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A B S T R A C T   

Precipitation microphysics, which describes the basic characteristics of rainfall, is important for agricultural 
praxis, weather prediction, aviation safety, and soil erosion prediction. In this study, three types of instruments (a 
laser precipitation monitor, LPM; piezoelectric transducer, PT; and particle imaging transient visual measure
ment technology, PIV) were employed to measure and compare the raindrop size distribution (DSD) and rainfall 
kinetic energy rate (KEt) under simulated rainfall conditions. Comparisons of the results indicated that under the 
same simulated rainfall conditions, the number of raindrops per unit area measured by LPM was larger than that 
measured by PIV. The DSD measured by PIV was more uniform than that of the PT and LPM under the same 
rainfall conditions. The raindrop size range measured by the LPM was smaller than that measured by the PT and 
PIV. In addition, the geometric mean diameter was a more accurate representation of raindrop size because PIV 
can capture the true irregular shape of raindrops. Compared to the PIV sensor, the LPM underestimates the 
raindrop diameter. The median raindrop diameter measured and calculated by PIV using the geometric mean 
diameter was approximately 1.61 times that of LPM. The KEt values measured by PIV and PT were approximately 
similar, while the KEt calculated by LPM was 0.51 and 0.57 times that of PIV and PT for the same rainfall 
conditions, respectively. A correction factor of 1.75 provided an approximate reference for the calibration of the 
kinetic energy calculation of the LPM instrument. The above results can provide basic insights for calibration and 
application of the three instruments.   

1. Introduction 

Raindrop characteristics provide fundamental information on pre
cipitation microphysics, which play a significant role in many aspects, 
such as rainfall prediction, agricultural praxis, canopy interception, and 
artificial precipitation (Bassette and Bussière, 2008; Frasson and Kra
jewski, 2011; Lanza and Stagi, 2008; Liu et al., 2019a; Ma et al., 2019; 
Guo et al., 2015; Szakall et al., 2009; Stagnaro et al., 2021; Zhan et al., 
2018). Rain is also an important weather factor affecting aircraft flight 
safety, and the collisions between raindrops and aircraft wings can cause 
aircraft flight energy loss (Zhang and Cao, 2010). In addition, raindrop 

splash erosion plays a vital role in water erosion processes (Xiao et al., 
2017). Splash erosion is affected directly by the microphysical proper
ties of rainfall, such as raindrop size distribution (DSD), terminal ve
locity, rainfall intensity, rainfall kinetic energy (KE) and momentum 
(Abd Elbasit et al., 2010; Carollo et al., 2016; Hu et al., 2016; Xiao et al., 
2017). 

The KE is a rainfall variable used to describe rainfall characteristics 
(Abd Elbasit et al., 2010; Carollo et al., 2017; Fischer et al., 2016; Shen 
et al., 2021a; Shen et al., 2021b; Van Dijk et al., 2002). Some researchers 
have used a single raindrop diameter and raindrop terminal velocity to 
calculate KE (Abd Elbasit et al., 2011; Angulo-Martinez et al., 2016; 
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Fornis et al., 2005; Meshesha et al., 2016; Zhan et al., 2018). KE can be 
defined as half of the product of the mass and the square of the velocity 
of the raindrops (Abd Elbasit et al., 2011; Meshesha et al., 2016; Zhan 
et al., 2018). The total KE is the sum of the KE of single raindrops 
calculated by the diameter and the corresponding fall terminal velocity 
(Sharma et al., 1995; Salles et al., 2002; Serio et al., 2019). Numerous 
scholars have estimated KE empirically based on its relationship to 
rainfall intensity (Angulo-Martinez et al., 2016; Meshesha et al., 2016; 
Wilken et al., 2018). However, this relationship varies with geographical 
locations, climate regimes, and rain types (Meshesha et al., 2016; Ma 
et al., 2019; Lanza et al., 2021). Therefore, reliable methods to calculate 
the KE were measured directly by rainfall instruments. To calculate KE, 
the DSD and terminal velocity of each raindrop must be known. DSD 
data have been obtained by using various traditional methods, such as 
the staining method, filter paper, flour pellet method and infiltration 
method (Abd Elbasit et al., 2011; Guo et al., 2015; Park et al., 1983; 
Salles et al., 2002; Shin et al., 2016). However, the traditional methods 
have some deficiencies, including the inability to perform continuous 
measurements and inconvenient operation (Johannsen et al., 2020; 
Zhan et al., 2018). Various rainfall measurement instruments have been 
developed based on different principles to directly measure DSD 
continuously during rainfall events due to advances in technology and 
electronics (Lanza et al., 2021). The Joss-Waldvogel disdrometer was 
the first automatic instrument to measure the sizes of raindrops based on 
the vertical component of the raindrop momentum (Chang et al., 2020; 
Joss and Waldvogel, 1967; Liu et al., 2019a). Piezoelectric transducers 
(PTs) measure the DSD and KE based on acoustic principles (Abd Elbasit 
et al., 2010; Abd Elbasit et al., 2011). Other optical disdrometers have 
also been developed (Carollo et al., 2018; Loffler-Mang and Joss, 2000). 
For example, the particle measurement system uses the light array 
arrangement method to observe raindrop characteristics (Meshesha 
et al., 2016). The optical spectro-pluviometer applies infrared radiation 
light LED (0.9-μm wavelength) technology to observe raindrops falling 
through a parallel beam (Salles et al., 1998; Wilken et al., 2018). On the 
other hand, laser precipitation monitor (LPM) utilizes infrared light to 
directly measure the DSD and the corresponding fall velocity (Liu et al., 
2019a). In addition, a 2D video disdrometer, hydrometer velocity and 
shape detector were integrated as an electronic optical device to record 
the two- or three-dimensional shape, size, and fall velocity of raindrops 
(Chang et al., 2020; Kruger and Krajewski, 2002; Liu et al., 2019b). 
Other instruments that using radar for measurement have also been 
developed to monitor raindrop characteristics, such as those using 
microrain radar (Chang et al., 2020; Liu et al., 2019b; Ma et al., 2019). 
Additionally, particle imaging transient visual technology (PIV), which 
depends on a charge-coupled device camera that takes pictures of 
raindrops and records their size and duration, was developed (Guo et al., 
2015). PIV can be used to accurately obtain the microphysical charac
teristic parameters of raindrops associated with the shape of a single 
raindrop. Zhan et al. (2018) used PIV to measure the DSD and calculate 
the fall terminal velocity of natural raindrops and found that the rainfall 
KE calculated by PIV was more accurate than that of previous empirical 
models. As various rainfall measurement instruments are widely used, 
appropriate studies are needed to determine their performance and 
suitability (Lanza et al., 2021). Many researchers have compared various 
noncatching types of instruments used to measure raindrop properties. 
Chang et al. (2020) showed that microrain radar was superior to other 
instruments by comparing the uncertainty and accuracy of four types of 
measuring DSD instruments (microrain radar, Joss-Waldvogel dis
drometer, 2D-video disdrometer, and precipitation occurrence sensor 
system). Krajewski et al. (2006) reported that the DSD and rainfall 
amounts measured by three types of disdrometers were relatively 
different under natural rainfall conditions. Tokay et al. (2001) found 
that the rainfall measured by a 2D video disdrometer is more accurate 
than that measured by the Joss-Waldvogel disdrometer (JWD). Guil
lermo et al. (2016) concluded that PWS100 could provide more reliable 
data for rainfall measurement by comparing two optical instruments (a 

light beam occlusion type, OAP-2DP and a light scatter sensor, 
PWS100). However, for noncatching instruments, there is a lack of ac
curate calibration and standard calibration procedures (Lanza et al., 
2021). Studies that compare various rain instruments with different 
systems and methods under the same calibration and evaluation con
ditions are needed. The measured raindrop characteristics of these types 
of instruments, especially the LPM, PT, and PIV, have never been eval
uated and compared under the same rainfall conditions. 

The aims of this study were i) to compare the abilities of LPM, PT, 
and PIV to measure KE and DSD; ii) to evaluate the advantages and 
disadvantages of the LPM, PT, and PIV under the same rainfall condi
tions; and iii) to provide some guidelines for the application of the LPM, 
PT, and PIV. The results of this study can provide insights into the basic 
rainfall characteristic measurements. 

2. Materials and methods 

2.1. Instruments 

2.1.1. Laser precipitation monitor (LPM) 
An LPM (Thies Clima, Germany, Fig. 1a) is an optical disdrometer. It 

has a laser-optical ray generator and can generate an infrared rectan
gular light band with an area of 45.6 cm2 (Fig. 1b). When raindrops pass 
through the laser rectangular area, the detector receives a weakened 
signal. According to the amplitude and duration of the signal reduction, 
the diameter and falling velocity of the raindrops can be computed 
(Adolf Thies and Co, 2011). 

The disdrometer data were recorded and compiled by using LPM 
View 2.7 software, which can export one-minute of DSD data. The 
output data include the number of raindrops, rainfall amount (mm), 
rainfall intensity (mm h− 1), raindrop diameter (mm) and corresponding 
fall velocity (m s− 1). The raindrop diameter is divided into 23 classes 
ranging from 0.125 to 8.5 mm, and the raindrop fall velocity is divided 
into 20 classes ranging from 0.2 to 11 mm s− 1 for each minute. Assuming 
that the raindrops are spherical, the mass of the raindrops is calculated 
using the measured raindrop diameter (Meshesha et al., 2016). Then 
raindrop KE is computed based on the raindrop mass and falling velocity 
measurements. 

2.1.2. Piezoelectric transducer (PT) 
A PT sensor consists of two separate sensors (Fig. 2), which are 

Fig. 1. (a) Picture and (b) particle measurement schematic of the laser pre
cipitation monitor. 
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modified from a Vaisala RAINCAP rainfall sensor (Abd Elbasit et al., 
2011). Each sensor is composed of a detector made of piezoelectric 
material and a stainless-steel shell. The measurement area is 60 cm2. 
One of the two sensors (PT-KE) is used to measure the rainfall KE, and 
the other sensor (PT-DSD) is used to measure the rainfall DSD. The 
principle of the PT sensor relies on the ability of a crystal plate to 
generate electrical charges when it receives a raindrop impact force 
(Abd Elbasit et al., 2011). 

The PT sensor is based on detecting the acoustic effects of individual 
raindrops. The impact force of a raindrop generates sound waves that 
the sensor detects, and the mechanical stress generated by sound waves 
in the sensor causes the sensor electrodes to generate a voltage. The 
change between the voltage signals is determined by the raindrop 
impact, which can be used to determine the raindrop KE and diameter. 
Meanwhile, to improve the accuracy of the measurement, the sensor 
adopts noise filtering technology to eliminate signals from sources other 
than the initial raindrop impact. Before the signals are recorded, 
different electronic systems are used to filter, amplify, digitize and 
analyse the signals generated by the sensor elements (Abd Elbasit et al., 
2010; Abd Elbasit et al., 2011). Abd Elbasit et al. (2011) verified PT-DSD 
and PT-KE sensor output data and found that the two sensors have a 
significant relationship under different rainfall intensities. A more 
detailed description of the instrument can be found in Abd Elbasit et al. 
(2010); Abd Elbasit et al. (2011). 

The PT sensors are connected to two computers via an RS-232 serial 
interface, taking ten seconds as the recording interval. The raindrop 
diameter is divided into 8 classes ranging from 1 to 5 mm, which are 
normalized to the mean drop size (Table 1). According to the configu
ration of the sensor, the output of each raindrop size class is the number 
of raindrops and the KE. 

2.1.3. Particle imaging transient visual measurement technology (PIV) 
PIV was developed to identify raindrops based on particle imaging 

visual measurement technology (Guo et al., 2015; Zhan et al., 2020). It 
consists of the following three subsystems: a projection subsystem, an 
acquisition subsystem, and an acquisition control subsystem (Fig. 3). A 
charge-coupled device (CCD) industrial camera (BASLER acA 1920-150 

µm, 1920 × 1200 pixels, Germany) is used to collect digital images of 
raindrops on the projection screen. The frame rate of the camera was 
480 frames s− 1, and the exposure time was 1/500 s. When a raindrop 
entered the measurement area, the state of each raindrop was recorded 
by the CCD industrial camera to determine its spatial position and shape 
in a specific time series. Then, raindrop image interpretation system 
software is employed to process the raindrop images and calculate the 
raindrop size and fall velocity. The original raindrop image size is cor
rected by computer vision recognition technology, the excess noise is 
eliminated by computer image depth processing, and then the binarized 
raindrop image is outlined. Based on the distance difference of the ho
mologous raindrop images and the exposure time of the camera, the 
raindrop fall velocity is calculated. This PIV measured the raindrop 
diameter within a range of 0.17–8 mm (Zhan et al., 2020). In this sys
tem, an area-scan CCD camera rather than a line-scan camera was 
chosen so that images were captured continuously, and virtual slides of 
panoramic images were completed in real time (Zhan et al., 2020). For 
each rainfall event, the PIV can be measured continuously, and the 
raindrop sampling interval is one minute. Meanwhile, the interpretation 
software can export the one-minute raindrop diameter and the corre
sponding raindrop velocity. A detailed description of the PIV instrument 
can be found in Zhan et al. (2020). 

To test the accuracy of PIV, Guo et al. (2015) compared the measured 
diameter and falling velocity of a steel ball with the actual and known 
diameter and theoretical falling velocity of the steel ball and verified 
that PIV could effectively and rapidly measure the microphysical char
acteristics of raindrops (Guo et al., 2015; Zhan et al., 2018, Zhan et al., 
2020). 

2.2. Experimental design 

The experiments were conducted under simulated rainfall at the 
State Key Laboratory of Soil Erosion and Dryland Farming on the Loess 
Plateau in Yangling, China. The spatial distribution uniformity of nat
ural rainfall is not controllable because of wind and geographic loca
tions. Therefore, a rainfall simulator with downwards sprinkler nozzles 
was applied to simulate rainfall and the raindrops with a certain initial 
velocity ejected by the downwards rainfall simulator. The downwards 
sprinkler nozzles of the rainfall simulator were set 18 m above the three 
instruments so that all measured raindrops in this study could reach 
their terminal velocity. The uniformity of the simulated rainfall was 
>85%. However, due to the limitation regarding the ability of simula
tors to simulate rainfall uniformly, 10 different simulator sprinkler 
nozzles with various aperture size (0–45%) were adjusted to regulate the 
size and number of raindrops with different rainfall intensities. The 
gradient of each sprinkler nozzle aperture size adjustment was 5%. The 
mean rainfall intensity of the 10 groups of different sprinkler nozzle 
aperture sizes ranged from 45.6 mm h− 1 to 157.2 mm h− 1 (Table 2). 

First, three instruments, an LPM, PT, and PIV, were placed in a 

Fig. 2. The working principle and a picture of piezoelectric transducers (the figure is from Abd Elbasit et al., 2010).  

Table 1 
Raindrop size classes of the piezoelectric transducer sensor (Abd Elbasit et al., 
2010).  

Class Raindrop size range (mm) Mean raindrop size (mm) 

1 0.80–1.12  1.00 
2 1.12–1.40  1.25 
3 1.40–1.79  1.60 
4 1.79–2.24  2.00 
5 2.24–2.89  2.50 
6 2.89–3.59  3.20 
7 3.59–4.49  4.00 
8 > 4.49  5.00  
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Fig. 3. The PIV components. (a) General views and (b) a schematic view of the particle imaging visual measurement principles (Zhan et al., 2020). CCD camera =
charge-coupled device camera. 

Table 2 
Raindrop diameters and numbers from the laser precipitation monitor (LPM) and particle imaging transient visual measurement technology (PIV) for 10 groups of 
different rainfall intensities.  

Rainfall intensity (mm h− 1) Number of raindrops per unit area (n/m2) D50 (mm) Min. diameter (mm) Max. diameter (mm) 

LPM PIV LPM PIV LPM PIV LPM PIV 

45.6 334,912 203,900  0.82  1.27  0.13  0.17  2.50  3.58 
64.8 4,576,096 300,125  0.83  1.27  0.13  0.17  2.50  3.63 
76.8 5,015,351 392,500  0.84  1.27  0.13  0.17  2.50  3.91 
94.8 5,948,684 449,650  0.81  1.32  0.13  0.17  2.50  3.61 
105.6 6,783,114 513,350  0.86  1.36  0.13  0.17  2.50  3.87 
129 7,164,474 560,125  0.87  1.41  0.13  0.17  3.00  3.61 
135.6 7,164,912 593,775  0.90  1.53  0.13  0.17  3.50  4.49 
144 6,791,009 573,775  0.99  1.67  0.13  0.17  3.00  4.43 
150 6,805,921 571,425  1.12  1.87  0.13  0.17  3.50  4.54 
157.2 7,209,430 585,075  1.40  2.20  0.13  0.17  4.00  4.84 

Note: D50 = median raindrop diameter. 
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uniform rainfall area (Fig. 4). The experiments were run when the 
rainfall intensity was stable. Meanwhile, four computers were employed 
to simultaneously record the data. To obtain optimal DSD and raindrop 
fall velocity results, the three instruments were tested continuously and 
simultaneously for 10 min at each aperture size of the sprinkler nozzles. 

The rainfall intensity was measured with a tipping bucket rain gauge 
connected to an event recorder (Onset HOBO RG3-M, USA). The gauge 
automatically flips when the rainfall amount reaches 0.2 mm and 
automatically records the numbers of flips. Finally, computer software 
(HOBO ware Pro 3.7.12) was used to filter and export the rainfall data 
and compute the rainfall intensity at different time intervals. 

2.3. Data analysis 

2.3.1. Laser precipitation monitor (LPM) 
The raindrop parameters, including the raindrop diameter and fall 

velocity, were measured and recorded as the primary LPM sensor 
output. The rainfall kinetic energy rate (KEt) was then computed using 
the integral function of the entire raindrop spectrum in a time interval 
(Liu et al., 2019b). 

KEt = (
ρπ
12

) × (
1

106) × (
3600
tLPM

) × (
1

ALPM
) ×

∑
ni∙d3

i ∙v
2
di (1)  

where KEt is the rainfall kinetic energy rate (J m− 2h− 1); ρ is the density 
of water (kg m− 3); tLPM is the measurement time interval of the LPM (60 
s); ALPM is the measurement area of the LPM sensor (0.00456 m2); ni is 
the drop count in the drop spectrum raster cell i; di is the mean drop 
diameter of drop spectrum class i (mm); and vdi is the actual measured 
fall terminal velocity of the drop with a diameter of di (m s− 1). 

2.3.2. Piezoelectric transducers (PT) 
The KEt from the PT-KE sensor was calculated using the following 

equation (Abd Elbasit et al., 2011): 

KEt =

(
3600
tPT

)

∙
(

104

APT

)

∙
∑n

i=1
KEi (2)  

where tPT is the measurement time interval of the PT (10 s); APT is the 
area of the measurement piezoelectric sensor (60 cm2); n is the number 
of classes; and KEi is the kinetic energy measured for class i = 1–8 (mJ). 

The PT-DSD sensor measures the number of raindrops in each class 
(1–8, Table 1), so the DSD of raindrops can be used to calculate KEt using 
the following equations (Salles et al., 2002; Abd Elbasit et al., 2011): 

KEt = (
ρπ
12

) × (
1

106) × (
3600
tPT

) × (
1

APT
) ×

∑
ni∙d3

i ∙v
2
di (3) 

The raindrop falling velocity without wind for the PT-DSD sensor 
was computed by using the following equation (Abd Elbasit et al., 2011): 

vdi = 3.78 × d0.67
i (4)  

where di is the raindrop diameter in each class (mm). 

2.3.3. Particle imaging transient visual measurement technology (PIV) 
The raindrop diameter derived from PIV adopts the geometric mean 

diameter. The calculation method is based on the two points with the 
longest raindrop contour distance. This distance is taken as the 
maximum raindrop diameter (Fig. 5, D1). A vertical line was drawn 
through the midpoint of the maximum diameter (Fig. 5, D2). The ver
tical line distance between two points on the contour is the minor-axis 
diameter of the raindrop. The geometric mean of the maximum diam
eter and the minor-axis diameter is the geometric mean diameter of the 
raindrops (D) (Zhan et al., 2020). 

D =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
D1 × D2

√
(5)  

where D is the geometric mean diameter of the raindrops (mm); D1 is the 
length of the long axis (mm); and D2 is the length of the short axis (mm). 

The following formula was used to calculate the falling velocity of 
the raindrops (Zhan et al., 2020): 

Fig. 4. General view of the experimental area and sensor setup under the rainfall simulator showing the three investigated sensors, tipping bucket rain gauge and 
recording rain shelter. 

Fig. 5. Schematic view of a single raindrop measured by using PIV sensors. D1 
and D2 represent the major and minor axes, respectively. 
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VD =
10− 3(L − D)

t
(6)  

where VD is the falling velocity of the raindrops (m s− 1); L is the trailing 
length of the raindrops (mm); and t is the exposure time of the camera 
(s). 

KEt is calculated based on a single raindrop diameter and falling 
velocity by using the following formula (Salles et al., 2002; Abd Elbasit 
et al., 2011; Zhan et al., 2020): 

KEt = (
ρπ
12

) × (
1

106) × (
3600
tPIV

) × (
1

APIV
) ×

∑
D3∙V2

D (7)  

where tPIV is the measurement time interval of PIV (60 s) and APIV is the 
measurement area of PIV (0.04 m2). 

2.3.4. Statistical analysis 
All statistical analyses were performed using R 3.6.2 and Excel 2016. 

The determination coefficient (R2) was applied to evaluate the appro
priateness of the regression equations. To ensure that the measurement 
intervals of the three instruments were the same, all the calculations 
were based on data recorded during a one minute period. All rainfall 
data from the beginning to the end were used to calculate the average 
rainfall intensity, KEt, and raindrop diameter characteristic information. 

3. Results 

3.1. Raindrop number and size 

As shown in Table 2, LPM measured more raindrops per unit area 

than PIV for cases with the same rainfall intensity (Table 2). The number 
and size of raindrops measured by LPM and PIV under the same rainfall 
conditions were significantly different. For all tested rainfall intensity 
cases, the median raindrop diameters (D50) measured using LPM and 
PIV ranged from 0.82 to 1.40 mm and 1.27–2.20 mm, respectively 
(Table 2). In this study, the PIV-measured D50 was 1.51–1.7 times that of 
the LPM, with an average value of 1.61 times (Table 2). The former was 
smaller than the latter, and both increased with increasing rainfall in
tensity. The minimum diameters measured by the LPM and PIV were 
0.13 mm and 0.17 mm, respectively (Table 2). The maximum diameters 
measured by the LPM and PIV ranged from 2.50 to 4.00 mm and 
3.58–4.84 mm, respectively (Table 2). It could be concluded that the 
raindrop size range measured by PIV was larger than that measured by 
the LPM for cases with the same rainfall. 

3.2. Raindrop size distribution (DSD) 

The shaded area in Fig. 6 represents the DSD ranges under 10 
different rainfall intensities, and the dashed line shows the largest and 
smallest rainfall intensities. The raindrop size ranges measured by LPM, 
PT and PIV were 0.13–3.5 mm, 0.8–4 mm and 0.17–4.49 mm, respec
tively, for the 10 raindrop distributions. This result indicates that the 
three instruments obtain different minimum and maximum raindrop 
diameters measurements for each rainfall event. The raindrop sizes 
measured by the LPM, PT-DSD, and PIV were primarily distributed in 
the ranges of < 1.5 mm, 1–2 mm, and < 2 mm, respectively. However, 
the proportions of small raindrops (<1 mm) measured by the LPM, PT- 
DSD, and PIV were 97%, 7% and 80%, respectively. The raindrop size 
distribution measured by PIV was more uniform than that measured by 

Fig. 6. Raindrop size distribution range measured by (a) a laser precipitation monitor (LPM), (b) a piezoelectric transducer (PT), and (c) particle imaging transient 
visual measurement technology (PIV) under 10 different rainfall intensities in the range of 45.6–157.2 mm h− 1. 
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PT and LPM under the same rainfall conditions (Fig. 6). 

3.3. Raindrop fall velocity 

The falling velocity and diameter of raindrops measured by the LPM 
and PIV increased with increasing rainfall intensity. Meanwhile, the 
falling velocity of raindrops measured by the LPM and PIV increased 
with increasing raindrop diameter (Fig. 7). The velocity distribution of 
raindrops and DSD for the lightest rainfall intensity (45.6 mm h− 1) 
measured by the LPM was similar to that measured by PIV and was 
different for both the moderate (105.6 mm h− 1) and large (157.2 mm 
h− 1) rainfall intensities. Under the same rainfall conditions, the falling 
velocity of < 1 mm raindrops measured by the LPM was greater than 
that of PIV, while for the > 1 mm raindrops, the opposite was true. 

3.4. Rainfall kinetic energy (KEt) 

For 10 different rainfall intensities, the KEt values measured by the 
LPM were in the range of 73.63–187.22 J m-2h− 1; those measured by PT- 
KE were in the range of 132.80–392.22 J m-2h− 1; those measured by PT- 
DSD were in the range of 122.88–367.44 J m-2h− 1; and those measured 
by PIV were in the range of 129.34–298.95 J m-2h− 1. The KEt measured 
by the three instruments increased with increasing rainfall intensity, and 
the relationships could be described by exponential functions (Fig. 8). It 
could also be observed that the KEt measured by LPM was significantly 
smaller than that those measured by PT and PIV. Fig. 9 shows a good 
linear relationship between the directly measured KEt by using PT-KE 
and the estimated KEt by using PT-DSD. This result indicates that the 
KEt measured by PT-KE and that measured by PT-DSD were approxi
mately consistent. 

The KEt measured by PT was approximately 1.1 times that measured 
by PIV (Fig. 10a, b). The KEt of the LPM was approximately 0.57 times 

Fig. 7. The raindrop falling velocity proportion measured by LPM and PIV under the same rainfall. The largest rain (157.2 mm h− 1), moderate rain (105.6 mm h− 1) 
and lightest rain (45.6 mm h− 1) were taken as examples in this experiment. LPM = laser precipitation monitor; PIV = particle imaging visual measurement tech
nology. The sizes and colours of the different circles indicate the proportion of raindrops in each category. 
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that measured by PIV (Fig. 10c). The KEt measured by the LPM was 
approximately 0.51 times that measured by PT (Fig. 10d, e). This result 
indicates that under the same rainfall event, the KEt measured by the PT 
and that measured by PIV were similar and greater than that measured 
by the LPM. 

4. Discussion 

4.1. DSD and fall velocity measured by LPM, PT and PIV 

The differences in the raindrop sizes and fall velocity distributions of 
LPM, PT, and PIV are due to the differences in instrument design, 
measurement area, raindrop size and velocity classification, and internal 
algorithms. Zhan et al.’s (2020) studies demonstrated that PIV was able 
to reliably detect DSD and raindrop fall velocity for natural rain mea
surements by assessing the diameter and fall velocity of steel balls and 
natural raindrops. In this study, it was reasonable that the number of 
raindrops and sizes measured by LPM and PIV increased with increasing 
rainfall intensity under simulated rainfall (Table 2). The number of 
raindrops per unit area measured by the LPM was significantly greater 
than that of PIV, while the maximum and minimum diameters of rain
drops measured by PIV were greater than those of LPM (Table 2). This 

could be because PIV is based on optical imaging. Thus, some incon
gruous raindrops are discarded as image noise, and thus, the number of 
raindrops changes (Zhan et al., 2020), while LPM records discarded 
incongruous raindrops as real raindrops due to its optical infrared light 
transmission. Compared to the PIV and PT sensors, the raindrop size 
measured by the LPM was small (Table 2), which can be attributed to the 
raindrop diameter measured by the LPM being equal to D2 (Fig. 5). 
However, PIV measured the geometric mean diameter, which was 
greater than D2. Raindrops of < 1 mm are almost spherical (Lanza et al., 
2021), and thus, the raindrop sizes measured by LPM and PIV should be 
approximately similar. In addition, the LPM sensor with laser optical 
rats has a better ability to recognize small raindrops (<1 mm). Chang 
et al. (2020) and Krajewski et al. (2006) reported that optical in
struments were sensitive to diameters <0.5 mm. Johannsen et al. (2020) 
compared the LPM to other sensors and found that the LPM records a 
high number of small raindrops (<1 mm) and underestimates the rain
drop size. Therefore, it not only more sensitive to smaller drops but 
could also have a bias in its measurement towards smaller drops. 
Therefore, the raindrop diameter measurement method of LPM needs to 
be improved. Comparing the raindrop diameter measurement results 
with the PIV and LPM instruments, it was found that the LPM needs to be 
calibrated to calculate the D50 based on the shape of raindrops measured 
by PIV. The D50 calculated by PIV with the geometric mean diameter 
was approximately 1.61 times that of the LPM (Table 2). Thus, a value of 
1.61 can be used to calibrate the D50 calculated by the LPM. Addition
ally, PT was insensitive to measuring raindrops < 1 mm. This could be 
ascribed to the fact that PT measured the DSD depending on the change 
in voltage signal caused by the raindrop impact energy on the sensor 
surface and cannot accurately measure the number of each size of 
raindrop. Smaller raindrops (<1 mm) had a lower impact force because 
of their lighter mass (Meshesha et al., 2016). Thus, the PT was not 
sensitive to measuring small raindrops (<1 mm), as the sensor was 
designed to measure rainfall erosivity (Abd Elbasit et al., 2017). The 
ability of the PT to measure < 1 mm raindrops needs to be further 
improved. However, the kinetic energy generated by raindrops < 1 mm 
was very small, and thus, the estimation of rainfall kinetic energy was 
similar to that of the PIV measurements. In this study, since PT measures 
the raindrop terminal velocity by using empirical equations (Eq. (4)), 
only the velocities of raindrops measured by LPM and PIV were 
compared. The raindrop velocity distributions measured by LPM and 
PIV were consistent under a rainfall intensity of 45.6 mm h− 1, but they 
still differed form that with a rainfall intensity > 45.6 mm h− 1 (Fig. 7). 
As the rainfall intensity increases, the LPM tends to record a large 
number of < 1 mm raindrops with high velocities, while the raindrop 
velocity distribution measured by PIV was relatively uniform (Fig. 7). 
This was consistent with Angulo-Martinez et al.’s (2016) and Johannsen 
et al.’s (2020) results. This could be attributed to that the PIV sampling 
area being larger than that of the LPM. The width of the LPM laser beam 
was small, and the occurrence of edge events was also large. The large 
raindrops with high fall velocity value broke apart and splashed, 
creating smaller raindrops with high velocity values on the instrument. 
Meanwhile, PIV has some inbuilt filtering processes that correct for 
erroneously measured raindrops. Therefore, PIV has an advantage in 
measuring raindrop sizes and velocity distributions. For LPM, it is 
necessary to improve the identification ability of erroneous raindrops 
and optimize the raindrop diameter calculation method. 

4.2. KEt measured by LPM, PT and PIV 

For the same rainfall intensity conditions, the KEt values measured 
by PT and PIV were approximately similar and were greater than that 
those measured by LPM (Figs. 8 and 10). This could be attributed to the 
fact that the diameters of raindrops measured by PIV were generally 
greater than that those measured by the LPM (Fig. 6), and the fall ve
locity of raindrops measured by PIV was also greater than that measured 
by the LPM for large raindrops (>1 mm). The KEt directly measured by 

Fig. 8. The rainfall kinetic energy rate (KEt) measured by the three instruments 
changes with the rainfall intensity. Note: KEt of the particle imaging visual 
measurement technology (PIV) is calculated by using Eq. (7). Note: LPM = laser 
precipitation monitor; PT-KE sensor = KE sensor of piezoelectric transducer; 
PT-DSD sensor = DSD sensor of piezoelectric transducer; Bars represent ±
standard error. 

Fig. 9. Relationship between the direct measured mean rainfall kinetic energy 
rate (KEt) using the PT-KE sensor and the estimated mean rainfall kinetic energy 
rate using the PT-DSD sensor. Note: KE sensor (KEt calculated by using Eq. (2)); 
DSD sensor (KEt calculated by using Eqs. (3) and (4)). 
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the PT sensor was larger than that measured by the LPM because the PT 
sensor was more sensitive to the impact energy of large raindrops (>1 
mm), which have much higher energy than small raindrops (<1 mm). 
Although the number of raindrops per unit area measured by the LPM 
was greater than that measured by PIV (Table 2), the raindrops 
measured by the LPM were mainly small (<1 mm) (Figs. 6 and 7). 

The KEt values measured by the PT-KE sensor and PT-DSD sensor 
were significantly correlated (Fig. 9a). The results indicated that it was 
feasible to calculate the rainfall KEt by combining the DSD sensor with 
the empirical velocity equation (Eq. (4)). This was consistent with the 
results of Abd Elbasit et al. (2011). 

To accurate calculation of rainfall KEt plays an important role in soil 
erosion prediction (Angulo-Martinez et al., 2016; Carollo et al., 2018; 
Meshesha et al., 2016). In this study, compared with PIV and PT sensors, 
LPM underestimated the kinetic energy of the same rainfall. The rainfall 
KEt measured by the LPM was approximately 0.57 and 0.51 times that 
measured by PIV and PT, respectively (Fig. 10), which was reasonable 
because the diameter and velocity of raindrops measured by LPM were 
less than those measured by PIV under the same conditions (Table 2; 
Fig. 7). Therefore, based on the PIV results, the rainfall KEt measured by 
the LPM could be calibrated by multiplying by a correction factor of 
1.75. However, the value of the correction factor needs to be further 
verified. 

4.3. Errors and applications 

Various raindrop sampling areas of different instruments could also 
lead to different DSD characteristics (Tapiador et al., 2010; Jaffrain 
et al., 2011). The sampling areas of the three instruments were in the 
following order: PIV > PT > LPM. In general, larger sampling areas have 
greater opportunities to collect more representative raindrops (Chang 
et al., 2020). Meanwhile, a larger sampling area can be used to deter
mine the contemporaneous impact of many raindrops. Compared with 
previous disdrometers based on line scanners, PIV provided a solution 
offering a compromised for a nonrepresentative sample limited by a 
relatively small view size (Zhan et al., 2020). Some measurement errors 
were also introduced by using LPM and PIV, such as raindrops splashing 
from the device arm into the sensor and overlapping raindrops (Angulo- 
Martinez et al., 2016; Chang et al., 2020; Wilken et al., 2018). Moreover, 
most instruments cannot distinguish betweenmultiple raindrops that 
cross the sensor at the exact same time (Lanza et al., 2021). The PT 
sensor had difficulty distinguishing more than two raindrops falling on 
the sensor synchronously (Abd Elbasit et al., 2010). Although the shell 
surface of the PT sensor is designed to be convex, the water film formed 
on the PT sensor surface still reduces its response to raindrop impacts 
and results in the underestimation of KEt under very high rainfall in
tensities. The PT is less affected by the raindrop shape because kinetic 

Fig. 10. Intercomparison of the calculated rainfall kinetic energy rate (KEt) values among the different measuring instruments. Note: PT-KE sensor = KE sensor of a 
piezoelectric transducer; PT-DSD sensor = DSD sensor of a piezoelectric transducer; LPM = laser precipitation monitor; PIV = particle imaging transient visual 
measurement technology. 
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energy depends only on the raindrop mass and fall velocity but can still 
affect energy transfer upon impact. The LPM instrument interpreted 
simultaneous raindrops as one single raindrop with a larger diameter 
that moves faster than a real raindrop of the same diameter, which could 
potentially result in overestimation of the raindrop size and kinetic 
energy. Additionally, the raindrop diameter measured by LPM was equal 
to the minor axes of raindrop, D2 (Fig. 5). As the rainfall intensity and 
raindrop size increased, the major axes of raindrops, D1, increased, and 
the minor axes of raindrops, D2, decreased (Lanza et al., 2021). The LPM 
systematically underestimates the raindrop diameter with respect to 
PIV, leading to an underestimation of the calculated rainfall kinetic 
energy. Therefore, LPM greatly underestimates the raindrop size with 
the increasing rainfall intensity and raindrop size. PIV can directly 
measure the exact shape and size of precipitation particles. Meanwhile, 
PIV decreased the length of time required for image processing and 
increased the image quality. The raindrops measurements taken by the 
LPM need to be improved when measuring raindrop diameters based on 
real raindrop shapes measured by PIV. 

5. Conclusions 

Three instruments, a laser precipitation monitor (LPM), piezoelectric 
transducer (PT), and particle imaging transient visual measurement 
technology (PIV), were simultaneously employed and evaluated to 
describe the rainfall characteristics under 10 simulated rainfall events 
with different rainfall intensities. The rainfall kinetic energy rate (KEt), 
raindrop size distribution (DSD), and raindrop falling velocity were 
measured. 

The comparisons showed that under the same rainfall conditions, the 
number of raindrops per unit area measured by an LPM was larger than 
that measured by PIV for cases with the same rainfall conditions. The 
number of raindrops per unit area measured by both LPM and PIV 
increased with increasing rainfall intensity. The raindrop size distribu
tion measured by PIV was more uniform than that of PT and LPM for the 
same rainfall. This was because the three instruments calculate raindrop 
diameters differently. The PT was not sensitive to raindrops < 1 mm, as 
the sensor was designed to measure rainfall erosivity. The geometric 
mean diameter was a more accurate representation of raindrop size 
because PIV can capture the true irregular shape of raindrops. The 
median diameter of raindrops (D50) calculated by PIV with the geo
metric mean diameter was on average 1.61 times that of LPM. For 
raindrop sizes > 1 mm, the LPM can be calibrated based on the work of 
PIV. As the simulated rainfall intensity increases, the falling velocity of 
raindrops < 1 mm measured by PIV was smaller than that measured by 
LPM. This study revealed that the three instruments with different 
measuring principles provided different raindrop size distribution 
measurements, but the PIV and PT results were approximately the same 
when measuring rainfall kinetic energy for the same rainfall conditions. 
The KEt calculated by LPM was 0.51 and 0.57 times that of PIV and PT, 
respectively. A correction factor of 1.75 could provide a reference for the 
calibration of the kinetic energy calculation of LPM instruments. 
Moreover, PIV instruments can be recommended for measuring raindrop 
characteristics based on the comparison measurements results of DSD 
and raindrop kinetic energy. PIV provides insight into the raindrop 
shape because it can directly measure each raindrop shape and falling 
velocity, as optical imaging automeasurement system technology has 
high precision. On the other hand, the raindrop size ranges measured by 
PIV were more representative due to the large sampling area of PIV. 

Although this study was carried out under limited experimental 
conditions, it can provide scientific insights for the comparison of optical 
and impact disdrometer instruments and the calibration of noncatching 
instruments. 
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