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Drop size distribution measurements in rain —
a comparison of two sizing methods

M. LOFFLER-MANG, K. D. BEHENG and H. GyslI, Karlsruhe

Summary. First results of raindrop size measurements obtained
by two instruments whose operation principles are basically
different are presented and the necessary procedure of comparison
is described. The two devices are (i) a disdrometer which converts
the mechanical momentum transferred by hydrometeors to a
sensible surface into an electrical signal which allows a quantitative
size classification and (ii) a Malvern Particle Sizer evaluating the
particles’ sizes ina specific volume by laser diffraction. The results
differ in the range of small drop sizes, for large drops the
agreement is quite good. Possible reasons for the differences are
discussed.

Messung von Tropfengrofienverteilungen in Regen —
ein Vergleich zweier Mefimethoden

Zusammenfassung. Mit zwei vom Prinzip her grundsatzlich
verschiedenen Meflinstrumenten wurden erste Messungen von
Tropfengroflenverteilungen in Niederschlag durchgefiihrt. Die
Gerite sind (i) ein Disdrometer, welches den uibertragenen Axial-
impuls von Hydrometeoren auf einen Meffkorper in ein elektri-
sches Signal umwandelt und damit eine Groflenklassifikation
ermoglicht, und (ii) ein Malvern Particle Sizer, der die Teilchen-
groflenverteilung aus der Laserlichtbeugung am Partikelkollektiv
im Mefstrahl optisch bestimmt. Die notwendige Prozedur zur
Aufbereitung der Meflergebnisse fiir einen Vergleich wird be-
schrieben. Im Bereich kleiner Tropfen weichen die Partikel-
groflenverteilungen voneinander ab, fir gréflere Tropfen ist die
Ubereinstimmung recht gut. Mogliche Griinde fir die Unter-
schiede werden diskutiert.

1. Introduction

The background of this investigation concerning raindrop
spectra is to compare rain measurements obtained (i) by
radar at low elevations above ground and (ii) by two
ground-based instruments.

The reason for this comparison is obvious: Evidently the
radar technique is an indirect method by which the power
reflected by a number of atmospheric particles illuminated
by a short electromagnetic pulse is detected. The received
power strongly depends on the backscattering as well as on
the attenuation of the radar signal due to particles presentin
the pulse volume. Both, backscattering and attenuation, are
by definition functions of the size distribution of hydrome-
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teors. So, in simply assuming the Rayleigh approximation
of the backscattering and absorption coefficient, the reflec-
tivity is proportional to the sixth moment of the number
density of hydrometeors and the attenuation proportional
to the third moment. Moreover, in deriving rain rates from
radar reflectivities also the number density of raindrops —
besides their fall velocities — comes into play. Thus, a
detailed information on the number density of raindrops is
crucial to the interpretation of radar measurements in terms
of rain rates.

In contrast to the remote sensing technique by radar, the
two instruments considered in this study are systems
measuring the size distribution of hydrometeors at ground
levelinadirectway. They cantherefore serve as in-situ truth
experiments so that radar data can be adjusted. One device
counts drops with an electro-mechanical system (Dis-
drometer) whereas the other is an optical system (Malvern
Particle Sizer, MPS).

Since a long time raindrop size distributions have been
measured. WIESNER (1895) was presumably the first collect-
ing drops on filter paper. This method has then been used
for a very long time (DIEM 1942, DIEM und STRANTZ 1971).
In the last three decades new methods came up and the
Joss-Waldvogel disdrometer became the meteorological
standard device for measuring raindrop size distributions
(Joss and WALDVOGEL 1967). Besides that new devices
(optical systems and/or radar) were introduced e.g. by
DONNADIEU (1980), STEINER (1988) or SHEPPARD and JOE
(1994) and comparative studies were performed. It should
be noted that all these instruments were developed and used
in the scope of meteorological applications with emphasis
on the measurement of relatively large drops. In contrast,
this paper introduces a standard device from engineering
science which especiallyis capable to count also small drops.

The use of this instrument (unfamiliar to meteorology)
makes it necessary to give a detailed explanation on inter-
pretation and transformation of measured spectra. In the
relevant literature some investigations can be found on size
spectrum interpretation, manipulation, correction, calibra-
tion or truncation (JOss and WALDVOGEL 1969, STEINER and
WALDVOGEL 1987, SHEPPARD 1990, MCFARQUHAR and
LisT 1993, ULBRICH 1994); but none of the studies points
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out the difference between flux-dependent and concentra-
tion-dependent measurements. Since for the two techniques
considered here this difference is essential, a thorough
discussion of measured quantities and their interrelation is
presented in paragraph 3.

As a first step in this paper a case study has been
performed to compare the results of the disdrometer and the
Malvern Particle Sizer. Both devices are described, the
comparison procedure is explained in detail and first results
are shown.

2. Measuring techniques
2.1. Malvern Particle Sizer

The two sizing devices rely on in principle different
methods. On the one hand, the Malvern Particle Sizer
(MPS) 1s an optical method. The instrument is widely used
for more than fifteen years, for example for spray investiga-
tions (SWITHENBANK et al. 1977, CHIGIER and STYLES 1978,
LEFEBVRE 1980, WITTIG et al. 1983, LESCHONSKI 1984,
KRAMER 1988). The MPS is a laser diffraction system which
is schematically sketched in Fig. 1: A helium-neon laser
operates as light source with an expanded beam of 18 mm
in diameter. The light, scattered by the drops in the beam, is
focused by a lens to a concentric diode array in the distance
f (focal length) behind the lens. The radial light intensity
distribution detected by the diode array is a measure of the
diameters of drops in the ensemble present within the laser
beam since the scattering angle is a function of drop size
only. In order to determine the actual drop size distribution
the signals from the diode array are evaluated indirectly and
iteratively: in assuming a certain initial drop size distribu-
tion the resulting light intensity distribution is calculated
with the help of 15 definite sizing classes. By systematically
varying the 15 parameters of the assumed drop size distribu-
tion the difference between the calculated and the actually
measured light intensity is minimized resulting finally in the
size distribution actually present in the laser beam.

For adaption of this measuring system to a wide range
of applications specific lenses with different focal lengths
can be mounted. The focal length of the configuration used
is f = 1000 mm, leading to a sizing range of diameters from
18 um to approx. 2 mm.

beam expander
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2.2. Disdrometer

The disdrometer is an electro-mechanical instrument for
measuring raindrop size distributions continuously and
automatically. It is a simple and unexpensive technique
frequently used in meteorology since many years (JOss and
WALDVOGEL 1967, ATTMANNSPACHER and RIEDL 1974,
WALDVOGEL 1974, KINNELL 1976, ANIOL et al. 1980).

The operation principle of the disdrometer is also
described shortly (see also Joss and WALDVOGEL 1967):
The instrument (Fig. 2) consists of an electro-mechanical
unit and a feedback amplifier. A conical styrofoam body
with a cross sectional area of 50 cm? is used to pass the
mechanical momentum of an impinging drop to a set of two
moving coil systems. The styrofoam body and the two
moving coils are fixed together rigidly.

By the impact of a drop the styrofoam body together
with the two coils moves downwards and a voltage is
induced in the sensing coil imbedded in magnet 2. This
voltage is amplified and applied to the driving coil within
magnet 1 such that a force counteracting the movement is
produced. Since the amplitude is very small it needs very
little time for the system to return to its original resting

| magnet 1
. . . . output
sensing coil é——;-__-_J_ﬁ —] / o
!1_] ] r r_‘l “ amplifier
magnet 2

Fig. 2. Scheme of the disdrometer.
Abb. 2. Prinzip des Disdrometers.

Fig. 1. Scheme of the Malvern Particle Sizer
(MPS).

Abb. 1. Prinzip des Malvern Particle Sizer
(MPS).
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position and thus to get ready for the next impact of a drop.
The amplitude of the pulse at the amplifier output, given as
a certain voltage U, is a measure for the size of the drop.
Each drop hitting the transducer produces a pulse of about
0.5 ms duration. The voltage U is roughly proportional to
the mechanical momentum p of the hitting drop given as p
= mv = (4 Tpw/3)x’>v where the drop’s shape is assumed to
be a sphere and py, = density of water, x = drop diameter, v
= terminal fall velocity so that

U e p o< vx°. (1)

Since the terminal fall velocity is roughly proportional
to the drop diameter (cf. GUNN and KINZER 1949, PrRUP-
PACHER and KLETT 1978) it follows that

U o x*. (2)

For drops with diameter between 0.3 and 5.0 mm, which
is the measuring range of the disdrometer, output pulses
from 0.3 mV to 10 V are produced. After some electronical
preprocessing the output signal is analysed directly by a
conventional pulse height analyser, the results of which
correspond to the number of drops in one of 20 size classes
considered.

2.3. Fundamental difference

In comparing the results of the measurements obtained by
the two methods under identical conditions, a fundamental
difference has to be taken into account (UMHAUER et al.
1990):

— The Malvern Particle Sizer measures the size of all
particles which are present within a certain measuring
volume at a particular instant (concentration-dependent
results); the same is valid for radar measurements.

— The disdrometer, however, measures the size of all
particles which pass through (and hit) a defined sensor
area within a predetermined time interval (flux-depend-
ent results).

Note that each method gives different, but equivalent
results. For demonstrating the basic difference between
both methods we make use of a gedanken-experiment. If
youlook into a defined vertical cylinder filled with drops at
one instant you will see the drops within this cylinder
(concentration-dependent distribution). Now assume, that
we close the top of the cylinder, let the drops fall with their
terminal fall velocity and collect them at the bottom of the
cylinder. After a fixed time interval the fastest (ie. the
largest) drops from the top of the cylinder have reached the
bottom, but the slower (ie. the smaller) drops are still
missing. Therefore the so measured flux-dependent size
distribution at the bottom is shifted towards larger drops.

Since between drop size and drop velocity a known
relation exists as mentioned above, the flux-dependent
results can in principle be converted to the concentration-
dependent results and vice versa. The conversion method as
well as some definitions and relations concerning the output
data of both devices will be presented next.
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3. Comparison procedure

As mentioned, the MPS has a wide measuring range and is
most powerful for small droplet sizes. Thus it gives addi-
tional information on raindrop spectra containing drops
below 0.3 mm diameter. This was motivation for introduc-
ing the MPS to meteorological investigations and should
also be seen under the aspect that the knowledge on the size
distribution of small drops will become increasingly im-
portant for experimental studies on scavenging and cloud
microphysics.

The main drawback of the MPS is that total droplet
number density cannot be derived due to the peculiarities
of the measuring principle. So, as usual in engineering
science, only the size class fractions (volume fractions) of
the whole distribution are determined. The transformation
of MPS data to flux-dependent results can therefore not be
performed. However, the transformation of disdrometer
data to concentration-dependent ones is possible. Note that
in this chapter we refer to a notation common to evaluation
of MPS data which we then apply in order to convert the
disdrometer to MPS data for a comparison.

The disdrometer counts single drops of diameter x and
provides as result a number density qi,(x) where the super-
script “j” indicates that this quantity (as others in the
followmg) is a flux-dependent one. The subscript “0”
identifies this function as a number density. Other sub-
scripts used in the following refer to different types of
density functions (see below). It is stressed that in meteor-
ology drop size distributions are also commonly denoted
by the term “number density”, given e.g. by N(x). The
difference between q),(x) and N(x) is that q}(x) is related to
the total number, i.e. adimensionless quantity, whereas N(x)
is related to a unit volume, i.e. a concentration. In the
following we present some definitions and relations con-
cerning density functions as they are commonly used in
engineering science. The superscript “j” is omitted, for
convenience.

A cumulative distribution Q.(x;) refers to a quantity of
particles that are smaller than or equal to a certain particle
size x; where the index r characterizes the kind of the
described quantity: r =0 — number,r =1 — length, r =2 —
surface, r = 3 — volume or mass. Thus, it is

quantity of all particles with x < x;

Qrlxi) = 3)

total quantity

It obviously follows that if the total diameter interval is
given by Xmin € x € Xmay it yields

Qr(xmin) =0, Qr(xmax) =1 (4)
The density distribution q,(x) is then defined by
dQ:,
0= S (5)

which, on the reverse, results in

Qu(xi) = _[ qe(x)dx (6)

Xmin
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The number density is as usual convertable into a
corresponding volume density q3(x) by

3
) e oI

)
.[0 x3qo(x)dx

with the denominator being the third moment of the
number distribution.

Since the Malvern Particle Sizer provides as primary
result a concentration-dependent (denoted by the super-
script “c”) volume density q§(x), the flux-dependent dis-
drometer data have to be converted to concentration-de-
pendent ones. The corresponding relation for the conver-
sion results from dividing q},(x) by a normalized fall velocity
v¥(x) = V(x)/V(Xmax) for each drop size (UMHAUER et al.
1990):

qQs(x) = M

8
) (8)
and then calculating the volume density:
3qc )
) = L ©)
.[o x’q§(x)dx

Thus, by the relations (8) and (9) the conversion of
flux-dependent number densities into concentration-de-
pendent volume densities can easily be carried out.

4. Results of measurements

For the measurements the MPS and the disdrometer were
placed within a distance of less than one metre. For this first
case study an artificial “test precipitation” with a size
distribution suitable for both instruments was created by a
very simple nozzle.
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cumulative distributions
o
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o
1
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-=- disdrometer, Q3c
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In Fig. 3a the disdrometer results are shown in terms of
all cumulative distributions mentioned above. Note that the
number density qiy(x) is originally measured from which the
volume distribution is derived.

Itis seen that due to the conversion from flux-dependent
to concentration-dependent values the number distribution
Q§(x) tends to smaller drop sizes (dash-dotted line) com-
pared to Qj(x) (dotted line), because v*(x) monotonically
increases form 0 to 1 (cf. equation (8)). And, as also expected,
the conversion of the number distribution (dash-dotted
line) to the volume distribution (dashed line) results in a
curve shift towards larger particle sizes.

Since Q§(x) resulting from the disdrometer measure-
ments is the appropriate distribution which should be
compared to the MPS measurements in Fig. 3b, both curves
are drawn where the dashed curve is the same as in Fig. 3a.
For drops larger than about 1400 pm in diameter both
distributions show very good agreement. For smaller drop
sizes the MPS data indicate an enhanced concentration of
smaller drops.

This behaviour can also be recognized more pronounced
in Fig. 4 where the volume densities q§(x) corresponding to
the cumulative volume distributions of Fig. 3b are depicted.
The two curves agree well for relatively large drops. But
between drop diameters of about 500 and 1500 um the
differences ar quite large: The MPS curve attains its maxi-
mum at about 700 um compared to the disdrometer data
exhibiting a maximum at 900 pm. As already mentioned the
MPS seems to detect more smaller drops than the dis-
drometer.

Some reasons for these differences may be:

— The MPS has its main measuring range at relative small
drop sizes, the disdrometer, on the contrary, at relative
large drop sizes due to an increasing accuracy of the
method with increasing signal amplitude.

— The disdrometer may be less sensitive for small drops.

1.00 : : , .

cumulative volume distributions
o
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0004
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drop diameter in um
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1500 2000

Fig. 3. (a) Cumulative distributions Qj(x) (dotted line), Qg(x) (dash-dotted line) and Q§(x) (dashed line) as a function of drop diameter
in um; (b) same as (a), but Q5(x) only for the MPS (solid line) and the disdrometer (dashed line).

Abb. 3. (a) Summenverteilungen QJ(x) (punktiert), Q§(x) (strichpunktiert) und Qs(x) (gestrichelt) als Funktion des Tropfendurch-
messers in um; (b) analog zu (a), aber nur Q§(x) fir den MPS (durchgezogen) und das Disdrometer (gestrichelt).
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Fig. 4. Volume densities q§(x) in um-! as a function of drop
diameter in um for the MPS (solid line) and the disdrometer
(dashed line).

Abb. 4. Volumendichten q§(x) in tm-! als Funktion des Tropfen-
durchmessers in pm fir den MPS (durchgezogen) und das
Disdrometer (gestrichelt).

— Both instruments did notsee exactly the same drop size
distribution although they were placed rather close
together.

In case of a large concentration of small drops there
exists the possibility that two drops impact at nearly the
same time (i.e. within a millisecond) on the disdrometer’s
sensible surface so that they are interpreted as a single
large drop.

Photographic inspection of the disdrometer surface has
shown that at the impact of a drop a portion of the water
splashes back again, i.e. the impactis not totally inelastic.
Consequently the transduced momentum is slightly
higher than the original drop momentum and the size
distribution therefore may be shifted towards larger
drop sizes.

Finally there could be an inaccuracy in the conversion
from flux-dependent to concentration-dependent re-
sults. Eventually the normalized velocity factor v¥(x) has
slightly to be corrected.

5. Conclusions

Firstresults of raindrop size measurements obtained by two
instuments whose operation principles are basically differ-
ent are presented and the procedure of comparison is
described. The two devices are (i) a disdrometer which
converts the linear momentum transferred by hydrome-
teors to a sensible surface into an electrical signal which
allows a quantitative size classification and (ii) a Malvern
Particle Sizer evaluating the particles’ sizes in a specific
volume by laser diffraction.

The results differ in that the MPS data show larger
concentrations of smaller drops than the disdrometer data;
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for large drops the agreement is quite good. Some possible
explanations for these differences are discussed. In principle
the MPS seems to be a suitable instrument for measuring the
small drop size range of rain.

This preliminary work will be continued, beginning
with detailed investigations under well defined conditions
in the laboratory. Thereafter measurements in natural rain
will be performed. A further step will be investigations of
drop size distributions with the MPS in ground-based
clouds.
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