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ABSTRACT

A new optical disdrometer has been developed that is optimized for use in high wind speeds, for example,
on board ships. The minimal detectable size of droplets is 0.35 mm. Each drop is measured separately with
regard to its size and residence time within the sensitive volume. From the available information, the drop size
distribution can be calculated with a resolution of 0.05 mm in diameter either by evaluation of the residence
time of drops or by drop counting knowing the local wind. Experience shows that using the residence time leads
to better results. Rain rates can be determined from the droplet spectra by assuming terminal fall velocity of
the drops according to their size. Numerical modeling of disdrometer measurements has been performed, allowing
the study of the effect of multiple occupancy of the sensitive volume and grazing incidences on disdrometer
measurements. Based on these studies an iterative procedure has been developed to eliminate the impact of these
effects on the calculated drop size distributions. This technique may also be applied to any other kind of
disdrometer. Long-term simultaneous measurements of the disdrometer and a conventional rain gauge have been

used to validate this procedure.

1. Introduction

There has been an interest in measuring raindrop size
distributions for a long time. While in the beginning
manual techniqueslike the blotting technique were used,
instrumental techniques like the electromechanical type
of Joss and Waldvogel (1967) have reduced the cum-
bersome work of reading the sheets. The dependence of
radar returns on drop size distribution has brought a
strong interest into the use of disdrometers. Ground-
based and airborne instruments are used. The progress
in electronic parts and recording techniques has made
it possible to build optical instruments that not only can
be designed to determine drop size distributions but also
can be used more simply as an optical precipitation
gauge. There is some diversity of approach depending
on the mode of application. For example, a disdrometer
for airborne use has one preferred direction of flow. For
a ground-based installation in a sheltered situation the
hydrometeors will pass the disdrometer in an almost
vertical direction. In this case the optical spectroplu-
viometer (Hauser et al. 1984) can be used. This instru-
ment uses arectangular sensitive volume that allowsthe
simultaneous measurement of the size and vertical ve-
locity of each drop. On a moving ship, however, high
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relative wind speeds and an irregular flow pattern
around the ship’s superstructure have to be considered.

Our main objective in 1991 was to test an early ver-
sion of amechanical ship rain gauge (Hasse et al. 1998)
against an unbiased reference instrument during the
M18 cruise of R/V Meteor. For this purpose we used
the paired-pulse optical disdrometer (P-POD) (llling-
worth and Stevens 1987). This disdrometer measures
raindrops falling through an annular sheet of light that
makes rainfall measurements independent of up- and
downdrafts in the local wind field. From the analysis of
these measurements we learned that the P-POD needed
improvement, especially with respect to its light source,
which produced only afairly homogeneousillumination
of the sensitive volume. When damage in the electronics
could not be repaired, we decided to construct a new,
more compact disdrometer with a less powerful but
more homogeneous light source.

In the present paper we report on this new optical
disdrometer, which is optimized for shipborne use but
can be advantageously used for other purposes. Since
the fall velocity of raindrops depends on their diameter,
the rain rate can be calculated without additional as-
sumptions from a drop size distribution. In that way an
optical disdrometer may be thought of as a type of ab-
soluteinstrument. However, since drop sizedistributions
cover many magnitudes in raindrop concentration, it is
necessary to make a compromise in scaling the sensitive
volume, which must be large enough to detect a suffi-
cient number of large drops but at the same time be
small enough to ensure that this volume is not simul-
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FiG. 1. Cross section of the optical disdrometer. From left to right:
1) electronics, 2) light-emitting diode, 3) lens system, 4) window, 5)
baffles, 6) sensitive volume, 7) achromatic collector lens, 8) optical
blend, 9) ocular, 10) photo diode, and 11) electronics compartment.

taneously occupied by two or more drops. The latter
effect, which can never be excluded, is the major fringe
effect of a disdrometer measurement. The current dis-
cussion will be guided by the configuration of our in-
strument. However, such fringe effects also occur in
other types of disdrometers and hence discussion and
compensation methods are not restricted to this type of
instrument.

2. Technical realization

The principle of operation is light extinction of rain-
drops passing through a cylindrical sensitive volume of
120-mm length and 22-mm diameter. The cylinder is
kept perpendicular to the local flow direction by aid of
awind vane. The cylindrical form makes the measure-
ment independent from the incidence angle of the rain-
drops. Hence, local up- and downdrafts do not influence
the measurements. The light source of this disdrometer
is a 150-mW IR LED (infrared light-emitting diode),
emitting light at a 880-nm wavelength. For technical
reasons this diode is chopped with a frequency of 20
kHz. To achieve a homogeneously illuminated sensitive
volume, collector lenses and an optical blend are used.
Thus, only the portion of light that is parallel to the
optical axis can reach the receiver diode. This disdro-
meter (Fig. 1) simultaneously measures the size and the
time of flight of the drops through the volume.

a. Drop size measurement

If there is no drop within the sensitive volume, the
light reaching the receiver diode causes a voltage of
about 5 V. This voltage will be referred to as the ref-
erence voltage. Each drop passing through the sensitive
volume results in a reduction of light received at the
end of the path. The corresponding voltage drop is pro-
portional to the quotient between the drop’s cross-sec-
tional area and the cross-sectional area of the sensitive
volume. It ranges from 0 V up to the reference voltage.
This voltage range is digitized with the aid of a 14-bit
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Fic. 2. Homogeneity of the sensitive volume of the optical dis-
drometer. The recorded intensity of light extinction caused by a pen-
etrating metal sphere at three transverse sections. The distinct de-
crease in light extinction toward the sides of the volume is due to
grazing incidences.

A/D converter. Hence, the maximum digital value is
caused by a particle with a diameter of at least 22 mm.
To use the entire resolution of the A/D converter for
measurements of smaller particles (liquid hydromete-
ors), the generated voltages are amplified to the extent
that the maximum digital value is assigned to a drop of
6.4 mm in diameter. This is the standard configuration
of this disdrometer.

The disdrometer can also be operated without any
signal amplification. In this case hydrometeors with a
diameter of up to 22 mm can be resolved. Such con-
figuration has been used for the measurement of solid
precipitation onboard the R/Vs Polarstern and Knorr.

Experience shows that homogeneity and isotropy of
the light in the sensitive volume are essential for the
interpretation of data. The combination of relative wind
speed and fall velocity of drops makes the angle of
incidence rather variable. Hence, disdrometer designs,
which are optimized for airplane use or ground-based
operation in low wind speed conditions, may exhibit
anisotropy that makes them unsuitable for use at high
wind speeds (e.g., on moving ships). Unfortunately,
most light sources show some anisotropy as well as
inhomogeneity. Also, inhomogeneity along the length
of the optical volume (due, e.g., to divergence of light)
needs to be minimized. Figure 2 shows an example of
the calibration of the optical volume. This calibration
had been performed using metal spheres (1.45 mm g)
as drops of calibrated size. Light extinction E is pro-
portional to the quotient between the cross-sectional
area of adrop and the area of the sensitive volume. The
sensitivity of the optical volume can be calibrated quite
accurately using metal spheres with diameters ranging
from 0.5 to 5.5 mm. The result is shown in Fig. 3.

On board a ship, the disdrometer is exposed to me-
chanical vibrations that may result in an electronic sig-
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Fic. 3. Relation between light extinction E and the diameter of
spheres that penetrate the sensitive volume.

nal. Such signals are typically misinterpreted asdroplets
with diameters of 0.3 mm or smaller. Therefore, drops
smaller than 0.35 mm are ignored.

b. Measurement of the signal duration

Drops penetrating the sensitive volume are detected
as soon as the amplitude of the electronic signal exceeds
a definite threshold. In that moment a 100-kHz counter
is activated. This counting stops immediately after the
signal is below the threshold again. Hence, the accuracy
of time measurement would be 10 us if a continuously
emitting light source were used. The emitting diode of
this disdrometer, however, is switched on and off every
25 us. Therefore, the accuracy of the time measurements
decreases to 10 us + 25 us = 35 us. Thisis the max-
imum delay in the detection of adrop entering or leaving
the sensitive volume, so that the determination of the
signal duration (i.e., time of leaving minus time of en-
tering the volume) has an error of =35 us. This error
can be regarded as nonsystematic.

c. Definition

At afirst glance this disdrometer appears to be quite
similar to the lllingworth and Stevens (1987) paired-
pulse optical disdrometer (P-POD). The basic differ-
ences are outlined below.

The P-POD has a hollow cylinder of light as sensitive
volume. Each raindrop passing the volume gives two
counts except for grazing incidence. Hence, multiple
occupancies of the volume do not affect the measure-
ment, provided the drops concerned are distinctly dif-
ferent in size. The main difficulty with this type of in-
strument is to produce a homogeneous cylindrical sheet
of light that is sufficiently illuminated to make the shad-
ow of apassing drop detectable. Illingworth used ahal o-
gen bulb that is sufficiently powerful. However, the
physical properties of this kind of light source, at least
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with respect to homogeneous illumination, are poor.
This makes the analysis of the raw data rather critical.
LEDs produce a much more homogeneousillumination.
On the other hand, they are not powerful enough to
sufficiently illuminate a thin annular sheet. In contrast
to lllingworth and Stevens (1987) we put the emphasis
on the best achievable homogeneity and equipped our
disdrometer with an LED to illuminate a cylindrical
sensitive volume. This forces us to deal with grazing
incidences and multiple occupancies by means of sta-
tistics rather than to detect these events directly.

Note that the P-POD signals are proportional to the
drop diameter (ranging from 0.4 to 7 mm), while our
system signals are proportional to the drop cross section
(0.4—7 mm?). Primarily, the signal linear in drop di-
ameter is easier to measure with good accuracy, while
the dynamic range of the squared diameter signal is
more demanding. However, since the volume of the drop
is required, the measurement of the diameter or cross
section is not a decisive feature.

3. Data processing

The homogeneity examination (Fig. 2) showed that
the standard deviation of the drop size measurements
amounts to 0.03 mm if grazing incidences are ignored.
Hence, drop size spectra are recorded with aresolution
of 0.05 mm in drop diameter. Since the diameter of the
largest measurable drop is usually set to 6.4 mm (see
section 2a), drop size spectra consist of 128 bins. The
evaluation of the spectra can be performed by applying
one of the techniques described below.

a. Time technique

During the sampling time T a certain number of drops
falls through the sensitive volume with a cumulated
transition time X t;. Illingworth and Stevens (1987)
showed that for each bin thetimefraction X, t,/T directly
yields the number of drops within the sensitive volume
V. This, however, is only valid if a large number of
raindrops are evenly distributed in space and if the sam-
pling time T is large compared to the transition times
of the single drops. In this case the number density of
the raindrops (i.e., number of drops of a given size per
volume) is given by

N(bin) = ViT > t(bin). (1)

This calculation does not depend on the local flow ve-
locity because an increase in the local flow velocity
increases the number of drops reaching the disdrometer
in the same way as the mean transition time decreases.

The number density of drops is defined for those that
have centers that lie within a volume. Hence, the tran-
sition time of raindrops reaching the sensitive volume
must be defined as the time from the center of a drop
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FiG. 4. Electronic signal caused by a 2-mm metal sphere.

entering the sensitive volume until the center of the drop
leaving this volume.

Figure 4 shows an oscilloscope plot of the electronic
signal caused by a 2-mm g metal sphere. The signal
duration is about 12 ms. The turning points of the signal
flanks denote the time when the center of the sphere
enters and |eaves the volume. From this figure the tran-
sition time can be estimated to 11 ms. The total signal
duration t, (as measured by the disdrometer) isconverted
into the transition time t of a drop’s center using Eq.
(2):

t = t,D/(D + d), 2

where d equals the diameter of the drop and D equals
the diameter of the sensitive volume.

b. Counting technique

Drop size spectra can also be determined using the
number of drops that penetrate the sensitive volume.
Knowing the local wind speed U and assuming the ter-
minal fall velocity Vi, of the raindrops makesit possible
to calculate the effective velocities of the drops. The
length L of the sensitive volume and its diameter D
define the side view area (LD) of this volume. Multi-
plying this area with the effective velocity of the drops
yields the size of an imaginary volume of air VV, passing
the disdrometer within the sampling timeT. Thisvolume
contains al the drops of a given size that reach the
sensitive volume of the disdrometer within a sampling
period:

V, (bin) = LDT\UZ + [V, (BIN)]2. 3)

The number density of drops equals the counts of drops
detected per volume V, :

N(bin) = A(bin)/V,. (4
Unlike the time technique, more assumptions are

JOURNAL OF ATMOSPHERIC AND OCEANIC TECHNOLOGY

VoLuME 15

needed if the counting technique is used. In particular,
the local wind speed must be known. The terminal fall
velocity of the raindrops may be estimated using the
formula given by Atlas et al. (1977), for example:

Vi (1) = 17.67(2r)0s7. (5)

Here r denotes the drop radius in centimeters. The re-
sulting fall velocity is given in units of meters per sec-
ond. We prefer this parameterization to other formula-
tions simply because it is the newest one. Since the
results of previous authors do not considerably deviate,
any other common formula may be used as well. To
study the advantages and disadvantages of these two
techniques, numerical simulations of disdrometer mea-
surements have been performed (see below).

c. Calculation of the precipitation rate

The precipitation rate RR can be obtained from the
drop size spectra applying

128

RR = > N(bin) V4, (bin)Mg,, (bin), (6)

bin=1

where M, (bin) equals the mean mass of the drops
belonging to the same bin.

The rain rate RR results in units of kg m=2 st if
N(bin) isgiveninm=2, V,,(bin) inm s, and M,,(bin)
in kg. M,,(bin) can easily be determined assuming a
spherical shape of the drops. In the case of heavy rainfall
with a high portion of large drops, however, the effect
of drop oblateness should be taken into consideration
applying the formulas given by Pruppacher and Pitter
(1971).

The outer lenses of the disdrometer may become wet
during rain. This is due to the splashing of large drops
at the baffles (see Fig. 1). Droplets moving at the lenses
cause electronic signals that are characterized by small
amplitudes and long durations. This kind of disturbance
may lead to an overestimation of the number density of
small drops. To prevent this effect a special filtering is
implemented. With the aid of this filter every signal is
ignored if its duration exceeds a definite period of time.
This threshold is given by the maximum possible signal
duration caused by a drop of the detected size, with
regard to its velocity, times a factor of 1.5. Hereafter
we will cal it the T, filter.

4. Fringe effects

Drop size spectra cover many magnitudes in drop
concentration. The sensitive volume should be large
enough to give areasonable probability that large drops,
which significantly contribute to the rain rate, are mea-
sured. On the other hand, only the amount of shadow
is measured, whether this originates from one or more
dropsthat arein the sensitive volume at agiven moment.
These coincidences have two adverse effects: first, two
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Fic. 5. Electronic signal caused by a coincidence of two metal
spheres.

smaller drops simulate one larger drop with a larger
amount of water than the two smaller drops have. Sec-
ond, the apparent transition time of a coincidence of
two dropsislarger than for one drop of correspondingly
larger diameter (see Fig. 5) and simulates a higher prob-
ability of alarger drop and thus an exaggerated contri-
bution to rainfall rate.

Figure 5 shows a signal that was produced by the
multiple occupancy of two metal sphereswith diameters
of 3.2 and 2 mm, respectively. This signal corresponds
to a drop of 3.5 mm g that took 15 ms to cross the
sensitive volume.

Another fringe effect is due to drops just grazing the
sensitive volume. To calculate drop size spectra only
those drops whose centers penetrate the sensitive vol-
ume are considered. Therefore there are two types of
grazing incidences. If the center of a grazing drop pen-
etrates the sensitive volume, this drop is probably as-
signed to abin that issmaller than it should be according
to the drop size. In this case the calculated precipitation
would be too small. If the center of a grazing drop does
not penetrate the sensitive volume, the drop should be
ignored. However, this signal will not be ignored but
treated as though caused by a smaller drop. In this case
precipitation would be overestimated. Grazing inci-
dences do not produce large errors because both cases
have the same probability. Figure 6 shows the signal
caused by the grazing incidence of a 2-mm g metal
sphere. These events are characterized by the absence
of a plateau in the signals (see Fig. 4).

This disdrometer directly measures the cross-section-
al area of the drops. To calculate the rain rate or the
liquid water content of the air, however, the mass of the
drops must be known. It is quite simple to calculate the
mass of a spherical drop from its cross-sectional area.
Large drops, however, have an oblated shape dueto their
aerodynamical properties. This effect has been dis-
cussed by Pruppacher and Pitter (1971), for example.
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FiG. 6. Electronic signal caused by grazing incidence of a 2-mm
metal sphere.

The vertical cross-sectional area of a drop decreases
with increasing oblateness. This effect causes a small
underestimation of the drop volume. Figure 7 showsthe
results from Pruppacher and Pitter.

All the effects mentioned above systematically influ-
ence the disdrometer measurments. But as they can be
described statistically, a correction is possible.

5. Numerical modeling

To quantify the influence of the fringe effects, dis-
drometer measurements have been modeled numerical -
ly. This model is initialized with a given wind speed
and drop size distribution. Two different types of drop
size distributions have been implemented, namely, ex-
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FiG. 7. Effect of drop oblateness. The straight line resembles the
results from Pruppacher and Pitter (1970). The dotted line has a slope
of 1.
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TABLE 1. Drop size distribution parameters.

Precipitation type N, (m=2 cm=1-+) o
Convective 7.54 X 106 1.63
Stratiform 1.96 X 10° 0.18

amples for stratiform and convective precipitation. For
this purpose we use gamma distributions (see section
8) because they better describe the concentrations of the
smallest drops. The parameters used to define these
spectra (see Table 1) have been taken from Ulbrich
(1983). The model calculates the distribution that the
disdrometer would measure under the defined condi-
tions. Thisis done by applying a statistical formulathat
describes the probability and the implication of the
fringe effects. In the following this model will be re-
ferred to as an analytical model. It is also possible to
change the T, threshold to evaluate the influence of
this parameter on the disdrometer measurements be-
cause this filter also suppresses signals that are caused
by multiple occupancies. Figures 8 and 9 show the im-
pact of the fringe effects on the measured precipitation
rate. The model runs had been initialized with drop size
spectra of stratiform rain and a T,,,, threshold of 1.5.
The increments in wind speed and rain rateare 1 m s
and 1 mm h-%, respectively. The lines in the plots look
rather sharp because the curves are not smoothed.
The use of the counting technique (Figs. 9 and 11)
always causes an underestimation of precipitation be-
cause the T, filter suppresses many signals from mul-
tiple occupancies that should be measured as separate
drops instead. This is aso true for the time technique
(Figs. 8 and 10), but here this effect is compensated for
somewhat by another effect, that is, the overestimation
of number densities due to spurious transition times of
multiple occupancies that have not been suppressed. It
is aso striking that the fringe effects have a minor in-
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FiG. 8. Overestimation (%) in rain rate-measurements due to fringe
effects. Results from numerical studies on the measurement of strat-
iform rain using the time technique to calculate drop size spectra.
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FiG. 9. Overestimation (%) in rain-rate measurements due to fringe

effects. Results from numerical studies on the measurement of strat-
iform rain using the counting technique to calculate drop size spectra.

fluence on the measurements of convective precipitation
(Figs. 10 and 11). Thisis dueto the fact that for agiven
rain rate the number densities in convective rain are
smaller than in stratiform rain and so multiple occu-
pancies occur less often.

The numerical calculations are suitable to describe
the properties of the disdrometer in the mean. But it is
also important to know the scatter caused by the fringe
effects. Thus, Monte Carlo simulations of disdrometer
measurements have been performed. During a model
run, drops that had been randomly distributed in space
and time penetrate the modeled sensitive volume ac-
cording to a predefined drop size distribution. The sim-
ulated raw data are processed in the same manner as
data from natural rain. To determine the standard de-
viation of a disdrometer measurement caused by the
fringe effects only, each calculation was repeated 200
times with the number of virtual drops kept constant.

20
18}

Wind velocity [m s-1]

1 2 3 4 5 6 7 8 9 10
Rainrate [mm h-1]

Fic. 10. Overestimation (%) in rain-rate measurements due to
fringe effects. Results from numerical studies on the measurement of
convective rain using the time technique to cal cul ate drop size spectra.
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FiG. 11. Overestimation (%) in rain-rate measurements due to fringe
effects. Results from numerical studies on the measurement of con-
vective rain using the counting technique to calculate drop size spectra.

Thus the scatter in the calculated rain rates depends on
the random occurrence of the fringe effects only. An
example of these Monte Carlo simulations is shown in
Fig. 12. The standard deviation of a disdrometer mea-
surement mainly depends on the rain rate because an
increasing rain rate is connected with higher probabil-
ities for multiple occupancies and grazing incidences.
Compared to the time technique, the standard deviations
are considerably larger if the counting technique is used
because of the additional error variance of the wind
speed measurements. That iswhy in most casesthetime
technique is applied to calculate drop size spectra.

6. An iterative procedure to compensate for fringe
effects

The occurrence of multiple occupancies leads to an
underestimation of the number density of small drops
and to an overestimation of the number density of larger
drops. This results in a shift of the drop size spectra
toward larger drops. We use the analytical model to
eliminate the influence of coincidences and other fringe
effects on the disdrometer measurements. The impact
of the fringe effect depends on the true number density
of the raindrops. This value, however, is not known
directly and so an iterative procedure has been devel-
oped. At the beginning of each iteration the analytical
model is initialized with a drop size distribution that is
assumed to be true. Then the simulated disdrometer
measurement of the assumed spectrum is compared to
the real disdrometer measurement. Convergence is
reached if these spectra differ by less than 2%. Each
following iteration is started after the initial spectrum
is modified according to the results of the iteration be-
fore. In most cases a convergence is achieved within
three iterations. Best results were achieved using the
measured drop size distribution itself as the first-guess
Spectrum.
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Fic. 12. Standard deviation (mm h-t) of rain-rate measurements
due to fringe effects. Results from Monte Carlo studies on the mea-
surement of stratiform rain using the time technique to calculate drop
size spectra.

To verify the iteration procedure described above, in-
tercomparison measurements between the disdrometer
and a conventional rain gauge have been performed.
The measurements of the conventional rain gauge have
been cumulated to form daily sums of precipitation.
Then the technique given by Allerup and Madsen (1979)
to compensate for wind-induced undercatch was applied
to the data of the conventional gauge. The measurements
of the disdrometer were analyzed using the iteration
procedure before daily sums of precipitation were cal-
culated. The precipitation total of the conventional
gauge amounts to 310 mm if not corrected and 354 mm
after the method by Allerup and Madsen has been ap-
plied. The disdrometer data gave 360 mm. The coeffi-
cient of correlation is better than 0.98 for daily means
of precipitation. The good correspondence between the
data of the two instruments shows that the iteration pro-
cedure is suitable to eliminate the effects of multiple
occupancies and grazing incidences from the disdro-
meter measurements.

7. Estimation of the error variance

The error variance of the disdrometer measurements
can be estimated, considering the following effects that
contribute to this variance.

» The iterative procedure to compensate for the fringe
effects is based on the assumption that these effects
occur according to their mean statistics. The Monte
Carlo studies are used to quantify the portion of the
total error variance produced by the random occur-
rence of the fringe effects. This will be referred to in
the following as o (fringe effects).

e The Monte Carlo simulations also consider the in-
homogeneity and anisotropy of the sensitive volume
(Fig. 2). The variance that is caused by this effect is
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therefore incuded in the variance obtained from the
Monte Carlo model oZ.

» Thetotal error variance also includes a sampling error
due to the fact that even at a constant rainfall the
number of drops penetrating the sensitive volume var-
ies from one measurement to another. This sampling
error has not been considered in the Monte Carlo sim-
ulations. This variance that is only caused by the sam-
pling error will be called o,,. The value of ¢, was
determined analytically.

To quantify the portion of the total error variance
that is due to the sampling error, the technique de-
scribed by Gertzman and Atlas (1977) has been applied
as follows. Assuming the numbers A of detected drops
of each bin are distributed around their mean value
A(bin) according to the Poisson statistics, it can be
shown that

0 3min = AbIN).
The mean contribution of the drops of a certain bin to
the rain rate RR(bin) results from multiplying the rain-

fall contribution of asingle drop of thisbin R, (bin) with
the mean number of detected drops:

RR(bin) = R, (bin)A(bin).

The variance in precipitation of each bin oZ,,(bin) is
given through the product of R(bin) and the variance
in the drop number:

O-%am(bin) = [Rl(bin)] 20'%(|ain)-
= [Rl(bin)]zﬂ(bin),

_ [RR(bin)]?
~ A(bin) 0
Hence, the variance of a disdrometer measurement that is
caused by the sampling error can be described as o2,
128 i
[RR(bin)]?
2 = R S
Sam bm% Abin) ®
The total variance of a disdrometer measurement 7.,
for a sampling time of 8 min is

-{]:Dis = O-IZZE + Ugamv
= 0.0040 + 0.0062 = 0.01 mm? h-2,

This error variance corresponds to a standard deviation
of 0.1 mm h=*. The mean precipitation rate during the
field measurements was 1.7 mm h~*. Thus the random
error amounts to about 6%.

8. First results

Drop size distributions from natural rain look quite
irregular. Simple mathematical formulas are often rec-
ommended to describe these distributions. Following
Marshall and Palmer (1948), the most commonly used
parameterization needs two parameters only:

JOURNAL OF ATMOSPHERIC AND OCEANIC TECHNOLOGY

VoLuME 15

6, RR=10mmh-1 -

LOG(N[m-3cm-1])

U
™
T

4 . . . . .
0 0.1 0.2 0.3 04 0.5
diameter [cm]

0.6

Fic. 13. Gamma drop size distributions for different values of w.
For n = 0 (solid line) gamma distributions are strictly exponential
[Eq. (9)]. All three spectraresult in the same rain rate of 10 mm ht,

N(d) = Nye e (9)

Here N(d)Ad is the concentration of drops having di-
ameters between d and d + Ad, N, is the intercept
parameter at d = 0 mm, and A is the slope parameter.
This formulation, however, does not allow a maximum
of medium-size raindrops as found in the measurements.
Therefore three-parameter distributions have been in-
troduced. Gamma distributions, for example, use athird
parameter, u, that defines the shape of a drop size dis-
tribution (Fig. 13):

N(d) = NydeeAd, (10)

Ulbrich (1983) showed that there is a definite rela-
tionship between the two parameters N, and . Hence,
gamma distributions can be described with aid of two
parameters only. Disdrometer data collected on board
the R/V Alkor were used to verify this relationship for
marine precipitation. For this purpose we fitted gamma
drop size distributions to the analyzed spectra applying
the Marquardt method of nonlinear regression (Mar-
quardt 1963). The results are shown in Fig. 14.

The correspondence between the relationship found
by Ulbrich and the disdrometer data is evident:

N, = 6.0 X 10432« (Ulbrich).

N, = 7.5 X 10%e>2+ (Alkor data).

Figure 14 also shows that only a very small portion of
the measured drop size spectra follows the exponential
law [Eg. (9)]. The mgjority of the spectra has a positive
value of w that is connected with a distinct decrease in
droplet concentrations toward the very smallest drops.

This validation of the relationships between N, and
wu for marine precipitation is just an examplary appli-
cation of the new disdrometer. Another important ob-
jective for a shipborne disdrometer is the deduction of
relations between radar reflectivity and rain rate over
the oceans. The presentation of these resultswith special
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Fic. 14. Relationship between N, and . Stars: disdrometer mea-
surements performed on R/V Alkor. Straight line: least squares fit to
the data. Dotted line: results taken from Ulbrich (1983). The dashed
line marks those spectrathat can be described with simple exponential
parameterizations (u = 0).

emphasis on tropical marine precipitation will be given
in a forthcoming publication.

9. Conclusions

An optical disdrometer has been developed that is suit-
able for use under calm and strong wind conditions. This
instrument is designed for the measurement of liquid pre-
cipitation with a resolution of 0.05 mm (128 hins). Mea-
surements of solid precipitation particles up to 22 mm in
diameter are possible using an alternative configuration.
Multiple occupancies of the sensitive volume and grazing
incidences must be considered. These effects, however,
can be corrected for in the mean using an iterative pro-
cedure that isbased on numerical smulations. Itisobvious
that this technique can also be applied to other disdro-
meters. Comparison between the rain rates determined
from adisdrometer and aconventional gauge that had been
corrected for wind-induced effects verified this procedure.
At present, five optical disdrometers are being operated
on various platforms and ships. They are used to calibrate
anew ship rain gauge (Hasse et al. 1998) and to determine
drop size spectra during the ALBATROSS campaign (7
October to 10 November 1996 on board the R/V Polar-
stern) on atmospheric chemistry, for example. We expect
that this disdrometer is useful for other scientific purposes,
too.
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