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ARTICLE INFO ABSTRACT

Disdrometers are widely used to measure the microphysical properties of precipitation, synthesised by the drop
size and fall velocity distribution, and to infer integral properties like rainfall intensity, kinetic energy, visibility
and radar reflectivity. Although often used to validate other methods of inferring precipitation products,
including radar, satellite and opportunistic sensors, the accuracy and reliability of disdrometer measurements are
rarely quantified. This study is the first to traceably and systematically quantify the instrumental bias of optical
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Keywords:
Rainfall disdrometer measurements in the laboratory. We tested two widely used optical transmission disdrometers, the
Disdrometer OTT Parsivel? and the Thies LPM, using a raindrop generator that was specifically developed for calibrating non-

catching precipitation measurement instruments. We also conducted tests using metallic spheres and demon-
strated that the calibration obtained using artificial particles is not appropriate for optical disdrometers. The
instruments investigated significantly underestimate drop size by up to 20%, with peaks of up to 40% for the
Thies LPM when using the internal post-processing algorithm. The OTT Parsivel? overestimates fall velocity by
about 5 to 10%, while the Thies LPM underestimates it by up to 15%. Slight linear trends of the percentage
relative bias with drop size are observed for both drop diameter and fall velocity. However, adjustment of field
measurements may be challenging, given the large dispersion observed. The mean bias and dispersion of drop
size and velocity measurements vary along and across the laser beam, especially for the Thies LPM, with dif-
ferences of up to 30% observed between drops falling at the opposite edges of the beam. Integral properties are
largely underestimated, particularly at low rainfall intensity, although performance improves as intensity in-
creases. These results highlight the importance of laboratory calibration to assess and quantify the instrumental
bias of disdrometer measurements prior to their use in research or operational applications, especially when used
to calibrate meteorological radars or to compare integral measurements with those of other instruments that
measure precipitation in situ. While they provide relevant information about individual drop size and velocity,
optical disdrometers need to be further improved before they can compete reliably with traditional rain gauges in
measuring rainfall intensity.

Measurement accuracy
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Drop size distribution
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1. Introduction

Atmospheric (liquid and solid) precipitation is increasingly being
measured using non-catching gauges (NCGs). These instruments have no
moving parts, collector or storage tank, thus reducing the cost of ordi-
nary maintenance typically associated with catching-type gauges (Lanza
et al., 2021). NCGs are generally distrometers, more commonly named
‘disdrometers’, as they measure the frequency distribution of the size
and fall velocity of hydrometeors passing through or impacting their
sensing area. This is expressed as the Particle Size and Velocity Distri-
bution (PSVD), either at a given temporal resolution (e.g., one minute)
or integrated at the event scale. Useful derived variables can then be

obtained, including precipitation type, precipitation intensity or
amount, kinetic energy, visibility and radar reflectivity.

Disdrometers can use optical, acoustic (vibration) or microwave
(radar) measurement principles. Optical disdrometers can take non-
contact measurements because they have a transmitter that emits
visible or infrared light and an optical sensor that receives the signal.
Depending on the type and configuration of their receiver, they can be
classified as optical transmission, forward scattering, backward scat-
tering, or imaging sensors (Kathiravelu et al., 2016). In the case of op-
tical transmission sensors, the presence of hydrometeors in the
instrument's sensing area (obstruction) reduces the received signal. This
signal is then processed to derive the hydrometeors' geometric (size) and
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dynamic (velocity) characteristics. Light scattering instruments measure
the signal reflected by hydrometeors crossing their sensing volume,
while imaging sensors photograph single or multiple hydrometeors in
the visible or infrared spectrum. Impact disdrometers, on the other
hand, measure the kinetic energy of hydrometeors that hit on a mem-
brane or plate. The vibrations or deformation generated by the impact
are converted into an electrical signal. The frequency spectrum of this
signal can be used to determine the number and size of the drops, pro-
vided that a relationship between drop size and fall velocity is assumed
(Tuukka, 2015). Microwave or radar disdrometers operate in a similar
manner to traditional meteorological radars, except they lack horizontal
scanning capabilities and sample a narrow vertical cone above the in-
strument (see e.g. Sheppard, 1990).

Since their initial appearance (see Joss and Waldvogel, 1967), dis-
drometers have been widely used as a ground reference for developing
or validating precipitation retrieval algorithms for weather radars, sat-
ellite borne and opportunistic sensors. In the case of radar measure-
ments, they were initially used to establish the relationship between
radar reflectivity (Z) and rainfall rate (RI). More recently, they have also
been used to validate algorithms for retrieving the Drop Size Distribu-
tion (DSD) from Doppler radar measurements (see e.g., Schleiss and
Smith, 2015; Gorgucci et al., 2001; Bringi et al., 2003; Anagnostou et al.,
2008; Conrick et al., 2020; Gatidis et al., 2022). Disdrometers are also
involved in the validation of satellite precipitation measurements (see e.
g., Peino et al., 2024) as the Core Satellite product of the Global Pre-
cipitation Measurements (GPM) initiative (Wu et al., 2019; Petersen
et al., 2020; Tokay et al., 2020; Adirosi et al., 2021) and in the cali-
bration of the Tropical Rainfall Measuring Mission (TRMM) (Kummerow
et al., 2000), both NASA's projects. An optical disdrometer was specif-
ically designed for in situ shipboard measurements in the Ocean Rainfall
And Ice-phase precipitation measurements Network (Ocean RAIN) from
June 2010 to April 2017. The precipitation parameters obtained were
used for validation of satellite data, as the GPM and the Hamburg Ocean
Atmosphere Parameters and fluxes from Satellite (HOAPS) data
(Burdanowitz et al., 2018), and the study of retrievals (Aragon et al.,
2024). The factory calibration of the disdrometers is used in the various
studies, with no verification carried out (Kummerow et al., 2000), and in
some cases, evident biases remain in the DSD's assessment (Tapiador
et al., 2017).

Disdrometer measurements are also used as a reference for both the
precipitation intensity and the DSD when validating newly developed
measurement methods, like e.g. opportunistic sensors. These sensors
exploit already existing but usually unrelated measurements (mostly
from communication technologies) to infer the precipitation amount or
intensity by interpreting the undesired effect induced by raindrops on
the received signal (Giannetti and Lanza, 2023). For example, changes of
the signal intensity in telecommunication microwave links (Fencl et al.,
2020; Spackova et al., 2021), in images obtained from surveillance
cameras (Lee et al., 2023) or in satellite to earth communications (Colli
et al., 2019).

The possibility to infer the kinetic energy of raindrops from dis-
drometer measurements is exploited in soil erosion studies, for instance
to obtain erosivity-intensity relationships (see e.g. Nanko et al., 2016).
They are also used as a reference when developing rainfall generators in
field or laboratory experiments (see e.g., Jadhao et al., 2023; Gires et al.,
2020). Disdrometers also provide valuable datasets for validating cli-
matic and meteorological models that require in-depth knowledge of
precipitation microphysical properties (see e.g. Tapiador et al., 2018;
Yang et al., 2019). The measurement of the DSD has significant impli-
cations for other research fields that are becoming increasingly relevant.
For example, it is used to study leading-edge erosion in wind turbines
(Pryor et al., 2022), to investigate possible correlations with fulmination
in convective precipitation events (Chatterjee and Das, 2020) and to
assess the impact of throughfall in forest canopies (Levia et al., 2017). In
terms of technical applications, disdrometers are also being increasingly
adopted in the transportation sector. They are used to monitor visibility
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and detect snowfall and other hazardous environmental conditions near
roads, airports and other key infrastructure (Mocholi Belenguer et al.,
2020).

Despite their widespread use, it is rare for the accuracy and reli-
ability of disdrometer measurements to be questioned or quantified, and
end users are rarely aware of their potential biases. They are often
considered the ‘ground truth’, based on factory calibration provided by
the manufacturer. However, several studies show that significant in-
consistencies are present in disdrometer measurements. Results also
tend to be instrument-dependent, indicating the presence of some
instrumental bias that may affect research outcomes (Adirosi et al.,
2018; Johannsen et al., 2020a; Campos and Zawadzki, 2000). This is
evident from field intercomparison results, where significant discrep-
ancies in measurements are evident (see, for example, Lanza and
Vuerich, 2009; de Moraes Frasson et al., 2011; Park et al., 2017). A few
authors also report evidence of significant bias in the drop fall velocity
measurements obtained from disdrometers (see, e.g., Beczek et al.,
2025, Saha and Testik, 2023). Tokay et al. (2001) conducted a com-
parison of three disdrometers (two optical and one impact) against each
other and against the rain totals measured by tipping-bucket rain gauges
in a field experiment. While the DSDs demonstrated good consistency
between the two types of disdrometer, both underestimated the rain
totals, likely due to the underreporting of small- to medium-sized drops.

Dedicated laboratory calibration is necessary to minimise the
instrumental bias of disdrometer measurements, at least for liquid pre-
cipitation. However, while calibration is relatively straightforward for
traditional catching-type precipitation gauges (as they measure contin-
uous water flow, which can be easily reproduced using precision pumps
— see Colli et al., 2014), disdrometers measure individual raindrops.
Therefore, to provide a calibration reference quantity, drops of known
diameter and fall velocity must be produced individually. The technical
challenges include the wide range of drop diameters required to repro-
duce the DSD of natural rainfall, and the need for an independent
measurement of drop characteristics immediately prior to them crossing
or impacting the sensing area/volume of the instrument under test.
There is no agreed calibration procedure in the literature. Manufacturers
often do not disclose their calibration procedure or only provide limited
information. In some cases, instruments are tested using only large
diameter drops (larger than 2 mm), or drops are replaced with metallic
spheres or glass beads. A traceable reference may be absent for the
drops, or it may be obtained using the same measuring principles as the
instrument under test. Lanza et al. (2021) provided a review of current
calibration procedures applied by manufacturers and researchers to
assess the accuracy of disdrometer measurements.

The calibration procedure is disclosed for instance by Distromet Ltd.,
the manufacturer of the Joss-Waldvogel RD-80 impact disdrometer,
which is used to measure the size distribution of raindrops. The sensor
converts the mechanical momentum of an impacting drop into an
electric pulse whose amplitude is approximately proportional to the
mechanical momentum (Disdromet, 2022). Calibration is performed
using real drops with a diameter of approximately 0.8 mm, falling at
near terminal velocity. These drops are evenly distributed over the
entire sensing area. Adjustments are then made and the drop test is
repeated. However, full calibration over the entire range of natural
raindrop diameters is not performed. Lane et al. (2014) proposed in situ
calibration as a strategy towards implementation and deployment of
low-cost disdrometers by describing a calibration algorithm using laser
scattering as a DSD second moment observable to supplement rain gauge
based rain rate DSD moment observables. Although the study was con-
ducted using an impact disdrometer, the authors claim that the proposed
procedure can be applied to optical and other types of disdrometers.

A metrologically sound procedure for the laboratory calibration of
disdrometers was developed during the European project ‘INCIPIT:
Calibration and accuracy of non-catching instruments to measure
liquid/solid atmospheric precipitation’, which was financed in 2019 by
EURAMET (the European Association of Metrology Institutes) under
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EMPIR, the European Metrology Programme for Innovation and
Research (Merlone et al., 2022). The calibration procedure is currently
being evaluated as a potential European Standard by Technical Com-
mittee TC318 (Hydrometry) of CEN, the European Committee for
Standardization. Three different rain drop generators suitable for cali-
brating NCGs were developed during the project, and their characteri-
sation was performed to derive their calibration uncertainty (Baire et al.,
2022).

The present study presents and discusses the results of an extensive
laboratory calibration performed using an existing rain drop generator
developed at the University of Genoa during the INCIPIT project. The
calibration, following the above-mentioned procedure, was performed
on two widely used optical disdrometers. The aim was to derive infor-
mation about their measurement accuracy and the potential biases
associated with measuring drop size and fall velocity, and the derived
integral properties of precipitation. The organisation of the paper is as
follows: Section 2 provides basic information about the characteristics of
the two optical disdrometers under test and describes the rain drop
generator and the adopted calibration procedure. Section 3 investigates
the effect that drop shape may produce on calibration results and
quantifies the instrumental bias in the measurement of drop size and fall
velocity. The propagation of such bias to derived variables, such as
rainfall intensity, kinetic energy and radar reflectivity is also quantified.
Finally, conclusions are drawn in Section 4.

2. Material and methods
2.1. Optical disdrometers under test

We tested two widely used optical transmission disdrometers: the
Parsivel? present weather sensor manufactured by OTT HydroMet
GmbH (OTT Hydromet GmbH, 2017) and the Laser Precipitation
Monitor (LPM), manufactured by Thies CLIMA, Adolf Thies GmbH & Co.
KG (Thies A., 2011). Both instruments are equipped with a laser emitter
and a receiving sensor, that are horizontally aligned and connected to
the instrument main body by means of supporting arms. A laser diode is
used for producing a thin light beam, 30 mm wide for the OTT Parsivel?
and 20 mm wide for the Thies LPM. Interference from ambient light is
minimized by operating the laser diode of the Thies LPM at high fre-
quency (173 kHz) and using a low-pass filter in the receiver, while the
operating frequency of the OTT Parsivel? is not provided in the oper-
ating instructions (OTT Hydromet GmbH, 2017).

In both instruments, the power of the laser beam is converted into an
electrical signal by a photodiode in the receiver head and is reduced by
the light blockage due to hydrometeors crossing the beam. The power
drop is proportional to the size of the falling hydrometeor while the fall
velocity is obtained from the duration of the beam blockage (extinction).
The combination of hydrometeor size and fall velocity, together with the
measurement of local temperature, makes it possible to identify the type
of precipitation (e.g. drizzle, rain, snow, soft hail, hail and mixed) and to
exclude objects other than hydrometeors that may cross the laser beam,
such as insects, since the size-velocity relationship would not be
consistent with that expected for hydrometeors (e.g. provided by Gunn
and Kinzer, 1949).

For the OTT Parsivel?, the diameter of liquid hydrometeors is re-
ported in 32 classes, ranging from 0.2 to 8 mm (extended to 25 mm for
solid hydrometeors), while the fall velocity is reported in 32 classes,
spanning a range of 0.2 to 20 m/s. The precipitation type is categorized
in 8 classes, from drizzle to hail. The diameter of liquid hydrometeors is
instead reported in 22 classes for the Thies LPM, ranging from 0.125 to
>8 mm, while the fall velocity is reported in 20 classes, spanning a range
of 0.2 to >10 m/s. The precipitation type is categorized in 10 classes,
from drizzle to hail. The hydrometeor size and fall velocity distribution
over the class binning, aggregated at 1 min resolution, is also used to
calculate the intensity and amount of precipitation, visibility, kinetic
energy of precipitation and radar reflectivity.
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Both instruments transmit a single data telegram at a fixed interval
that can be configured by the user (usually set to one minute). The
typical output telegram provides the PSVD matrix, but raw measure-
ments can also be included in the form of a list of each hydrometeor
detected, with its size (diameter) and fall velocity information. In our
tests, the OTT Parsivel? was set as to report both the raw measurements
and the PSVD matrix, although the latter information is affected by an
undisclosed filtering software (Saha and Testik, 2023). In particular, the
PSVD matrix was consistently empty for small drops (1 mm in diameter
or lower) or if less than 10 to 15 larger drops were detected in one
minute, and this prevented us to test results for the PSVD matrix of the
OTT Parsivel?. In the case of the Thies LPM, instead, two separate tests
were performed to test the two telegrams since the instrument cannot
output both values at the same time. It is also worth noting that — while
ideal for testing the gauge — rarely output telegrams containing raw
measurements are used in the field due to the large amount of data
produced and the risk of overwhelming the communication protocol
during intense precipitation events.

The operating instructions for the OTT Parsivel? (OTT Hydromet
GmbH, 2017) state that the instrument reports the equivolumetric drop
diameter, with no further information provided regarding the filtering
and processing of raw data. Battaglia et al. (2010) reported an internal
correction algorithm for an earlier version of the instrument which was
not mentioned in the operating manual. Such information is not avail-
able for the current version of the instrument, and applying the effects of
this correction to measurements would produce unrealistic results.
Therefore, we have assumed that this correction is no longer imple-
mented in the OTT Parsivel?. For the Thies LPM, two different values of
diameter and drop fall velocity are reported. The first is labelled
“spheres”, while the second is labelled “hamburger”, with no further
information provided on how this shape is obtained. To maintain con-
sistency between the two instruments, the first value (spheres) was used,
on the assumption that it refers to the equivolumetric diameter of the
drop.

Measurement errors may arise in optical transmission sensors
depending on where and when the drop crosses the laser beam. The
disdrometer would report a drop size smaller than the actual size if the
drop crossed the sensing area at the edge of the laser beam. The total
water volume would be instead overestimated if two drops crossed the
laser beam at the same time, as the entire blockage would be considered
as a single larger drop. In the laboratory tests, however, drops were
released one by one, ensuring that they fall entirely inside the instru-
ment sensing area.

Environmental factors may also add to measurement bias. The
manufacturer's installation instructions provide specific indications
regarding the orientation of the disdrometer on site. According to the
‘Instructions for Use’ (Thies A., 2011), the laser beam of the Thies LPM
should be oriented towards the south (£10°) in the northern hemi-
sphere. The receiver head should be positioned on the south side to
minimise the impact of sunlight on the sensor. Meanwhile, the ‘Oper-
ating Instructions’ of the OTT Parsivel® (OTT Hydromet GmbH, 2017)
suggests that the laser beam should be perpendicular to the main wind
direction. It is also noted that glare and intense sunlight may have an
impact on the measurements. Though not addressed in this work, wind
is undoubtedly the largest source of environmental bias under operating
conditions (Lanza and Cauteruccio, 2022). The magnitude of the wind-
induced bias on disdrometer measurements can be assessed using nu-
merical simulation and at least partially corrected by means of adjust-
ment curves as a function of the wind speed and direction (see e.g.
Chinchella et al., 2024, 2025).

Nevertheless, the manufacturer declares that the error on the mea-
surement of precipitation intensity (rain equivalent) from the Thies LPM
(compared with an unspecified reference sensor, at wind speed <3 m/s)
is <15% for rainfall (at intensity up to 20 mm/h), and < 30% for snow
(Thies A., 2011). The declared accuracy of rain rate measurements for
the OTT Parsivel? is £5%, while the accuracy degrades to +20% in case



E. Chinchella et al.

Atmospheric Research 336 (2026) 108865

Fig. 1. a) The CRG installed in the Precipitation Measurement Laboratory of the University of Genova, Italy. b) Close-up view of the DRH, showing the syringe pumps
and nozzles that are used to release water drops. c¢) Close-up view of the PVS with the camera and the macro lens attached, the light diffuser with two small apertures

to allow drops to pass through and two speedlights positioned on either side.

of solid precipitation (OTT Hydromet GmbH, 2017).

2.2. The raindrop generator and calibration procedure

The laboratory tests were conducted using the Calibrated Rainfall
Generator (CRG), shown in Fig. 1a, developed by the University of
Genova as part of the above-mentioned INCIPIT project (Merlone et al.,
2022). The device is situated within the Precipitation Measurement
Laboratory of the University of Genova, which forms part of the Mea-
surement Lead Centre “B. Castelli” of the World Meteorological Orga-
nisation (WMO).

The CRG uses a Drop Releasing Head (DRH) to produce and release
water drops of varying diameters, ranging from 0.6 to 5.5 mm. Released
drops are then independently measured - to establish their diameter and
fall velocity — by a Photogrammetric Verification System (PVS). Precise
alignment between the disdrometer sensing area, the DRH and the PVS
is ensured by a motorised gantry. The entire system is enclosed within
aluminium profiles and plastic panels forming a cage to protect falling
drops from air gusts that could affect their trajectory.

The DRH was designed to generate and release — on demand - a
single water drop of chosen diameter. This is achieved by means of two
syringe pumps, assisted by an electrostatic release system. The two
pumps were made using readily available plastic syringes and hollow-
shaft stepper motors, relying mostly on 3D-printed parts for the
remaining components. A threaded rod - passing through the motor
shaft — is used to exert pressure on the syringe plunger, generating the
water flow. A photo of the two pumps installed in the DRH is shown in
Fig. 1b. The smaller pump has a capacity of 1 ml, with a movement
resolution of 0.001 mm and a volume resolution of 0.023 pl. The larger
pump has a capacity of 20 ml, and a movement and volume resolution of
0.0013 mm and 0.35 pl, respectively. The water volume displaced by the
pump results in a drop that remains attached to the tip of the nozzle
without falling. The drop is then released applying high voltage —
generated by a 5 V to 5 kV DC-DC converter — between the nozzle and a
metal ring positioned just below it. The negatively charged water drop is
attracted to the positively charged metal ring due to the electrostatic
force, resulting in the drop detachment. The electrostatic force experi-
enced by the drop can be precisely tuned by controlling the ring position

— adjusted in three dimensions using alignment screws — and by con-
trolling the duration of the voltage application. Depending on the
required drop diameter, different nozzle sizes may be employed.

For use as a traceable reference, the diameter and fall velocity of the
drops produced by the DHR must be measured prior to their arrival at
the sensing area of the instrument. To ensure no interference with the
drop trajectory, a photogrammetric approach is used. The PVS employs
a camera with a 24-megapixel APS-C CMOS sensor, in combination with
amacro lens. The system — which is capable of a 1:1 reproduction ratio —
provides a maximum spatial resolution of 3.89 pm. The PVS produces
multiple images of a single drop using stroboscopic illumination pro-
vided by speedlights. When the camera shutter opens, three or more
flashes of light are emitted at 2.5-millisecond intervals, thus “freezing”
multiple images of the drop in flight. The camera shutter then closes
producing a single picture. Precise synchronization between the PVS and
the DHR ensures that the camera shutter opens just before the drop
enters the camera's field of view. For improving accuracy and simplify
images post-processing, a specially designed diffuser is employed in
combination with two compact speedlights. This provides uniform
illumination of the falling drop, highlighting its contour against a black
background. An image of the PVS including the camera, the speedlights
and the light diffuser is shown in Fig. lc.

Depending on the drop size and the release height, the fall velocity of
the drops upon reaching the disdrometer sensing area may approach
their terminal velocity, defined as the maximum velocity attainable by
an object as it falls through a fluid. This condition is reached when the
total drag and buoyancy forces acting on an object counterbalance the
force of gravity, meaning that the object is no longer accelerating (Lanza
et al., 2021). However, due to space constrains, a maximum release
height of 1.2 m was possible in the laboratory tests, and larger drops
could not reach their terminal velocity. A detailed characterisation of
the CRG, including an assessment of the associated calibration uncer-
tainty and performances, can be found in the work of Baire et al. (2022).

The use of metallic spheres is a relatively common approach for
testing the performance of optical disdrometers (see e.g., de Moraes
Frasson et al., 2011). However, disdrometers are designed to measure
rainwater drops, which have optical properties that differ greatly from
those of metal. This goes beyond simply obstructing the light beam and
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Fig. 2. a) Schematics showing the crossing positions investigated over the instrument's sensing area for the Thies LPM (left) and OTT Parsivel? (right) disdrometers.
b) Example of the image obtained from the PVS and the automated post-processing of a generated 3 mm drop.

may result in an additional bias due to the methodology used for testing
rather than to the instrument's performance. Scarce information is
available in literature about this problem when calibrating
disdrometers.

For this reason, an initial testing of both the Thies LPM and the OTT
Parsivel? disdrometers was carried out by releasing calibrated steel
spheres of various diameters, ranging from 1 mm to 5 mm in 0.5 mm
increments, over the instrument's sensing area. The spheres were
released individually using a 3D-printed dispenser with the PVS diffuser
acting as a positional reference. This was done from a constant height of
37 cm, with the test repeated at least 30 times for each investigated
position over the instrument's sensing area.

A total of seven positions were tested for the Thies LPM and nine for
the OTT Parsivel?, which has a larger beam. The investigated locations
form a cross, with five positions parallel to the laser beam and five
perpendicular to it (three in the case of the Thies LPM), sharing the
central position. Fig. 2a shows a detailed scheme of the investigated
crossing positions. The whole set of calibrated spheres was used at the
centre of the laser beam, while a reduced set was used at the remaining
positions.

When using water drops, the calibration of disdrometers is based on
the comparison of the size and fall velocity of each drop as measured by
the instrument with their reference values obtained from the PVS.
Calibration tests were conducted for each instrument by generating six
sets of water drops with a diameter between 0.6 mm and 5 mm. Drops
were released from a fixed height of 1.2 m above the instrument's
sensing area, ensuring that even the largest drops reached about 50% of
their terminal velocity. Meanwhile, the centre of the PVS field of view is
32 cm above the instrument's sensing area. The same positions along the
instrument's sensing area that were previously tested using metallic
spheres were also tested using drops. No less than 30 drops were
released for each position (and most often about 50 or more). As with the
spheres, the full range of drop diameters was released at the centre of the
instrument's sensing area, while only drops of 1, 3 and 5 mm in diameter
were considered for the remaining positions.

During the laboratory tests, we noted that the measurements of the
Thies LPM were affected by the flashes generated by the speedlights.
Indeed, the instrument reports false drops when exposed to light flashes,
with a reported drop diameter that is roughly proportional to the in-
tensity of the light reaching the sensor. Shielding of the receiver was

therefore implemented, using an opaque material to block light while
permitting the passage of drops through small apertures positioned
above and below the instrument laser beam. Furthermore, before each
test the camera synchronization, focus and alignment between the DRH,
the PVS and the instrument sensing area were rigorously verified, con-
firming the absence of any residual interference attributable to the
speedlights. In the case of the OTT Parsivel?, there were no instances of
missing or false readings due to light flashes. Nevertheless, the OTT
Parsivel? showed some false readings when large drops or large metallic
spheres fall close to the receiving head. These false readings of ghost
drops up to about 1 mm in diameter were found both in the raw data and
in some of the PSVD matrix outputs.

2.3. Image post processing

The images obtained from the PVS (see an example in Fig. 2b on the
left) provide the reference measurement for calibrating the dis-
drometers. Post-processing was automated using a machine vision al-
gorithm, that identifies the drop's boundaries by analysing the high
contrast created by the light from the diffuser on the drop contour
against the black background. The code identifies the drop's contour and
then calculates its cross-sectional area, the centre of mass, the
maximum, minimum and equivolumetric diameters, under the hypoth-
esis that the drop is radially symmetric with respect to the vertical axis
during flight. Finally, the drop's velocity is determined by measuring the
distance between consecutive images of the same drop and knowing the
time interval between the flashes (2.5 milliseconds).

The data obtained from post-processing are visualised on the right-
hand side of Fig. 2b. The drop area is shown in blue and the equivolu-
metric drop contour is shown in red (centred on the centre of mass). The
traced distances L1 and L2 are also shown. The results of the algorithm
were verified by comparing them with gravimetric measurements of
several drops and by manually processing sample images. A detailed
description of how this approach is traceable to the international stan-
dards is provided in Baire et al. (2022).

The results are presented below as the percentage relative bias be-
tween the measured and reference drop characteristics, or the quantities
derived from them. The percentage relative bias for a generic variable X
is calculated as follows:
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Xmeas - Xref

¢ 100 (€H)
Xref

ex [0/0] =

where X is the measured value of X provided by the disdrometer
under test and X, is its reference value.

The reference size for metallic spheres is their nominal diameter. For
water drops, instead, the reference size is the average equivolumetric
diameter calculated from each individual photograph of the PVS. In the
case of fall velocity measurements, the reference value is the average fall
velocity calculated from each individual photograph of the PVS.

Disdrometers typically provide derived integral properties of pre-
cipitation like rainfall intensity (RI), kinetic energy flux (E) and radar
reflectivity (Z), which are calculated from the measured PSVD matrix as
shown in Egs. (2), (3) and (4).

Drnax
RI = N(D)V(D) v(D) dD 2
Drin
Drnax
E= N(D) V(D)v(D)*dD 3)
Drin
Dmax
Z= N(D)D®dD 4
Drin

where N(D) is the number of drops per unit volume of air and unit drop
size interval, V(D) is the drop volume assuming drops with spherical
shape and v(D) is the drop fall velocity. Note that the coefficients con-
taining numerical factors related to the conversion of the measurement
units or properties independent on the drop size (such as the density of
water) are omitted in the equations. These output variables are often
used to compare disdrometer measurements with tipping-bucket or
weighing rain gauge records (see, e.g., Johannsen et al., 2020b), with
radar measurements (see, e.g., Adirosi et al., 2018) or evaluate soil

erosion potential (see, e.g., Angulo-Martinez and Barros, 2015).

2.4. The impact of drop shape on calibration results

Images of larger drops (those above 2 mm in diameter) revealed clear
oscillation of the drop shape during flight. This is primarily because
larger drops only reach around 50% of their terminal velocity due to the
limited release height, meaning they are far from equilibrium.
Furthermore, the DRH itself inevitably induces some oscillations when
the drop is detached from the nozzle. For this reason, specific tests were
conducted to assess the effect that such oscillation — and therefore
changes in the drop shape — may have on results. These tests involved
slightly increasing the release height in increments of 10 mm, up to a
maximum of 100 mm and releasing about 50 to 70 drops of 3 mm and 5
mm in diameter for each height. This was achieved by lowering the
instrument under test using an adjustable mount, ensuring that the
drops crossed the instrument's sensing area at different times during
their oscillation cycle.

At the same time, an analytical model was used to simulate the
oscillatory behaviour of drops falling through the PVS. This is based on
Rayleigh's (1879) model, which describes the shape of an oscillating
drop as a superposition of spherical harmonics. Although several au-
thors used this approach, the work of Zhang et al. (2019) is the most
relevant for this specific case. In that study, the model was used to
validate the numerical simulation of a 3.72 mm diameter drop detached
from a rigid support in conditions similar to those of the DRH. Although
this model only considers axisymmetric modes and neglects nonlinear
and aerodynamic effects, it provides a robust numerical framework for
evaluating drop oscillation.

For the n™ mode of oscillation, the angular frequency (w,) is ob-
tained as shown in Eq. (5), as derived by Miller and Scriven (1968) from
the formulation of Lamb (1932).
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where Rp is the equivolumetric radius of the drop, ¢ is the surface ten-

T’ sion, p; is the density of water and p, is the density of air. This formu-



E. Chinchella et al.

Atmospheric Research 336 (2026) 108865

a) 55 Parsivel? - spheres b) 55 LPM - spheres
15 4 15 A ?
R I == e T - I o A
= 0 i _$%_%% = 04 %%ié%%$$
O | o | ___ T * o ]
___________________ @ (PO S N At AN e
15 8 151 3
3 x S
Z; =z
=301 Loog I 200
i 5
7 N O N U D P |
0 1 2 3 4 5 0 1 2 3 4 5
D [mm] D [mm]
R 2. = =
C) - Parsivel? - drops d) - LPM - drops - RAW
15 4 15 A . L
< I AN N YDA TH= - N - I M — DS A
X . R
gy, e R,
54 = kS 1 8 15 % x 3
5 5
z z
=309 L 200 3 F 200
INIERER 1 nF
50 ﬂ ’_’ ﬂ H . . 10 50 ’_‘ - ’_l ﬂ . ’—‘ 10
0 1 2 3 4 5 0 1 2 3 4 5
D [mm] D [mm]
e) -~ LPM - drops - PSVD matrix
‘_l— 95™ perc. -
= 90t perc. - ) I S U I N N
75% perc. = i
A o —= N°oftests] & °| S |
edlian
—— +£10% P e e P — i ———@— s
e 350 T = T s
I 25t perc. ) , S
I 10t perc. =0 % . [ igg
th [
< Sl 800 00
50 . . . 10
0 1 2 3 4 5

Fig. 6. Percentage relative bias in measuring drop size using metallic spheres (a,b) and water drops (c,d,e) for the OTT Parsivel? (a,c) and Thies LPM (b,d,e). The bias
is computed using the raw measurements, except in panel (e), for which the results from the PSVD matrix are used for the Thies LPM. The spheres and water drops are

released at the centre of the instrument's sensing area.

lation also accounts for the effect of water viscosity thanks to the term
-1, obtained from Eq. (6).

p1® Rp?

yun—-1)2n+1) ©®

Tn =

where 1; is the kinematic viscosity of water. The drop shape is instead
obtained as shown in Eq. (7).

R(6,t) = RD{l + > An(t) @ Py[cos(0) ] } )
n=0
P,[cos(0) ] is the Legendre polynomial of degree n and A,(t) is the
corresponding Fourier-Legendre coefficient, as defined in Lamb (1932)
and shown in Eq. (8).

An(t) = an(t) @ cos[wn(t+¢,) | ®

where ¢, is the phase of the n-th mode of oscillation and a,(t) is its
amplitude, that decreases in time due to viscosity and is provided in Eq.

9.

on(t) = ano @ €xp(—f, o t) 9

with an the initial amplitude and f, the damping rate, also defined in
the work of Lamb (1932) and shown in Eq. (10).

(n-1)2n+ 1)y

R2 10)
D

Pn =

The initial oscillation amplitude a,, and phase ¢,, depend on the
shape and initial kinetic energy of the drop and are assumed to be a
power law of the oscillation mode, in the form ¢, = ¢, e n°#. The co-
efficients for both @, and ¢, are obtained for each drop using a least
square approach to fit its shape as captured by the PVS. The drop fall
velocity is indeed measured and the flight time is known since it is a
prerequisite to ensure the proper synchronization between the DRH and
the PVS. This allows computing the shape of the oscillating drop when it
crosses the laser beam. Examples of the resulting fit and the oscillating
behaviour of a sample drop are shown in Fig. 3a and Fig. 3b, in terms of
the drop eccentricity (¢). This is defined as the ratio between the vertical
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ameters of 1, 3 and 5 mm are presented for the five investigated positions along (a, ¢) and across (b, d) the laser beam.

and horizontal axis of the deformed drop. Values below unity indicate
drops that cross the instrument's sensing area with a flattened shape that
is close to the equilibrium shape of a drop falling at terminal velocity.
Meanwhile, values equal to unity indicate spherical drops and values
above unity indicate elongated drops with a shape that is opposite to the
typical shape of a falling drop at terminal velocity.

Model fitting results are in good accordance with PVS observations,
even if the model only considers linear effects for the oscillation and the
hypothesis of radial symmetry around the vertical axis was made. The
prediction of the drop eccentricity according to the fitted model (black
continuous line), the eccentricity measured from the PVS images (red
dots) and the predicted eccentricity of the drop when crossing the in-
strument's sensing area (blue dot) are presented in Fig. 3b.

Fig. 4 shows the scatterplots of the relative percentage bias in drop
diameter measurements as a function of drop eccentricity when crossing
the sensing area of the instrument. The plots are shown for drops with
reference diameters of 3 mm (Fig. 4a and c¢) and 5 mm (Fig. 4b and d) for
the two disdrometers investigated. For each test, between 500 and 700
drops were released from different heights above the centre of the in-
strument's sensing area. Each point is colour coded according to the
reference drop equivolumetric diameter, obtained from the PVS. No
significant trend in drop size measurement bias with respect to drop
eccentricity is observed, even though the dispersion is quite significant.
Only for drops of 5 mm in diameter and an eccentricity higher than 1.2 is
a slight downward trend visible, especially for the Thies LPM.

An almost identical result is obtained when considering the relative
percentage error in drop fall velocity, even though the results are more
dispersed (see Fig. 5). Furthermore, a slightly more pronounced down-
ward trend in relative percentage error in drop fall velocity is obtained
for 5 mm drops. These results suggest that both instruments can account
for variations in drop shape when calculating the equivolumetric
diameter of the drop and its fall velocity. This can indeed be achieved by

integrating or fitting the signal produced by the drop, rather than simply
measuring the maximum obstruction of the laser beam.

However, the outcome of such integration may be significantly
influenced by the sensor's sampling frequency, as well as the drop
diameter and fall velocity. As pointed out in the work of Saha and Testik
(2023), a non-negligible approximation may in fact be introduced by a
limited or insufficient number of signal samples. This may explain the
large variability of results and is consistent with the findings of Beczek
et al. (2025). They observed an increase in the dispersion of the mea-
surements as the release height increased, as well as a reduction in drop
oscillation. The mean values showed limited change in the same work,
even after a 4 m increase in release height, for both instruments. Based
on the results shown in Fig. 4 and the above considerations, drops
crossing the instrument's sensing area with an eccentricity above 1.2
were filtered out as they are generally not present in natural events.

3. Results and discussion
3.1. Bias in drop size and fall velocity measurements

Drop size is the most important measurand addressed by dis-
drometers, and accurate drop size measurements are fundamental to
achieving a faithful reconstruction of the DSD. Fig. 6 shows the per-
centage relative bias in drop diameter measurements obtained for the
two disdrometers investigated, based on laboratory calibration results
and considering tests performed with both metallic spheres and water
drops. For tests involving metallic spheres, the OTT Parsivel? (Fig. 6a)
shows an overall overestimation of their diameter of more than 5%,
which decreases as the size of the sphere increases beyond 4 mm.
Dispersion is unexpectedly higher for medium-sized spheres (between
2.5 mm and 4 mm). Fig. 6b shows that the Thies LPM has limited bias
and dispersion (within +5%) when using metallic spheres for most
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diameters, except for 1 mm where underestimation is observed. This is
opposite to the trend observed for the OTT Parsivel?, since the absolute
bias increases with the size of the sphere. While the mean bias is still low
for 1.5 mm spheres, the dispersion is considerably larger below 2 mm.

The performance of both instruments deteriorates when water drops
are used for calibration instead of metallic spheres. The dispersion of the
results increases significantly, and the mean bias exhibits less consistent
behaviour. However, the increased dispersion cannot be attributed to
variability in the generated drop size around the nominal value, since
the bias is calculated using the reference drop diameter obtained by
capturing high-resolution images of individual drops in the PVS.
Possible influencing factors include the different opacity of the medium
and the increased fall velocity of the drops, which may introduce a larger
sampling error (as discussed in the previous section).

When calibrating the OTT Parsivel? using water drops (see Fig. 6¢), a
less clear trend is observed, with a bias ranging from +5% to —10%.
Drop diameter is generally underestimated, except for 4 mm and 5 mm
drops, which are overestimated. The overall trend of the bias is the
opposite of that observed with metallic spheres, while dispersion re-
mains relatively constant throughout the diameter range. For the raw
measurements of the Thies LPM (Fig. 6d), the bias shows slightly larger
dispersion than for the OTT Parsivel?, especially near the extremes of the
tested diameters range. The overall trend of the bias is consistent with
that observed for metallic spheres. However, dispersion seems to in-
crease as the drop diameter increases, which is the opposite of what
happens with spheres. This behaviour, whereby variability increases
with drop size, is also evident in the work of Beczek et al. (2025), who
only tested large drops with diameters ranging from 3.2 to 5.3 mm.
Some underestimation is observed for water drops with diameters of 2
and 3 mm, while overestimation is observed for metallic spheres with
the same nominal diameters.

The same overall trend is evident when using the PSVD matrix

10

provided by the Thies LPM (Fig. 6e), albeit with significant underesti-
mation. In this case, as only the number of drops in each bin was pro-
vided, tests were conducted with 5 or 10 drops released per minute. The
bias was then computed using the mean of the reference values and the
mean of the PSVD matrix, considering each drop to have a diameter or
fall velocity equal to the mean bin value. For all nominal drop diameters,
the percentage relative bias is approximately double, and in some cases
almost triple, that obtained using the raw data. This significant differ-
ence cannot be explained by instrumental bias alone. Additional bias
arises from the approximation that occurs when the drop diameter is
assigned to one of the bins in the PSVD matrix. However, since the Thies
LPM uses multiple bins to classify data, with particularly fine dis-
cretisation for smaller drops, the effect of this approximation is expected
to be minimal. Instead, this discrepancy may be due to undisclosed in-
ternal post-processing of the instrument, which could result in the
measured drop diameter being attributed to the incorrect bin.

Fig. 7 presents analogous results for additional crossing positions
over the instrument's sensing area for the OTT Parsivel. In Fig. 7a,c)
changing the crossing position along the laser beam has little effect on
instrumental bias. However, the diameter of metallic spheres is over-
estimated by about 5% for all investigated positions, with larger spheres
presenting a lower bias. Meanwhile, the drop diameter is mostly
underestimated by about 5 to 10%, with the bias decreasing as the drop
diameter increases. These results are consistent with those obtained at
the centre of the laser beam. The same is true in terms of dispersion:
results for metallic spheres show much lower dispersion than those for
drops.

When considering the direction perpendicular to the laser beam
(Fig. 7b,d), metallic spheres exhibit overestimation at the centre of the
beam and underestimation near the edges. This trend remains visible in
the case of drops despite a general underestimation is observed.
Dispersion shows a similar trend, increasing from the centre of the beam
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towards the edges.

Fig. 8 shows the results for different crossing positions of the laser
beam for the Thies LPM. A clear trend is observed when moving along
the laser beam (Fig. 8a,c). The diameter of spheres and drops released
closer to the transmitter head is significantly overestimated, whereas
those released closer to the receiver head are largely underestimated.
Dispersion is also significantly greater away from the centre of the in-
strument's sensing area. Furthermore, a notable difference between
metallic spheres and drops is evident, particularly for smaller diameters,
with a significantly larger bias observed for water drops.

No clear trend is evident when considering the direction perpen-
dicular to the instrument laser beam (Fig. 8b,d). However, one side of
the instrument's sensing area shows greater dispersion, indicating that
the laser beam may not be completely uniform. As in the previous case,
comparing the results obtained from metallic spheres and water drops
shows some differences, with larger overall bias being observed for the
water drops.

Drop fall velocity is the second most important measurement taken
by disdrometers. It is used to calculate both rainfall intensity and the
kinetic energy of precipitation. No reference value is available for this
measurand in the case of metallic spheres due to the release mechanism,
so they were not considered in this analysis. Instead, the fall velocity of
the released water drops is obtained from the PVS as the average of all
the combinations that can be derived from multiple images of the same
drops in each single photograph. Fig. 9 shows the percentage relative
bias in fall velocity measurements for the two disdrometers investigated,

11

based on laboratory calibration results for tests performed with water
drops only.

The OTT Parsivel? (Fig. 9a) generally overestimates drop fall velocity
by less than 5%. However, for 2 mm and 5 mm diameter drops, the mean
bias is very close to zero, although dispersion is large. In contrast, the
raw data for the Thies LPM (Fig. 9b) shows a general underestimation of
drop fall velocity that decreases as the drop diameter increases. For both
instruments, dispersion increases with an increase in drop diameter.
This was also observed in the work of Beczek et al. (2025), albeit within
a limited range of large drops. The results obtained from the PSVD
matrix of the Thies LPM (Fig. 9¢) are much closer to those obtained from
the raw data than in the case of drop size measurements, although still
worse. The only exception is for 1 mm diameter drops, which show
overestimation instead of underestimation as when raw data are used.
As with drop size measurements, this significant difference cannot
simply be attributed to binning and may be due to the internal pro-
cessing software.

Fig. 10 shows the percentage relative bias in measuring drop fall
velocity obtained when releasing drops at different positions above the
laser beam for both instruments. The OTT Parsivel? shows no trend in
either direction (parallel or perpendicular to the laser beam), but sig-
nificant underestimation of the fall velocity of larger drops is evident,
alongside significant variability in the dispersion of the results (Fig. 10a,
b). For the Thies LPM, the trend evident in drop size measurements is
also apparent at various positions along the instrument laser beam
(Fig. 10c). The fall velocity of drops crossing the laser beam close to the
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Fig. 10. Percentage relative bias in measuring drop fall velocity for the OTT Parsivel® (a,b) and the Thies LPM (c,d). Test results for reference diameters of 1, 3 and 5
mm are presented for the five investigated positions along (a, ¢) and across (b, d) the laser beam.

transmitter head is significantly overestimated, whereas the opposite is
true for drops crossing close to the receiver head. There is no significant
trend in terms of percentage relative bias and dispersion for positions
across the laser beam (Fig. 10d).

3.2. Measurement of integral properties

We adopted a Monte Carlo approach to assess how measurement bias
in drop size and fall velocity propagates into integral properties esti-
mation using Egs. (2), (3) and (4). This involves randomly selecting a set
of drops (with the associated drop size and fall velocity information both
measured by the PVS and the gauge), one for each diameter investi-
gated, and assuming that this set is representative of a discretised DSD.
Then, a mathematical form for the DSD is chosen. In this study, we
selected the well-known exponential form of the Marshall-Palmer
equation (Marshall and Palmer, 1948) with parameters that are linked to
RI using the formulation proposed by (Cauteruccio and Lanza, 2020).

To derive the percentage relative bias, the measured integral prop-
erties can be computed by numerical integration and compared with the
reference values, which are obtained by using the characteristics of the
reference drops instead of the measured ones with the same DSD
formulation. This process is repeated recursively by selecting drops at
random from a uniform distribution. The ensemble mean and variance
of the instrumental bias on the integral properties are then obtained. For
this calculation, only the raw data telegram from the Thies LPM and the
OTT Parsivel® were considered. Fig. 11 shows the resulting bias for the
two investigated instruments as a function of the corresponding rainfall
intensity (RI) value. We chose this representation because both E and Z
are commonly expressed for operational purposes in relation to RI (that
can be provided by traditional rain gauges), and the coefficients of the
exponential form of N(D) are expressed in the literature as a function of
RI
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Overall, the bias decreases as the intensity of the rainfall increases.
This is to be expected, given that the bias for large drops is generally
lower than for small ones. Both instruments tend to underestimate in-
tegral properties of precipitation, but the Thies LPM shows a larger
overall bias. This is because the Thies LPM always underestimates both
drop diameter and fall velocity, regardless of size. Meanwhile, the OTT
Parsivel? shows both over- and underestimation of drop size and fall
velocity, meaning the bias may be partially compensated for by inte-
gration. The OTT Parsivel® underestimates the RI by around 15% for
lower values and around 10% for higher ones. The Thies LPM shows a
similar trend, but with a much larger underestimation of around three
times. The OTT Parsivel? underestimates the kinetic energy flux by
about 5% up to an RI of 10 mm/h, while the bias is close to zero for a
higher RI. The Thies LPM strongly underestimates E by up to 50% at the
lowest RI.

When computing Z at low RI, small drops are prevalent in the DSD,
resulting in underestimation by both instruments, while large drops are
rare and do not significantly increase the calculated Z value. As RI in-
creases, the Z bias decreases for both instruments because the contri-
bution of large drops increases, and both instruments show less bias
when measuring large diameters. The overestimation shown by the
Parsivel? when measuring drops larger than 3 mm in diameter means the
bias of Z reduces much faster with increasing RI than with the Thies
LPM, reaching a mean bias close to zero at very high RI, as shown in
Fig. 11.

4. Conclusions

The instrumental bias of optical disdrometers varies significantly
depending on the size and fall velocity of the target hydrometeors. This
was quantified in this work for liquid precipitation by calibrating two
commonly used instruments in a laboratory and analysing their raw data
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Fig. 11. Percentage relative bias in measuring precipitation integral properties for the OTT Parsivel? (a,b) and the Thies LPM (c,d), as a function of the corresponding

rainfall intensity (RI) value.

output. A suitable raindrop generator was developed and used to pro-
vide a full-range characterisation of the instrument behaviour in terms
of the percentage relative bias in measuring drop size and fall velocity,
by releasing water drops of varying size with equivolumetric diameters
between 0.6 and 5 mm from about 1.2 m above the instrument's sensing
area. Metallic spheres were also used for calibration to demonstrate that
significant differences in calibration results are obtained for both in-
struments when compared with the use of water drops. The accuracy
and repeatability of measurements obtained using metallic spheres is
not confirmed when water drops are used. This indicates that the cali-
bration obtained using artificial particles is not appropriate for optical
measurements of raindrop size and fall velocity.

The disdrometers investigated exhibit an approximately linear trend
of the percentage relative bias when measuring both drop size and fall
velocity as a function of the reference drop size. However, adjustment of
field measurements may be challenging, given the large dispersion
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observed, especially for larger drops. Further research and technical
development are needed to improve the accuracy of optical disdrometer
measurements, particularly regarding the linearity of instrumental bias
with drop size. Ideally, a reasonable trend would be established so that
adjustment curves could be applied to raw measurements for practical
use. To limit the dispersion observed in the laboratory tests, the
repeatability of measurements should also be improved.

The results are much worse if we consider the output telegram
providing the PSVD matrix, with even some totally unreported drops.
This forced us to discard the PSVD output of the OTT Parsivel? from the
calibration. This suggests that both instruments apply significant un-
disclosed filtering and/or post-processing. While some filtering may be
necessary, the procedures and algorithms used by the instruments
should be made available to end users for checking and calibration
purposes.

False readings were also observed for both instruments. In the case of
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the OTT Parsivel? ghost drops of about 1 mm in diameter were observed
when large drops (or spheres) fall close to the receiver head. Meanwhile,
the Thies LPM reported false readings due to the flash produced by the
speedlights in the PVS. These false readings may introduce an additional
bias that is not quantified in this work, which could have a significant
impact on field measurements.

The dispersion in drop size and velocity measurements is, on
average, three times larger than the variability of the released drops as
measured by the PVS. This dispersion increases as the drop diameter
increases and is consistent with results reported in the literature (see, for
example, Beczek et al., 2025). Specific tests to evaluate if drop oscilla-
tion could be responsible for this behaviour showed that the instruments
are for the most part insensitive to drop oscillation. This is a positive
feature since natural raindrops may oscillate during flight due to
breakage or wind. This also suggest that reaching terminal velocity may
not be a strict requirement when releasing large drops.

The work has obvious limitations, which do not invalidate the results
obtained but require further research efforts. One limitation of this work
is that only one instrument per model was tested, whereas differences in
calibration results could be obtained within a set of instruments of the
same model (evidence of this is already present in the literature). The
physical properties of the water used for testing may also affect the re-
sults by changing how light is blocked by falling drops when they cross
the laser beam. Tap water was used for the tests, but other types of water
could be used, such as pure water or rainwater with different charac-
teristics. These include the presence of solid particles (e.g., dust) or other
substances that may be present in rainwater due to the wash-out of
pollutants from the atmosphere. Further research is needed to determine
how these factors affect the disdrometer ability to accurately measure
drop size and fall velocity. Another limitation is the fall height of the
water drops used in the tests due to the reduced size of the calibration
device. The limited fall height means that the drops do not reach their
terminal velocity, as would be expected in real-world conditions.
Further work could involve increasing the fall height of the drops
generated, in order to obtain a larger percentage of the velocity achieved
in nature and check whether this limitation has any impact on the
results.

The results highlight the necessity of a standardised procedure for
calibrating non-catching precipitation measurement instruments, now
available at European level (CEN, 2025). Such a procedure would enable
manufacturers and end users to quantify the measurement bias associ-
ated with each instrument in a repeatable and traceable manner. It
would also enable them to evaluate the impact of choosing any given
model on their specific application and allow for meaningful compari-
sons of measurements taken with different instruments in different lo-
cations and under different environmental conditions.
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