.6 + 6.8 432 +38 24+ 0.6 46=*1.0 23*04 32+04
2 158 = 16.3 447 = 44 22x04 45*10 27x04 3404
3 125 =158 423 =40 1.9+03 41038 27+04 3.6*03
4 7.6 +2.6 363 *£23 1502 32+07 27 +02 39+02
5 6.8 +22 34121 1.3x02 2.8+ 0.7 2.8 +02 42 +02
6 71 x21 31714 1.1 +0.1 22+03 31*03 45*02
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FIG. 8. Distribution of the selected DSD parameters as a function of the sample’s number, ranked from the lowest to the highest HS value:
(a) Dy, (b) Dpax, () log(N%), (d) log(Nw), (e) R, and (f) Z. Different colors refer to the six HS classes, as in Fig. 3

core satellite, as well as every other one-peak distribu-
tion, does not represent well the DSD with dominant
breakup. The parameters of the gamma distribution, on
the other hand, had an increasing or decreasing trend
from classes 1 to 6, but there is no quantitative signal
between DSDs dominated or not by breakup: they can
only give an additional indication.

In the future, more detailed analysis can be carried out
on different aspects highlighted by this work. The in-
vestigation of which mathematical function can repre-
sent DSD with dominant breakup provides guidance for
the DSD retrieval from radar and/or satellite observa-
tions. A systematic time-series analysis of HS values can
allow understanding within the rain event when breakup
is more likely to be dominant, with respect to the cloud
lifetime. The continental convection in the presence of
lightning may produce a higher percentage of breakup
than the oceanic convection in the absence of lightning.
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