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Drop size spectra were measured by using an optical disdrometer of type ODM 470 at different locations. They were subdivided
in to four data sets: measurements over land, in coastal areas, over semienclosed seas, and over the open sea. Based on 1-minute
measurement intervals, no differences were found in drop size spectra between continental and maritime areas. An exponential
model with a rain rate depending on interception number and prefactor in the exponent fits well the spectra, and maximum
drop sizes depend strongly on estimated rain rates. In contrast to other investigations, there are no significant differences between
spectra of convective and stratiform rain based on 1-minute measurement intervals. However, spectra integrated over 10 minutes
show the expected differences.

1. Introduction

A detailed knowledge of rain drop size densities is an essential
presumption with respect to remote sensing of precipitation.
Recent research reveals that rain drop size densities can be de-
scribed either by an exponential distribution (e.g., Marshall
and Palmer [1]), a gamma distribution (e.g., Ulbrich and
Atlas [2]), or a Weibull distribution (e.g., Sekine et al. [3]).

Drop size densities also are influenced by the precipita-
tion formation processes in clouds. Since maritime and con-
tinental aerosols are significantly different leading to differ-
ences in cloud drop size spectra, one may assume that mari-
time and continental rain drop size densities (DSDs) are
different, too. In fact, only little is known about differences
in rain drop size spectra between land and sea due to a lack
of suitable data over the sea. To fill in this gap, measurements
were performed during the recent 10 years at different loca-
tions in Germany, over the Baltic Sea, the North Sea, and At-
lantic, Indic, and Pacific Oceans.

Measurements were conducted by using an optical dis-
drometer [4], which has been specially designed to perform
precipitation measurements on moving ships.

Drop size densities may also differ for prevailing strati-
form or convective precipitation as was shown, for example,
by Uijlenhoet et al. [5]. For subsets of the existing data,

weather radar information is available to decide whether pre-
cipitation is of convective or stratiform nature. This enables
to investigate differences in drop size spectra of convective
and stratiform precipitation.

2. Optical Disdrometer

Measurements of drop size spectra on moving ships are dif-
ficult to perform. To meet requirements such as high sea
states, high relative wind speeds, and irregular flow patterns
around the ship’s superstructure, an optical disdrometer was
developed at the IFM-GEOMAR [6]. Today, this instrument
is called ODM 470 and is produced by Eigenbrodt Environ-
mental Measurements, Germany (Figure 1).

The principle of the disdrometer is light extinction of an
infrared light-emitting diode at 880 nm wavelength caused
by hydrometeors passing through a cylindrical optical sen-
sitive volume of 120 mm length and 22 mm diameter, which
is kept perpendicular to the local wind with the aid of a wind
vane. The cylindrical form of the volume itself ensures the
measurements to be independent of the incident angle of hy-
drometeors. The magnitude of the electronic signal caused
by a rain drop is proportional to its cross-sectional area; its
length gives the residence time of a rain drop in the sensitive
volume depending on the size-dependent falling velocity of
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Figure 1: Sketch of the optical disdrometer ODM 470. From left
to right: electronics (1), light-emitting diode (2), lens system (3),
window (4), baffles (5), sensitive volume (6), achromatic collector
lens (7), optical blend (8), ocular (9), photo diode (10), and
electronic compartment (11).

the drop and local wind speed. Local relative wind speed is
measured by a cup anemometer. For the falling velocity Vfall,
more accurate the terminal falling velocity, an approach of
Atlas et al. [7] is used as follows:

Vfall = 9.65− 10.3 · exp(−0.6 · d), (1)

where d is the drop diameter in millimetres and V fall

in ms−1.
The disdrometer allows to measure drops from about

0.4 to 6.4 mm diameter portioned in equally spaced size
bins of 0.0496 mm. After correcting the measurements for
coincidence effects caused by multiple hydrometeors within
the sensitive volume at the same time and for edge effects,
precipitation rates R were calculated according to Clemens
[8] to be

R =
128∑

i=1

Ni

A · T0 ·
√
U2 + V 2

fall(di)
·Vdrop · ρ ·Vfall(di), (2)

where i indicates the ith size bin, di is the drop diameter
in m, U is the wind speed relative to the disdrometer in ms−1,
Vdrop is the drop volume in m3, Vfall(di) is the terminal falling
velocity according to (1) in ms−1,A = 0.12 m∗0.022 m is the
cross-section of the optical sensitive volume,T0 is the interval
of measurements in s, ρ is the density of water in kg m−3, and
Ni is the number of rain drops counted in each size class. The
denominator is the volume,

V(di) = A · T0 ·
√
U2 + V 2

fall(di) (3)

scanned by the optical disdrometer.

3. Data

Measurements took place at a number of locations between
1997 and 2007. These were two stations on main land:
Achern in Southwest Germany (48.6◦N, 8.1◦E) and Berlin
(52.5◦N, 13.4◦E). The minimum distances to the coast are
about 600 and 200 km; three coastal stations are Zingst
in Northeast Germany (54.4◦N, 12.6◦E), Westermarkelsdorf
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Figure 2: Positions of R/V Alkor (Baltic Sea and North Sea), R/V
Meteor (Atlantic and Indian Ocean), and R/V Ron Brown (Atlantic
and Pacific Oceans East and West of Central America). Positions are
restricted to those where rain has been measured.

(54.5◦N, 11.1◦E) and Kiel (54.3◦N, 10.1◦E) in Northern
Germany, and all stations are located along the coast of the
Baltic Sea; two stations in areas of the semienclosed North
Sea and Baltic Sea: Helgoland (54.2◦N, 7.9◦E) which is a very
small island in the German Bight about 60 km away from
the German coast and R/V Alkor cruising in the Baltic and
North Sea; two stations over the open sea, the USA. R/V
Ron Brown and the German R/V Meteor operating in the
Atlantic Ocean and tropical Pacific Ocean. Locations with
rain measurements of all three research vessels are depicted in
Figure 2. Heights of measurements vary between about 10 m
(Westermarkelsdorf) to 150 m (Achern) above sea level.

Temporal resolution of measurements is generally 1
minute. To exclude measurements of solid precipitation, si-
multaneously measuring unheated ship rain gauges were
used as an additional source of information except for meas-
urements on board of R/V Meteor. Here, we used available
synoptic information.

Especially over land measurements may be disturbed
temporally by spider nets; such measurements were removed
from spectral information.

4. Results

4.1. Influence of Wind Speed on Measurements. The capability
of an optical disdrometer to measure drop size spectra may
be limited due to the volume V of air scanned by an optical
disdrometer at a certain drop size (2), which is proportional
to the cross-section of the optical sensitive volume and
depends strongly on the local wind speed and, according
to (1), the terminal falling velocity or the drop size itself.
Thus, ideally estimated drop size spectra should not be a
function of local wind speed. Although model simulations
of disdrometer measurements showed that the disdrometer
performs well for drops of more than 0.4 mm in diameter
[4], this was checked for measurements on board of the R/V
Alkor, which comprises a sufficient number of precipitation
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Figure 3: Drop size densities for a rain rate of 2 to 5 mm h−1 (a) and 5 to 10 mm h−1 (b) averaged over different wind speed intervals.
Measurements took place on R/V Alkor, and drop size densities are normalized with rain rate and width of the size intervals (0.0496 mm) of
the optical disdrometer.

measurements under wind speeds to 25 ms−1. An example
is given in Figure 3. It turned out that there are no signifi-
cant differences between measured drop size spectra at a
given rain rate under varying wind speeds checked by a Kol-
mogoroff Smirnoff test at the 0.95 significance level. Thus, it
can be concluded that drop size densities are well represented
by the measurements even under conditions of low wind
speeds, when the scanned volume of air is a minimum espe-
cially for small drops. Therefore, in the following, no further
discrimination of rain events was made according to wind
speed.

Another problem of disdrometers, especially of impact
disdrometers like the Joss Waldvogel disdrometer, is to un-
derestimate the occurrence of small drops [9], which have to
be corrected, for example, by empirical formulas based on
the number of counted drops [10]. A comparison took place
in Westermarkelsdorf on the Island of Fehmarn in the Baltic
Sea between the optical disdrometer, a Joss-Waldvogel dis-
drometer (e.g., Joss and Waldvogel [11]), and a Micro Rain
Radar [12]. Figure 4 shows a comparison between measured
drop size densities at rain rates ranging from 0.5 to 4 mm h−1.
There is a good agreement between the different instruments;
deviations between the Joss-Waldvogel disdrometer and the
other instruments at smallest drops are due to a known
underestimation of the Joss-Waldvogel disdrometer for these
drops (e.g., Tokay et al. [9]) although the Joss-Waldvogel
measurements were corrected according to [10, 13]. Please

note in this context that the instruments capability to resolve
different drop sizes is limited due to measurement principles;
while the drop size bins of the optical disdrometer are equally
sized over the whole range, the resolutions of the Joss-
Waldvogel disdrometer (20 size bins) and of the Micro Rain
Radar (46 size bins) decrease with increasing drop diameter
as it is indicated in Figure 4.

4.2. Performance of the Optical Disdrometer. Beside a number
of tests during the development of the optical% disdrometer
[4, 6], the disdrometer was comprehensively tested against
collecting rain gauges in the field. Rain measurements on
the main building of the IFM-GEOMAR in Kiel from
1998 to 2003 showed that deviations between a Hellmann
rain gauge and a ship rain gauge [14] are better than
2% in terms of accumulated rain sums at wind speeds of
less than 5 ms−1. The chosen maximum wind speed en-
sures that flow distortion does not influence precipitation
measurements of the Hellmann rain gauge (e.g., Sveruk
[15]). The correlation coefficient is 0.99 based on 8-minute
integration time of measurements. Comparisons between
both instruments at higher wind speeds showed that the dif-
ferences meet well the numbers given for flow distortion cor-
rection of the Hellmann rain gauge by Sveruk [15]. The dis-
drometer measurements itself were compared to ship rain
gauge measurements on RV Alkor for the period of 1999–
2005. At wind speeds below 8 ms−1, correlation coefficient is
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Figure 4: Drop size densities measured simultaneously by an
optical disdrometer (OD), a Joss-Waldvogel disdrometer (JW), and
a Micro Rain Radar (MRR) for rain rates, taken from the Joss-
Waldvogel disdrometer, ranging from 0.5 to 4 mm h−1. Measur
ements took place in Westermarkelsdorf on the island of Fehmarn
in 2002.

0.93 based on 1-minute integration time of measurements;
using measurements under all wind speeds, the correlation
coefficient is slightly reduced to 0.91. The difference between
both instruments is less than 3% in terms of accumulated
rain. Correlation coefficients between an optical disdrometer
and a ship rain gauge are generally smaller due to the
principle of measurements. While the disdrometer gives
instantaneous values, a ship rain gauge records the data
with some delay. Further, the correlation is reduced by
evaporation and wetting losses, which are typical errors of
collecting instruments like the ship rain gauge.

4.3. Differences of Drop Size Densities Land Sea. As men-
tioned above drop size spectra might be influenced by the
kind of aerosols serving as condensation nucleus. Therefore,
it is necessary to estimate the origin of the air masses for the
location of precipitation measurement. This could be done
by making use of trajectories estimated from reanalysis data.
Unfortunately, for example, Stohl [16] stated that trajectory
errors of 20% of the distance travelled seem to be typical
for trajectories computed from analysed fields; in data-scarce
areas like oceans-errors may increase drastically. This is
supported by a study of Engström and Magnusson [17],
who have shown that due to uncertainties in the reanalysis
data, the starting point of trajectories indicating the origin
of air masses has mean uncertainties after 5 days of 300
to 900 km depending on the method and region. Since

this does not allow any sufficient estimate of the origin
of air masses, a simple approach has been used in the
present study by classifying the measurements according to
their location: land measurements, coastal measurements,
measurements in areas of semienclosed seas, and open sea
measurements. Results are given in Figure 5 as a function of
rain rate, and numbers of observation are given in Table 1.
In general, differences in drop size spectra, normalized by
precipitation rate, are small between different areas. Even
at rain rates of 2 to 5 mm h−1, where differences in drop
size spectra between coastal areas and open sea reach a
maximum, a Kolmogoroff Smirnoff test does not show a
significant difference between coastal and open sea spectra,
tested at the 0.95 significance level. Normalizing the spectra
according to a procedure as suggested by Testud et al. [18]
gives comparable results. Thus, it can be stated that there
are no systematic differences between drop size densities
measured in maritime and continental environments. But
several characteristics of the estimated drop size densities are
obvious; an exponential model fits the data well; the intercept
parameter seems to decrease slightly with precipitation rate;
as well the regression coefficient as the maximum drop sizes
depends on the measured precipitation rate itself.

To fit a model function to the estimated drop size spectra,
measurements of all locations were averaged with respect
to precipitation rate. Due to the probability distribution of
precipitation rates, widths of averaging intervals range from
0.1 mm/h for precipitation rates of less than 1 mm/h up to
10 mm/h for precipitation rates above 40 mm/h. The best fit
to all measurements is given by

N(D) = 6510 m−3 mm−1 mm0.14 h−0.14 · R−0.14

× exp
(
−4.4 mm0.25 h−0.25 · R−0.25 ·D mm−1

)
,

(4)

(Figure 5) estimated by using the method of least squares.
The precipitation-rate-dependent factor in the exponential
is similar to that given by Marshall and Palmer [1]. The
intercept parameter, in the original Marshall Palmer formu-
lation not depending on the rain rate, is also of the same
order. Drop size distributions agree well with the findings
from Doelling et al. [19] based on long-term measurements
at several locations in Germany using a Joss-Waldvogel
disdrometer.

In contrast to some other publications (e.g., Mallet and
Barthes [20]), a gamma model function did not give a better
fit to the data.

4.4. Maximum Drop Size. The dependency of the maximum
drop size Dmax as a function of rain rate is shown in Figure 6.
Up to rain rates of about 25 mm h−1, it follows well the func-
tion

Dmax(R) = 3.7 mm + 1.63 mm · log10

(
Rmm−1h

)
, (5)

for higher precipitation rates maximum drop size is constant,
probably due to the fact that big drops became unstable
and tend to fall in smaller drops [21]. The measured
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Figure 5: Drop size densities normalized with rain rate depicted for different precipitation rates (0–2 mm h−1 (a), 2–5 mm h−1 (b),
5–10 mm h−1 (c), 10–20 mm h−1 (d), and more than 20 mm h−1 (e)) and locations: land stations (green), coastal stations (red), semienclosed
seas (black), and open seas (blue). The full lines give drop size densities according to the exponential function given in (4) for 1, 3, 6, 12, and
25 mm h−1.
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Table 1: Number of observations in each category of Figure 5.

Number of observations

Rain rate/mm h−1 Island/Baltic sea Coast Land Open sea

0–2 32888 49000 14958 5499

2–5 11467 40553 4196 2258

5–10 2313 2865 811 963

10–20 990 1020 234 579

>20 253 243 148 350
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Figure 6: Maximum drop size as a function of rain rate estimated
from all available measurements.

maximum diameters at a given rain rate compare well with
estimates of Harikumar et al. [22]. The estimate of maximum
diameters as a function of rain rates might be limited by the
scanned volume of air since the drop size density decreases
exponentially with increasing drop diameter (4). Estimates
based on this equation, assuming a more conservative value
of mean relative wind speed of 5 ms−1, showed that the
number of observations for each precipitation interval used
to estimate maximum drop sizes (Figure 6) is big enough to
detect even larger drops than those given by (5). On average,
the totally scanned volume is about 13 times bigger than the
volume containing a single drop of maximum drop size at a
given rain rate based on a drop size distribution according to
(4). Only for a rain rate of 0.1 mm h−1, the scanned volume
is smaller than necessary.

The drop diameter D50, defined as drop diameter in mm
at which half of the rain volume is in smaller drops and half
is in larger drops, depends also on rain intensity R in mm h−1

according to

D50 = 1.06 h · R0.22, (6)

which compares well to findings of McCool et al. [23], who
got

D50 = 1.136 h · R0.219, (7)

based on measurements in the US Pacific Northwest area.
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Figure 7: Drop size spectra measured on board of R/V Alkor at rain
rates of 2 to 5 mm/h (lower curves) and 5 to 10 mm/h, based on 1-
minute time series (asterisks) and time series of 10-minutes length
(open symbols).

4.5. Drop Size Densities and Length of Time Series. Due to
the high temporal and spatial variability of precipitation in
combination with a strong dependency of drop size spectra
on rain rate, it should be noted that drop size spectra at
a given rain rate depend strongly on the length of time
series. An example is given for drop size densities derived
from measurements on board R/V Alkor, averaged over 10
consecutive minutes with respect to drop size density and
rain rate, and compared with original drop size spectra of
1-minute integration time (Figure 7).

A Kolmogoroff Smirnoff test shows that 1 minute and
10-minute drop size spectra are significantly different at the
0.95 level. The reason for this behaviour is that 10-minute of
integration time may comprise certain minutes without any
precipitation. Thus, the resulting average precipitation rate
is generally lower than the maximum precipitation rate of
a single minute within a 10-minute time series, or in other
words, the longer the integration time, the bigger are the
biggest drops measured at a given precipitation rate. Com-
puting 10-minutes time series by summing up the numbers
of drops over 10 consecutive minute, averaging the measured
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Figure 8: Drop size spectra measured on board of R/V Alkor at
rain rates of 2 to 5 mm/h (lower curves) and 5 to 10 mm/h, based
on 1-minute time series. Open symbols represent precipitation
events below; asterisks represent precipitation events with rain rate
variabilities above average temporal variability.
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Figure 9: Drop size spectra for stratiform (black symbols) and
convective precipitation events (red symbols) as estimated from
weather radar based on 1-minute measurements using the optical
disdrometer at Westermarkelsdorf.

wind speeds, and applying (2) instead of averaging rain rates
and drop size densities came out with the same result.

4.6. Drop Size Densities for Convective and Stratiform Rain.
As mentioned above, drop size densities for stratiform and

convective precipitation may differ, too. Classifying precipi-
tation in a convective and a stratiform part is a difficult task
as it is reflected by the large number of different procedures
given in literature. Some possibilities are a vertical velocity
based (e.g., Atlas et al. [24]) or weather radar based on (e.g.,
Bumke et al. [25]) or using a threshold (e.g., Atlas et al.
[26]), but the latter is according to Yuter and Houze [27]
inconsistent with the methods mentioned before or methods
based on spatial/temporal variability. Here, we used two
approaches, the temporal variability to separate data of R/V
ALKOR in stratiform and convective rain and weather radar
information to do so for the Westermarkelsdorf data set.

For time series of FS ALKOR, the temporal variance of
the rain rate was estimated from running 30-minute time
series consisting of 30 single consecutive 1-minute time
series to estimate the mean variance as a function of rain
rate. Then the time series of FS ALKOR was split in two
parts: one part for rain events during periods of rain rates
with variability below average and a second part for rain
events during periods with above average variability. The
first set can be regarded as the stratiform part, the second
as the convective part. Figure 8 shows the resulting drop size
spectra in comparison.

The result is that there are no differences in drop size
spectra for periods of low variability and high variability
in rain rates. Thus, one can conclude that there are no
differences in drop size spectra for prevailing stratiform and
prevailing convective precipitations based on 1-minute time
series.

For Westermarkelsdorf, the decision, whether precipi-
tation is stratiform or convective, is based on information
of Rostock weather radar [28]. The algorithm bases on
an analysis of reflectivity patterns in the horizontal, and
vertical. In the horizontal stratiform areas are identified
by relatively homogeneous, typically larger areas of low or
medium reflectivity, while convective areas show cells of high
reflectivity and strong gradients in reflectivity. In the vertical,
stratiform areas are characterized by a bright band, thus,
showing a well-defined peak in the vertical reflectivity profile.
Convective cells do not show such a characteristic maximum,
but they reach higher. This has been used to classify the
original 1-minute time series (Figure 9) and the averaged 10-
minute time series (Figure 10) into convective and stratiform
subsets. Applying the method of variances as used for RV
Alkor data on the Westermarkelsdorf data and comparing the
resulting stratiform and convective events with those derived
by applying the radar method, the following agreement was
achieved: for convective precipitation events, the agreement
between both methods is 68%, for stratiform events it is 77%,
based on 1-minute time series.

While based on time series of 1-minute length, no signifi-
cant difference between the stratiform and convective subsets
could be detected; significant differences between convective
and stratiform drop size spectra do show up based on 10-
minute time series. The explanation is very simple: during
periods of low variability in rain rates, drop size spectra of
each 1-minute interval belonging to a 10-minute interval
show a similar shape resulting in an average spectrum similar



8 ISRN Meteorology

0 1 2 3 4 5 6

Westermarkelsdorf       10 minutes 0–2  mm/h

10−4

10−3

10−2

10−1

100

101

104

103

102

Drop diameter (mm)

D
ro

p 
de

n
si

ty
  (

m
−3

 m
m
−1

)

(a)

0 1 2 3 4 5 6

Westermarkelsdorf       10 minutes 2–5  mm/h

10−4

10−3

10−2

10−1

100

101

104

103

102

Drop diameter (mm)

D
ro

p 
de

n
si

ty
  (

m
−3

 m
m
−1

)

(b)

0 1 2 3 4 5 6

Westermarkelsdorf       10 minutes 5–10  mm/h

10−4

10−3

10−2

10−1

100

101

104

103

102

Drop diameter (mm)

D
ro

p 
de

n
si

ty
  (

m
−3

 m
m
−1

)

(c)

Figure 10: Drop size spectra for stratiform (asterisks) and convective precipitation events (crosses) based on 10-minute measurements
using the optical disdrometer at Westermarkelsdorf. The separation in stratiform and convective precipitation was taken from weather radar
information.

to those of each single minute. In cases of high variability
in rain rates, there are minutes with lower or even zero
precipitation and minutes with higher rain rates than in
average. Consequently, the resulting spectrum for a 10-
minute period contains also bigger drop sizes according to
higher rain rates (4). In fact, this averaging effect with respect
to precipitation rates leads to stratiform spectra containing
smaller drops than convective spectra, as was shown, for
example, by Testud et al. [18], and which is a result of the
one-sided distribution of precipitation rates, leading always
to a smoothing in precipitation rates.

5. Conclusions

This study gives an insight into differences of drop size
spectra over land and sea. Unlike other studies, no difference
could be detected here between drop size densities over land

and sea. Main results are that an exponential model fits the
measured drop size spectra, where the interception number,
the regression coefficient, and the maximum observed drop
size depend on the rain rate itself. One might speculate
whether gamma distributions derived earlier may be a result
of measurement technique. Most of them are derived from
Joss-Waldvogel measurements, which are known to underes-
timate the occurrence of smallest drops (e.g., Williams et al.
[29]), or whether this is a result of the limited resolution of
smallest drops, here drops of less than 0.4 mm in diameter,
for the optical disdrometer used in this study. In fact, the
number of smallest drops is of limited interest for remote
sensing of precipitation, since both rain rate and reflectivity
are mainly defined by the number of larger drops.

The most important result of this study is that rain drop
size densities based on 1-minute time series are identical
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over land and sea and are a function of rain rate only. Some
uncertainties remain in which degree condensation nuclei
are of prevailing continental or maritime origin at differ-
ent locations. A certain estimate necessitates simultaneous
aerosol measurements. Such an experiment has taken place
first in autumn 2010 on a cruise of RV Polarstern from
Bremerhaven to Capetown.

A number of recent publications have shown (e.g., Testud
et al. [18]) that drop size spectra of convective and stratiform
rain do show significant differences. Several approaches have
been developed in the past to decide whether precipitation
is of stratiform or convective character. Here, we used two
of them, temporal variability in rain rates and additional
information by weather radar data for the South Western
Baltic Sea to separate precipitation events in convective
and stratiform subsets. As expected, both methods used for
classification show some disagreement leading to an overlap
in classification. Results show that no significant differences
between drop size densities of stratiform and convective rain
for integration times of 1 minute could be found for both
methods used for classification. But for integration times
of 10 minutes, a typical timescale for convective events,
there are indeed significant differences between drop size
densities of stratiform and convective rain independent of
to the method used for classification. Differences between
both methods used for classification indicate clearly that
further research is needed. A cloud classification algorithm
[30] in combination with simultaneous measurements of an
optical disdrometer and a cloud camera gives the possibility
to develop a new scheme to separate precipitation in a strat-
iform and convective part. Such measurements are running
now on the main building of the IFM-Geomar in Kiel.

Thus, another main result is that differences in drop size
spectra are a result of integration time of measurements as
it is expected due to the fact that the maximum drop size
is a function of rain rate. It is clear from the results of this
study that drop size spectra as well as the resulting ZR-
relations depend on the integration time, or equivalently,
spatial averaging of precipitation measurements. This has
consequences for purposes of remote sensing of precipitation
by satellite or weather radar. Spatial/temporal variability
seems to be an important and necessary information, for
example, to get reliable numbers of the areal relation between
reflectivity and rain rate for areas of the radar volume or a
satellite’s footprint.

In this sense, there are indeed differences between
stratiform and convective precipitation, which has typical
time scales of 10 minutes and more although our results
based on 1-minute measurements give an opposite picture.
Thus, future research should focus on differences in the
small-scale spatial variability of precipitation patterns to
improve remote sensing of precipitation.

Acknowledgments

The authors would like to thank the masters and crews of
all ships and the staff of all measurement sites for their
support. Furthermore, they would like to thank everybody,

who performed the measurements, especially Lutz Hasse,
Martin Großklaus, Marco Clemens, and Klaus Uhlig. Parts of
this study were funded by the Deutsche Forschungsgemein-
schaft (Niederschlagsmessung auf See, BALTEX, COPS), the
European Union (Joule and PEP), and the German Ministry
of Research (DEKLIM).

References

[1] J. S. Marshall and W. K. M. Palmer, “The distribution of rain
drops with size,” Journal of Meteorology, vol. 5, pp. 165–166,
1948.

[2] C. W. Ulbrich and D. Atlas, “Microphysics of raindrop size
spectra: tropical continental and maritime storms,” Journal of
Applied Meteorology and Climatology, vol. 46, no. 11, pp. 1777–
1791, 2007.

[3] M. Sekine, S. Ishii, S. I. Hwang, and S. Sayama, “Weibull
raindrop-size distribution and its application to rain atten-
uation from 30 GHz to 1000 GHz,” International Journal of
Infrared and Millimeter Waves, vol. 28, no. 5, pp. 383–392,
2007.

[4] M. Großklaus, Niederschlagsmessung auf dem Ozean von fah-
renden Schiffen, vol. 278, Berichte aus dem Institut für Meeres-
kunde an der Christian-Albrechts-Universität Kiel, Institut für
Meereskunde, Kiel, Germany, 1996.

[5] R. Uijlenhoet, M. Steiner, and J. A. Smith, “Variability of rain-
drop size distributions in a squall line and implications for
radar rainfall estimation,” Journal of Hydrometeorology, vol. 4,
no. 1, pp. 43–61, 2003.

[6] M. Großklaus, K. Uhlig, and L. Hasse, “An optical disdrometer
for use in high wind speeds,” Journal of Atmospheric and Oce-
anic Technology, vol. 15, no. 4, pp. 1051–1059, 1998.

[7] D. Atlas, R. Srivastava, and R. Sekhon, “Doppler radar charac-
teristics of precipitation at vertical incidence,” Reviews of
Geophysics, vol. 11, no. 1, pp. 1–35, 1973.

[8] M. Clemens, Machbarkeitsstudie zur räumlichen Niederschlags-
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