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ABSTRACT: This study was to assess the raindrop fall speed measurement capabilities of OTT Parsivel2 disdrometer
through comparisons with measurements of a collocated High-speed Optical Disdrometer (HOD). Raindrop fall speed is
often assumed to be terminal in relevant hydrological and meteorological applications, and generally predicted using termi-
nal speed–raindrop size relationships obtained from laboratory observations. Nevertheless, recent field studies have re-
vealed that other factors (e.g., wind, turbulence, raindrop oscillations, and collisions) significantly influence raindrop fall
speed, necessitating accurate fall speed measurements for many applications instead of reliance on laboratory-based termi-
nal speed predictions. Field observations in this study covered rainfall events with a variety of environmental conditions, in-
cluding light, moderate, and heavy rainfall events. This study also involved rigorous laboratory experiments to faithfully
identify the internal filtering and calculation algorithm of OTT Parsivel2. Our assessments revealed that, for the smaller di-
ameter bins, Parsivel2 filters out many of the observed raindrops that fall faster than predicted terminal speeds, bringing
down the mean fall speed for those size bins without observational evidence. Furthermore, Parsivel2 fall speed measure-
ments exhibited notable artificial bell-shaped deviations from the predicted terminal speeds toward subterminal fall start-
ing at around 1 mm diameter raindrops with peak deviations around 1.625 mm diameter bin. Such bell-shaped fall speed
deviation patterns were not present in collocated HOD measurements. Assessment results along with the faithfully identi-
fied Parsivel2 algorithm are presented with discussions on implications on reported raindrop size distributions (DSD) and
rainfall kinetic energy.
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1. Introduction

Accurate and precise raindrop fall speed measurements
have significant importance for many applications including
those related to radar meteorology, agriculture, atmospheric
physics, and hydrology. For example, Dual-Frequency Precip-
itation Radar (DPR) uses raindrop fall speed measurements
to characterize the type of rain for assisting flood forecasting
and warning system (Awaka et al. 2016). Raindrop fall speed
is an important microphysical quantity also for calculating
other rainfall quantities such as raindrop size distribution
(DSD) and kinetic energy. In various rainfall applications, it
is commonly assumed that raindrops fall at predicted terminal
speeds based on laboratory-observed terminal speed–size re-
lationships (e.g., Cotton and Anthes 1992; Testik and Barros
2007; Pruppacher and Klett 2012). However, observations
have shown that, in addition to raindrop size, there are other
factors such as wind, turbulence, raindrop collisions, and oscil-
lations (Montero-Martı́nez et al. 2009; Montero-Martı́nez and
Garcı́a-Garcı́a 2016; Pinsky and Khain 1996; Testik et al.
2006) that significantly affect raindrop fall speeds. Therefore,
precise and accurate raindrop fall speed measurements are
essential.

Disdrometers are instruments that are used to measure
raindrop size, fall speed, DSD, and often rain rate. There is a
wide range of applications for disdrometer measurements.

For example, disdrometer measurements have been used for
quality control in quantitative precipitation estimations using
dual-polarization radars (e.g., Aoki et al. 2016). There are dif-
ferent types of disdrometers with different working principles
for raindrop measurements. Both Parsivel2 and High-speed
Optical Disdrometer (HOD) are optical-type disdrometers
with differing optical sensor technologies to measure the rain-
drop characteristics. HOD is an image-based optical disdrom-
eter that uses a high-speed camera and light-emitting diode
(LED) light to capture the silhouettes of raindrops to mea-
sure raindrop characteristics using image processing techni-
ques. On the other hand, Parsivel2 is a laser-based optical
disdrometer that measures raindrop size and speed using volt-
age changes as the raindrops traverse through the laser sheet.
Differing working principles and sensor technologies lead to
differing measurement limitations and accuracy issues for cer-
tain raindrop size and fall speed ranges. Furthermore, these
disdrometers may face different calibration issues (e.g., Lanza
et al. 2021; Baire et al. 2022). In this study, we assessed rain-
drop fall speed measurements by Parsivel2 disdrometer, which
is manufactured by OTT Hydromet Inc. as their second gen-
eration of particle size velocity disdrometer (Parsivel2). This
instrument was selected for this study because of its wide-
spread use among researchers due to its simple operation, ro-
bust, and low-cost features, and also because of availability of
a large volume of data from this instrument. A simple online
search of publications with optical disdrometers between
2000 and 2022 revealed that Parsivel was mentioned in more
than half of the first 200 research documents. Despite itsCorresponding author: Firat Y. Testik, firat.testik@utsa.edu

DOI: 10.1175/JTECH-D-22-0091.1

Ó 2023 American Meteorological Society. For information regarding reuse of this content and general copyright information, consult the AMS Copyright
Policy (www.ametsoc.org/PUBSReuseLicenses).

S A HA AND TE S T I K 557MAY 2023

Unauthenticated | Downloaded 08/17/24 01:07 PM UTC

mailto:firat.testik@utsa.edu
http://www.ametsoc.org/PUBSReuseLicenses
http://www.ametsoc.org/PUBSReuseLicenses
http://www.ametsoc.org/PUBSReuseLicenses


popularity, there is a limited number of investigations on its
measurement capabilities, especially in terms of accuracy of
fall speed measurements (Angulo-Martı́nez and Barros 2015;
Lin et al. 2021; Park et al. 2017; Tokay et al. 2014).

OTT Parsivel disdrometers have first (Parsivel1) and sec-
ond (Parsivel2 used in this study) generations. Parsivel was
first developed by PM Tech AG, Pfinztal, Germany, which
was later transferred to OTT Hydromet, Kempten, Germany,
in 2004. OTT Hydromet modified the instrument as Parsivel1

in 2005. The OTT and PM Tech models were distinct in key
ways. The PM Tech and OTT Parsivel1 output voltages were
sampled at 10 and 50 kHz, respectively (Battaglia et al. 2010).
In comparison to the PM Tech Parsivel, the OTT Parsivel1

used a laser sensor that has reduced homogeneity across the
laser beam (Tokay et al. 2013). The World Meteorological
Organization conducted a 1.5-yr field experimental campaign
in central Italy with 30 rain gauges and optical disdrometers
including Parsivel1 (Lanza and Vuerich 2009). In comparison
to selected reference gauges in this campaign, Parsivel1 re-
ceived a 3 out of 5 rating for 1-min rain-rate measurements.
Lanza and Vuerich (2009) reported that Parsivel1 overesti-
mated rain intensity, and the overestimation worsened with
increasing rain rate. In 2011, OTT launched Parsivel2, a new
model of the Parsivel1. Parsivel2 is a new design, in which the
electronics are housed in the sleeve rather than the two heads
of the sensor as was the case for Parsivel1. According to the
manufacturer, the main improvement is the use of a more ad-
vanced laser sensor and better homogeneity in the laser sheet
for raindrop measurements. Manufacturer reported measure-
ment accuracies for raindrops up to 2 mm in diameter are 61
size class for Parsivel2 and63 size classes for Parsivel1, and for
raindrops that are larger than 2 mm in diameter, the reported
measurement accuracies are 60.5 size class for Parsivel2 and
62 size classes for Parsivel1.

Previous studies have demonstrated that both Parsivel1 and
Parsivel2 are susceptible to errors in raindrop concentration
measurements, particularly for small (D , 1 mm) and large
(D . 4 mm) raindrop size bins (Thurai et al. 2011; Tokay
et al. 2013; Raupach and Berne 2015; Park et al. 2017).
Thurai et al. (2011) reported Parsivel1’s overestimation of
the number of large raindrops in terms of mass weighted
mean diameter (Dm) by 20%–30% for higher rain rates
(.20 mm h21) by comparing collocated measurements from
a two-dimensional video disdrometer (2DVD) and a Parsivel1.
Moreover, by comparing Parsivel1 measurements with col-
located Joss–Waldvogel (JWD) and 2DVD disdrometer
measurements, Tokay et al. (2013) concluded that Parsivel1

underestimated the number of small raindrops (D , 0.76 mm)
and measured relatively higher raindrop concentration when
diameter is larger than 2.44 mm for rain rates and raindrop
counts more than 2.5 mm h21 and 400 drops min21, respec-
tively. More recently, Raupach and Berne (2015) and Park
et al. (2017) evaluated the second-generation Parsivel2 meas-
urements using a collocated 2DVD disdrometer and found
that, during high intensity rain (.20 mm h21), Parsivel2 still
has significant biases that cause it to overestimate the quantity
of large raindrops while underestimating the number of small
raindrops.

In addition to the aforementioned sampling uncertainty,
there are other previously reported Parsivel measurement is-
sues related to, for example, the laser beam, raindrop splash,
wind, coexistence of multiple raindrops in the laser beam, and
raindrop fall through the edge of the laser sheet known as
margin fallers (Habib et al. 2001; Kruger and Krajewski 2002;
Loh et al. 2019; Nešpor et al. 2000; Raupach and Berne 2015;
Tokay et al. 2001; Yu et al. 2016). When compared to the pre-
dicted terminal speeds, Upton and Brawn (2008) reported
underestimations in Parsivel1 fall speed measurements, espe-
cially for midsize raindrops (D 5 1–3 mm). While the study
by Upton and Brawn was for the earlier version of Parsivel
(Parsivel1), Tokay et al. (2014) and Angulo-Martı́nez et al.
(2018) showed that this measured fall speed behavior is sys-
tematic for raindrops 1.09 mm and larger also for the current
Parsivel version (Parsivel2). Tokay et al. (2014) reported that
the difference between the mean Parsivel2 measured and pre-
dicted terminal fall speeds for 1.09 mm raindrops was approxi-
mately 1 m s21 and the difference decreased with increasing
raindrop size. Consequently, they suggested the use of termi-
nal speed predictions in calculating DSD and rainfall parame-
ters to alleviate the error. Another potential source for
measurement issues is related to the assignment of Parsivel ob-
servations within preset size intervals (i.e., diameter/size bins)
to the mean sizes of the corresponding intervals, compromis-
ing the measurement accuracies near the interval boundaries.
Parsivel1 was reported to be prone to this issue, known as the
quantization error, particularly for size bins $ 2 mm (Yuter
et al. 2006). It is important to emphasize that fall speed mea-
surement inaccuracy has important effects. For example, sys-
tematic underestimation of fall speed may lead to increased
equivalent volume drop concentration and radar reflectivity
and decreased kinetic energy (Jaffrain and Berne 2011).

Friedrich et al. (2013) noted that particles falling oblique
to the Parsivel measurement area (laser sheet) can be a
cause for misclassification of fall speed. Their laboratory ex-
periments showed increased concentration of larger drops
(.3 mm) and decreased fall speeds when drops fall oblique
to the measurement area. Friedrich et al. (2013) confirmed
these laboratory findings in high wind speed and/or heavy
rainfall events during Hurricane Ike in 2008 and convective
storms, showing the influence of strong winds on particle
size distributions measured by Parsivel1 disdrometers. Rain-
drop shape deformation and oscillations may be another
source of fall speed measurement uncertainty, especially for
the case of large raindrops (Yu et al. 2016; Testik and Rahman
2016; Pei et al. 2014; Testik et al. 2006). Assumed oblate
shapes of hydrometeors, hence inaccurate equivolume dia-
meters, may also be a source of measurement uncertainty for
Parsivel disdrometers (Battaglia et al. 2010).

Parsivel and other disdrometers use methodologies to filter
out and correct erroneous measurements based on predicted
terminal speeds (Jaffrain and Berne 2011; Tokay et al. 2013;
Raupach and Berne 2015; Testik and Pei 2017). For example,
Tokay et al. (2013) and Jaffrain and Berne (2011) removed
raindrops exceeding 650% and 660% of the terminal speed
predictions, respectively. There are a number of available re-
lationships for terminal speed predictions in the literature.
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Nevertheless, these predictions are mostly from laboratory
observations of water drops in stagnant air (Beard 1977;
Blanchard 1950; Epema and Riezebos 1983; Jayawardena
and Rezaur 2000; Laws 1941; Gunn and Kinzer 1949, hereaf-
ter referred as GK49) and may not accurately represent the
actual raindrop fall speeds during rainfall events under certain
conditions (e.g., Hosking and Stow 1991; Montero-Martı́nez
et al. 2009; Montero-Martı́nez and Garcı́a-Garcı́a 2016; Testik
et al. 2006; Thurai et al. 2013). Therefore, filtering, while es-
sential due to instrumental limitations, has the potential to
result in underestimation of the number of raindrops and
masking of the signatures of different microphysical pro-
cesses. Therefore, identification and improvement of instru-
mental limitations has significant importance.

In this paper, we assess raindrop fall speed measurement
capabilities of OTT Parsivel2 by comparing values with HOD
measurements. Brief descriptions of Parsivel2 and HOD dis-
drometers are provided in section 2, followed by an overview
of our experimental sites, observed rainfall events, methodol-
ogies, and identification of Parsivel2 algorithm for raindrop
fall speed measurements. Results, including statistical com-
parisons among Parsivel2 and HOD measurements and pre-
dicted terminal speeds by an empirical fit equation based on
GK49 laboratory data, as well as discussions on the effects of
Parsivel2 raindrop fall speed measurements on DSD observa-
tions and rainfall kinetic energy estimations are presented in
section 3. Finally, conclusions of this study are provided in
section 4.

2. Experimentation: Disdrometers, field site, and
methodology

a. OTT Parsivel2 and HOD disdrometers

Only a brief description of OTT Parsivel2 is provided
here and detailed descriptions of Parsivel2 can be found in
the literature (e.g., Angulo-Martı́nez et al. 2018; Park et al.
2017; Tokay et al. 2014). Parsivel2 uses a 780 nm laser beam
that forms a nominal measurement cross-sectional area of
54 cm2 (L 5 180 mm long, W 5 30 mm wide, and T 5 1 mm
thick) to detect particles (OTT 2017). However, since par-
ticles partially passing through this nominal measurement
area at the edges are not counted, the effective measure-
ment area changes for each raindrop diameter bin as L 3

(W 2 D/2), where D represents raindrop diameter bins.
When particles pass through the measurement area formed
by the laser beam, a portion of the transmitted laser is
blocked, resulting in a change in voltage in comparison to
when the laser beam is free of particles. The amplitude of
the voltage drop is used to determine the size of the particle
whereas the duration of the voltage drop is used to deter-
mine the fall speed of the particle. In calculating fall speeds,
Parsivel2 also uses assumed particle axis ratios. According
to Battaglia et al. (2010), Parsivel2 assumes particles as
spherical up to 1 mm, and as horizontally oriented oblate
spheroids with axis ratios linearly varying from 1 to 0.7 be-
tween 1 and 5 mm and with a fixed axis ratio value of 0.7 for
particles larger than 5 mm. These assumed axis ratio values

impose a notable potential to affect the accuracy of Parsivel2

measurements during events with strong winds. Note that,
given the outlined working principle, size of the measurement
area greatly influences the probability of bias-inducing effects
such as edge events (margin fallers) and overlapping hydrome-
teors (Angulo-Martı́nez et al. 2018). A larger measurement
area, for instance, implies a higher chance of overlapping hy-
drometeors (i.e., multiple hydrometeors coexisting in the laser
sheet at the same time and recorded as a single hydrometeor).
This may cause missed hydrometeor observations, translating
to a reduced hydrometeor count, precipitation amount and
rate, and also recordings of larger than actual hydrometeor
sizes with fall speeds that are unusually low. Parsivel2 meas-
ures both solid and liquid precipitation. However, for the pur-
poses of our study, here we consider Parsivel2 for rainfall
measurements.

According to the manufacturer’s statement, Parsivel2 meas-
ures raindrop characteristics for raindrops with diameters
larger than 0.25 mm and during rainfall events with rain rates
greater than 0.001 mm h21. Parsivel2 validates the detected
raindrops using its unknown internal algorithm and filters out
those particles that are not validated as raindrops. Validated
raindrops are assigned to a predefined 32 3 32 matrix, where
rows and columns of the matrix indicate raindrop diameter
and fall speed classes/bins, respectively. The diameter and fall
speed bins have unequal intervals ranging from 0 to 26 mm
and 0 to 22.4 m s21, respectively. Bin widths increase from
0.125 to 3 mm for diameter bins and 0.1 to 3.2 m s21 for fall
speed bins as raindrop diameter and fall speed bins increase.
Parsivel2 software does not provide individually measured
raindrop diameter and fall speed values, but rather provides
the number of raindrops in each of the predefined Parsivel2

diameter and fall speed bins along with the average volume
equivalent diameter and average particle speed of each bin.
For this study, Parsivel2 was connected to a CR1000 datalog-
ger for automated data storage purposes. A computer pro-
gram was developed using PC200W software to communicate
between CR1000 and Parsivel2. This program provided us the
opportunity to extract all of the detected raindrop diameter
and fall speed values captured by Parsivel2 before they are
processed by the Parsivel2 internal algorithm for raindrop val-
idation. This capability enabled us to conduct the analyses
presented in this study.

Detailed information on the HOD can be found in Testik
and Rahman (2016) and only a brief overview of this instru-
ment is provided here. HOD is a recently developed research
instrument with one of the design purposes being accurate hy-
drometeor fall speed observations. It is an optical-type dis-
drometer that consists of a high-speed camera, an LED light,
and a sensor to trigger the camera once a hydrometeor (i.e.,
raindrop for this study) is detected in the measurement vol-
ume that is defined by the camera view frame and sensor de-
tection area (see Testik and Rahman 2016). HOD captures
successive high-speed (1000 frames per second for this study)
images of each raindrop that passes through the measurement
volume, providing both visual and quantitative information
on raindrop dynamics. Using image processing techniques
and the sequential raindrop images, HOD software determine
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the raindrop diameter and fall speed, which is calculated by
utilizing the displacement of the centroid location of the same
raindrop in two consecutive images, along with other micro-
physical quantities. These quantities for the same raindrop are
measured multiple times depending on the number of sequential
images, and are averaged for improved accuracy. For this study,
HODwas set to record 10 images of each of the raindrops passing
through the measurement volume. The measurement error of
HOD for raindrops that are larger than 0.5 mm is less than
approximately 10% of the raindrop diameter and reduces to
approximately 2.9% as the raindrop diameter increases to 5 mm.
Considering the measurement accuracy, HOD was set to detect
only raindrops that are larger than 0.5 mm. Note that actual rain-
drop images captured by the HOD has an additional benefit of
data quality controls, if needed, for raindrop size, speed, and
shape. In this study, we used Parsivel2 binning for HODmeasure-
ments of raindrop fall speed and size for adequate comparisons of
the measurements from the two instruments.

b. Field site

Rainfall observations were conducted at our outdoor rain-
fall research laboratory (see Fig. 1) that is located in the west
campus of The University of Texas at San Antonio, Texas,
United States (coordinates and elevation: 29834′43.19′′N,
98837′50.68′′W, and 297 m above mean sea level, respectively).
As can be seen in Fig. 1, the field site is situated within a flat

open suburban terrain that is free of tall trees and obstructions.
The field site houses a 10-m-high meteorological tower that
host the HOD and an R. M. Young 8500 3D ultrasonic
anemometer. The site is also equipped with one OTT Parsivel2

disdrometer, one OTT Pluvio2 rain gauge, and two TB4 tipping-
bucket rain gauges, all of them installed at 2 m above ground
level.

c. Data collection and analysis methodology

Field experiments consisted of 6 different rainfall events for
a total duration of 1456 min (Table 1). In this study, a rainfall
event is defined as a period of continuous rain with an accu-
mulation of at least 1 mm rain amount (Tokay et al. 2013).
The successive rainfall events are separated from each other
by a dry period of at least 1 h. These rainfall events cover a
wide variety of light to heavy rainfall (0.01–102.96 mm h21)
during calm to high wind conditions (0.08–7.59 m s21) and re-
sults from these events were consistent as discussed later in
the article. Therefore, selected rainfall events were sufficient
for conclusive findings. Ranges of rain intensity and wind
speed values reported here and in Table 1 were determined
using 1-min rain intensity and wind speed values. All of the
aforementioned meteorological instruments were active dur-
ing these events and collected a wealth of data.

We classify Parsivel2 data in three levels as follows. Level 1
data consist of diameter and fall speed information for the

FIG. 1. (a) Satellite image of the field site (circled) and its surroundings. (b) Ground view of the field site and
the meteorological tower. (c) Photograph of the HOD and 3D ultrasonic anemometer mounted at the top of the
10-m-tall tower. (d) Photograph of Parsivel2 disdrometer mounted at 2 m above ground level.
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raindrops detected by Parsivel2 (i.e., raw data) as stored in
the raindrop log file. Level 1 data have not been typically
available to Parsivel2 users as access to these data is not avail-
able through the instrument software provided by the manu-
facturer, but they were extracted in this study using a
computer program written in PC200W software. The storage
of level 1 data requires a large space because the program ex-
tracted signals from Parsivel2 and stored up to a predefined
number of cells in each minute whether Parsivel2 detects any
particles or not (e.g., rain or dry). Considering the heavy rain
scenario and the limitation of the datalogger scan rate, we set
the program to extract diameter and fall speed information
for up to 2500 detected particles each minute. This setup gen-
erated large datasets from level 1 during long periods of rain.
To resolve this storage issue, we installed a Compact Flash
Memory Module (CFM100) with CR1000 datalogger. Level 2
data consist of raindrop counts for the validated raindrops
in each bin of the 32 3 32 Parsivel2 diameter–fall speed ma-
trix. Level 2 data are derived by Parsivel2 software using an
internal unknown algorithm from level 1 data by filtering
out some of the level 1 data and validating the rest of the
raindrop data as level 2 data. Parsivel2 users have access to
level 2 data through the instrument’s software. Level 3 data
consist of average raindrop fall speeds for each diameter bin,
DSD, integral rainfall parameters (rain rate and amount) that
are calculated by Parsivel2 software using level 2 data. Level 3
data are provided to the Parsivel2 users as a readymade data-
set. In addition, we introduced a new data level, which was
not part of Parsivel2 data collection and processing steps, and
called this data level as “pseudo level 2” (described later in
the text).

Using level 1 data from laboratory experiments, we were
able to faithfully identify the Parsivel2 internal algorithm to
transform the data from level 1 to level 2. We refer to this
portion of the internal algorithm as the “Parsivel2 filtering
matrix” (which is provided in Fig. 3 later). To identify the
Parsivel2 filtering matrix, we conducted laboratory experi-
ments with a large number of water drops (’1 000 000) gener-
ated using a pressurized hose (Fig. 2), covering a wide range
of drop sizes (0.1–20 mm) and fall speeds (0.1–20 m s21). It is
important to note here that we did not generate drops with
controlled sizes and fall speeds. Our goal for the laboratory
experiments was not to test the accuracy/uncertainty of Parsivel2

measurements for drop diameter and fall speed; hence, accuracy
of the generated drop sizes and/or terminal and nonterminal fall
were not of importance for this study. Instead, since our primary
goal for the laboratory experiments was mainly to identify the de-
tected (level 1) and validated (level 2) drops by Parsivel2, we gen-
erated as many drops as possible that span a wide range of
characteristics (i.e., size and speed) to reveal the Parsivel2 drop
validation criteria for the detected drops. Parsivel2 readings from
these experiments included both level 1 and level 2 data in each
minute. Parsivel2 level 1 data clearly showed that drops with
different size and fall speed combinations were generated in
our laboratory experiments, including those with small size
and fast fall speeds that are eliminated by Parsivel2 filtering
matrix as discussed later in the article. Using level 1 data with
detected drops, we constructed the 32 3 32 drop diameter
and fall speed bin matrix for each minute of observations.
Detailed comparisons of the 32 3 32 matrices for level 1 data
for detected drops and for level 2 data for validated drops
provided by Parsivel2 software revealed Parsivel2 filtering ma-
trix for validation of raindrops when transforming data from
level 1 to level 2. Figure 3 shows how the Parsivel2 filtering
matrix maps out diameter and fall speed bin combinations
for validating the observed particles as raindrops. The results

TABLE 1. Summary of the rainfall event characteristics observed for this study. DT 5 Rain duration. RI 5 Rain intensity
measured by Parsivel2. W 5 Wind speed measured by the 3D ultrasonic anemometer. T and RH represent temperature and relative
humidity, respectively. Parsivel2-detected and -validated raindrop numbers are represented here by DR and VR, respectively.

Event
No. Date

DT
(min)

RIavg
(mm h21)

Wavg

(m s21)
RI rangea

(mm h21)
W rangea

(m s21) T (8C) RH (%) DR VRb (%)

1 16 Oct 2019 289 2.44 2.22 0.03–7.41 0.87–3.49 21 94 614 36 98
2 24 Oct 2019 319 11.88 5.55 0.02–102.96 1.66–7.59 13 88 178 517 90
3 20 Dec 2019 206 1.46 1.53 0.01–9.82 0.88–2.49 10 97 267 508 98
4 21 Mar 2020 290 1.83 1.87 0.01–8.17 0.08–3.13 11 95 332 253 99
5 15 May 2020 180 6.85 3.37 0.41–42.84 1.97–5.63 18 89 107 505 96
6 13 Oct 2021 172 12.73 2.53 0.05–74.96 0.69–5.48 22 97 107 496 97
a RI andW ranges were calculated based on 1-min time resolution measurements during corresponding DT.
b Percentages of validated raindrop numbers from detected raindrops.

Drop generator

Parsivel
Disdrometer

FIG. 2. Illustrative schematic of the laboratory experimental setup
that was used to identify the Parsivel2 filtering matrix.
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from these laboratory experiments were also verified through
rainfall observations at our field site.

Documentation of the Parsivel2 filtering matrix enabled us
to faithfully identify Parsivel2’s fall speed calculation algo-
rithm. To identify Parsivel2’s fall speed calculation algo-
rithm, we analyzed Parsivel2 given average fall speed for
each diameter bin (level 3) and fall speed of each validated
raindrops that were distinguished from detected raindrops
by the Parsivel2 filtering matrix. Considering the number of
validated raindrops and midvalue of respective fall speed
bin, we calculated weighted-average fall speeds for each di-
ameter bin (represented by open circles in Fig. 4) and com-
pared with Parsivel2 given average fall speeds of each
diameter bin (level 3, represented by open squares in Fig. 4)
in Fig. 4. As can be seen in this figure, open circles repre-
senting fall speeds that we calculated using the abovemen-
tioned procedure and open squares representing fall speeds
reported by Parsivel2 level 3 data overlapped precisely for
each of the diameter bins. This comparison in Fig. 4 revealed
that Parsivel2 utilizes midvalue of respective fall speed bin,
rather than individual raindrop fall speeds, for calculating av-
erage fall speed of each diameter bin in level 3. In this study,

in addition to the Parsivel2 provided data levels, we included
an additional data level, which we called “pseudo level 2.”
Pseudo level 2 data (represented by open triangles in Fig. 4)
include the average fall speeds for each of the predefined di-
ameter bins that are calculated by averaging the fall speed
measurements from level 1 data for all of the raindrops in
the corresponding diameter bins and validated through the
Parsivel2 filtering matrix. Level 2 and pseudo level 2 data dif-
fer such that while level 2 data provide only the number of
raindrops in each of the predefined diameter and velocity bins
and they are available through Parsivel2 software, pseudo level 2
data provide the average fall speeds of the validated raindrops
in each of the diameter bins using the individual raindrop fall
speed measurements from level 1 data and are not available
through Parsivel2 software. Figure 4 also exhibits that pseudo
level 2 fall speed values differ from level 3 fall speed values,
and the differences become more pronounced for the larger
raindrop fall speeds. The observed difference in fall speeds by
pseudo level 2 and level 3 data was due to the nonuniform
widths of predefined Parsivel2 fall speed bins, which increase
with increasing fall speed values (see Fig. 3). Using midvalues
of predefined fall speed bins instead of average fall speeds of

 

V1 V2 V3 V4 V5 V6 V7 V8 V9 V10 V11 V12 V13 V14 V15 V16 V17 V18 V19 V20 V21 V22 V23 V24 V25 V26 V27 V28 V29 V30 V31 V32

D1 1 0.000–0.125 0.0–0.1
D2 2 0.125–0.250 0.1–0.2
D3 3 0.250–0.375 0.2–0.3
D4 4 0.375–0.500 0.3–0.4
D5 5 0.500–0.625 0.4–0.5
D6 6 0.625–0.750 0.5–0.6
D7 7 0.750–0.875 0.6–0.7
D8 8 0.875–1.000 0.7–0.8
D9 9 1.000–1.125 0.8–0.9

D10 10 1.125–1.250 0.9–1.0
D11 11 1.250–1.500 1.0–1.2
D12 12 1.500–1.750 1.2–1.4
D13 13 1.750–2.000 1.4–1.6
D14 14 2.000–2.250 1.6–1.8
D15 15 2.250–2.500 1.8–2.0
D16 16 2.500–3.000 2.0–2.4
D17 17 3.000–3.500 2.4–2.8
D18 18 3.500–4.000 2.8–3.2
D19 19 4.000–4.500 3.2–3.6
D20 20 4.500–5.000 3.6–4.0
D21 21 5.000–6.000 4.0–4.8
D22 22 6.000–7.000 4.8–5.6
D23 23 7.000–8.000 5.6–6.4
D24 24 8.000–9.000 6.4–7.2
D25 25 9.000–10.000 7.2–8.0
D26 26 10.000–12.000 8.0–9.6
D27 27 12.000–14.000 9.6–11.2
D28 28 14.000–16.000 11.2–12.8
D29 29 16.000–18.000 12.8–14.4
D30 30 18.000–20.000 14.4–16.0
D31 31 20.000–23.000 16.0–19.2
D32 32 23.000–26.000 19.2–22.4
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FIG. 3. Visualization of the Parsivel2 filtering matrix to validate the detected particles as raindrops as part of the Parsivel2 internal algo-
rithm. Raindrops in light-gray-colored cells/bins are validated and those in dark-gray-colored bins are filtered out. Black-colored bins
were not evaluated in this study. Parsivel2 raindrop size and fall speed bins are also presented on the right side of the matrix.
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raindrops within the given bin enhances the quantization error.
This error would be particularly pronounced for the larger
bin widths and bins with smaller number of raindrops as ob-
served in Fig. 4. In this figure, we present terminal speed pre-
dictions using an empirical fit equation to GK49 laboratory
data [see Eq. (1)] along with two other well-accepted termi-
nal speed parameterizations, specifically by Beard (1976)
and Brandes et al. (2002). This was to provide a visual com-
parison among terminal speed predictions by different pa-
rameterizations. The predictions by the empirical equation
in Eq. (1) are within 61% of the terminal speed measure-
ments by GK49 for water drops within the diameter range
of 0.5–6.0 mm:

Vt 5 0:0623D3 2 0:9481D2 1 5:0403D 2 0:2054: (1)

Here, Vt is the terminal speed prediction (in m s21) and D is
drop diameter (in mm). Furthermore, we conducted paired
t test among predicted terminal speed predictions by the above-
mentioned parameterizations with 0.05 significance level, which
indicated that the mean differences among the predicted termi-
nal speeds were not statistically significant (p value . 0.05). As
such, for the rest of this article, we only considered predicted
raindrop terminal speeds by Eq. (1) for comparisons with ob-
served raindrop fall speeds, except in Table 2, where terminal
speeds prediction by both Eq. (1) and Beard (1976) were con-
sidered for statistical comparisons with Parsivel2 and HOD
measurements.

To demonstrate the impact of Parsivel2 filtering matrix that
is implemented by Parsivel2 by default, we compared the av-
erage raindrop fall speeds of Parsivel2 detected (level 1) and
validated (pseudo level 2) raindrops for each diameter bin
(Fig. 5). Here, we used pseudo level 2 data because level 2
data did not provide the actual fall speed measurements, but

instead provided only the numbers of validated raindrops in
each diameter and velocity bins as described earlier. Due to
low signal-to-noise ratio, Parsivel2 internal algorithm removes
data from the two smallest diameter bins (D , 0.25 mm), and
then Parsivel2 filtering matrix is applied to the detected rain-
drops to validate them. Figure 5 reveals that Parsivel2 filtering
matrix artificially filters out the detected raindrops at the
smaller end of the diameter bins (D , 1 mm) and reduces the
average fall speed values without any observational evidence.
In this figure, it can also be seen that application of the Parsivel2

filtering matrix does not cause fall speed alterations for the
detected and validated raindrops for D . 1 mm. Parsivel2 fil-
tering matrix was further investigated by implementing it to
the HOD fall speed measurements for event 5, and the results
are presented in Fig. 6. In this figure, deviations of fall speed
observations from terminal speed predictions are presented
both in percentages (primary vertical axis) and absolute val-
ues (secondary vertical axis). The reasoning behind present-
ing deviations in terms of both relative (%) and absolute
deviations in the same graph was to demonstrate that the im-
portance of the issue was not artificially increased by our
choice of relative deviations in terms of percentages for the
relevant figures in the rest of this article. This figure demon-
strates that implementation of Parsivel2 filtering matrix in-
creases deviations of the HOD fall speed measurements from
terminal fall speed predictions by Eq. (1) for the smaller end
of the diameter spectrum (D, 0.8125 mm) and showed no ef-
fect for the rest of the diameter spectrum. Once Parsivel2 fall
speed calculations were faithfully determined, we investigated
Parsivel2 fall speed measurement capabilities in comparisons
with HOD measurements and terminal fall speed predictions
by GK49 as discussed in the next section.

3. Results and discussion

Figure 7 presents a typical comparison of raindrop fall
speed measurements by HOD and Parsivel2 (level 1}for de-
tected raindrops) along with terminal speed predictions by
Eq. (1) for (Fig. 7a) event 5 on 15 May 2020 and (Fig. 7ab)
averages of raindrop fall speed observations during all of the
events tabulated in Table 1. Results of the statistical compari-
sons of fall speed measurements for event 5 are presented in
Table 2 later. Event 5 presented in Fig. 7a consisted of about
200 min of rainfall observations, during which 10-min-averaged
wind speed values ranged between 2 and 5.5 m s21. Note that
only raindrop diameter bins with more than 10 raindrops were
considered for comparisons presented in this study. While
Parsivel2 software does not present the smallest two diameter
bins (D, 0.25 mm) of the level 2 data due to accuracy consid-
erations as noted earlier, in this comparison, we included all
Parsivel2 diameter bins (including the smallest two diameter
bins) as our comparison here is for level 1 data with all de-
tected particles before implementation of the internal algo-
rithm. This comparison revealed that, at the smaller end of
the diameter bins, fall speeds of the raindrops detected
by Parsivel2 were much faster than the predicted terminal
speeds. While omission of the two diameter bins smaller than
0.25 mm nulls the need for detailed considerations for those
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two diameter bins, impact of Parsivel2 filtering matrix imple-
mentation is evident for raindrop diameter bins between 0.25
and 0.5 mm, and care should be taken in microphysical inter-
pretations using Parsivel2 data for this size range. For rain-
drops between about 0.5 and 1 mm in diameter, Parsivel2 fall
speed measurements matched closely with both terminal
speed predictions and HOD fall speed measurements. For
raindrops between about 1 and 3 mm in diameter, Parsivel2

fall speed observations showed a notable deviation from ter-
minal speed predictions. HOD fall speed measurements did
not show this behavior. For raindrops larger than about 3 mm
in diameter, Parsivel2 observations approached closer to termi-
nal speed predictions and HOD measurements with increasing
raindrop diameter bins, exhibiting smaller deviations. To show
that these observations for event 5 were similar to those for all
of the rainfall events, averages of raindrop fall speed measure-
ments for all of the observed rainfall events are presented in
Fig. 7b. Parsivel2 raindrop fall speed observations for all of the
rainfall events are presented individually (later in Fig. 10) to fur-
ther demonstrate that the deviation in Parsivel2 fall speed meas-
urements from terminal speed predictions follow a similar
pattern for all of the events regardless of rain intensity and
wind conditions.

To test the statistical significance of the deviations of both
HOD and Parsivel2 (pseudo level 2) mean fall speed measure-
ments from terminal speed predictions by Eq. (1) that is based
on GK49 laboratory data (Vt1

) and by Beard (1976) (Vt2
) indi-

vidually for each diameter bin, four separate one-sample t tests
with p value (probability of obtaining the observed results, as-
suming that the null hypothesis is true) of 0.05 significance
level were performed for event 5. The reason for using predic-
tions by two different terminal speed parameterizations in
these analyses was to test whether or not different terminal
speed parameterizations alter the statistical results. The t tests
were performed under the assumption of a normal distribution
in observed data. Later in Fig. 8, distributions of HOD and
Parsivel2 raindrop fall speed measurements for each diameter

bin are shown. More than 68% of fall speed observations lie
within one standard deviation of observed mean fall speeds
for each diameter bin for both Parsivel2 and HOD measure-
ments, supporting the suitability of our normal distribution
assumption. It should be noted that numbers of observed
raindrops by HOD and Parsivel2 are different for each di-
ameter bin. The smaller number of raindrop observations
by HOD as compared to those by Parsivel2 was due to the
HOD’s smaller measurement volume (70 mm 3 70 mm 3

5.25 mm) that was customized for high measurement accu-
racy and its operating principles (i.e., sequential high-
speed image storage and download) as described in Testik
and Rahman (2016). The null hypotheses (H0) for the tests

for HOD and Parsivel2 measurements were H0 : m
HOD
y f

5 Vt1
,

H0 : m
HOD
y f

5 Vt2
, H0 : m

Parsivel
y f

5 Vt1
, and H0 : m

Parsivel
y f

5 Vt2
, re-

spectively, where, mHOD
y f

and mParsivel
y f

represent mean fall speed

measurements by HOD and Parsivel2, respectively, and Vt1
and Vt2

represent terminal fall speed predictions by Eq. (1)
and Beard (1976), respectively. The test results are tabulated
in Table 2. As can be seen from this table, the deviations of
the Parsivel2 mean fall speed measurements from both Eq. (1)
and Beard (1976) terminal speed predictions were statistically
significant for all diameter bins ( p value , 0.05). The devia-
tions for the HOD measurements from the terminal speed
predictions were also statistically significant except for the di-
ameter bins of 0.688, 0.813, 0.938, 1.188, and 3.75 mm. This sta-
tistical analysis also demonstrated that raindrop terminal
speed predictions using two different sources, GK49 and
Beard (1976), do not have any statistically significant (p value)
effect on the results. Therefore, we used only terminal speed
predictions by Eq. (1) that is based on GK49 in the rest of this
article. To test the statistical significance of the differences be-
tween mean fall speed measurements by HOD and Parsivel2
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(H0 : m
HOD
y f

5mParsivel
y f

), a two-sample t test with 0.05 significance
level was performed. The two-sample t-test results showed that
the differences between raindrop fall speed measurements by
these two disdrometers were statistically significant for all
diameter bins . 0.5 mm, except for the diameter bins of 3.25
and 3.75 mm (Table 2). This finding provides sufficient evidence
to state that Parsivel2 raindrop fall speed measurements are sig-
nificantly different from the HODmeasurements.

Figure 8 shows a comparison of the raindrop fall speed dis-
tributions of event 5 for Parsivel2 (pseudo level 2) and HOD
measurements for each of the diameter bins. This figure dem-
onstrates that, for each of the diameter bins, mean and me-
dian values of the Parsivel2 measurements almost matched
(near-symmetric distribution) whereas HOD measurements
showed a skewed fall speed distribution toward subterminal
values for the lower diameter bins of 0.563 and 0.689 mm.
Moreover, this figure clearly demonstrates that deviations of
the measured mean fall speeds from the terminal speed pre-
dictions were larger for Parsivel2 measurements than for the
HOD measurements. These deviations were so pronounced
for Parsivel2 measurements that the terminal speed predic-
tions were beyond the standard deviation ranges for fall speed
measurements for diameter bins of 1.188, 1.375, 1.625, 1.875,

2.125, 2.375, and 2.75 mm. This was not the case for HOD
measurements for any of the diameter bins (see Fig. 8). Figure 9
presents percentages of fall speed measurement deviations
from the terminal speed predictions by Eq. (1) for each of the
diameter bins for Parsivel2 detected (level 1) and validated
raindrops (pseudo level 2), and HOD observed raindrops for
event 5. Since Parsivel2 does not consider the smallest two di-
ameter bins, we considered level 1 and pseudo level 2 data
for 0.3125 mm and larger diameter bins. When compared to
level 1 data, Parsivel2 filtering matrix for this specific event
reduced the fall speed deviation of pseudo level 2 data
from terminal speed for the 0.3125 and 0.4375 mm diameter
bins. On the other hand, Parsivel2 filtering matrix caused in-
creased deviations of Parsivel2 pseudo level 2 data (as com-
pared to level 1 data) between 0.5625 and 0.8125 mm diameter
bins toward subterminal fall speeds (see Fig. 9). These results
from Figs. 8 and 9 show that selective elimination of the
Parsivel2 filtering matrix yields an instrumental bias for fall
speed measurements for the diameter bins between 0.3125
and 0.8125 mm. These biases may result in the underestima-
tion of the number concentrations of small raindrop sizes.
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FIG. 7. Comparison of HOD-measured and Parsivel2-detected
(level 1) raindrop fall speeds along with predicted terminal speeds
by Eq. (1) based on GK49 for (a) event 5 and (b) all of the ob-
served events. Fall speed values in (b) are averages of observations
for all of the rainfall events.

FIG. 8. Raindrop fall speed distributions for each dimeter bin for
(a) Parsivel2 and (b) HOD measurements for event 5. Mean,
median, and standard deviation of fall speed measurements and ter-
minal speed predictions by Eq. (1) are also shown (see the legend).
Numbers provided above the distributions for each diameter bin rep-
resent the number of raindrops in the corresponding diameter bin.
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It is evident from Fig. 9 that a bell-shaped deviation of
Parsivel2 measurements (both level 1 and 2 data) from ter-
minal speed predictions by Eq. (1) for diameter bins be-
tween around 0.8125 and 3.25 mm with the maximum
deviation at around 1.625 mm diameter bin. HOD measure-
ments did not show such a bell-shaped deviation, but they
were rather random within a range of 0% to 25%. We ana-
lyzed additional 5 rainfall events (see Table 1), taking into
account various wind speed, rain intensity, and other envi-
ronmental characteristics, in order to verify the findings pre-
sented in Fig. 9. Figure 10 presents measured raindrop fall
speed deviations from terminal speed predictions by Eq. (1)
for (Fig. 10a) Parsivel2 detected (level 1), (Fig. 10b) Parsivel2

validated (pseudo level 2), and (Fig. 10c) HODmeasured rain-
drops for all observed rainfall events. As can be seen in this
figure, although high wind speed and heavy rain intensity con-
ditions enhanced raindrop fall speed deviations from predicted
terminal speeds (for both Parsivel2 and HOD observations),
results for Parsivel2 measured raindrop fall speed deviations
for all of the observed rainfall events demonstrated a similar
deviation trend consistently. Parsivel2 filtering matrix disre-
garded raindrops having superterminal speeds, which occa-
sionally worsened the average fall speed deviations from
terminal speed predictions for the validated raindrops. For ex-
ample, event 3 of Figs. 10a and 10b exhibited24% and210%
measured fall speed deviations for the detected and validated
raindrops, respectively, from predicted terminal speeds for the
0.3125 mm diameter bin. The impact of Parsivel2 filtering ma-
trix was evident on validated raindrop fall speed deviations up
until 0.8125 mm diameter bin for all of the observed rainfall
events and reduced the average fall speeds (see Figs. 10a,b).
Differences in fall speed deviations of the detected and vali-
dated raindrops were not observed for diameter bins larger
than 0.8125 mm diameter bin. Despite the differences in the
rainfall event characteristics, deviations of measured raindrop
fall speeds from terminal speed predictions for diameter bins

in between around 0.8125 and 3.25 mm showed similar bell-
shaped deviations for both Parsivel2 detected and Parsivel2

validated raindrops (see Figs. 10a,b). Such a deviation pattern
was not present for HOD fall speed measurements (Fig. 10c).
Given that results presented in the rest of the article are also
consistent for all of the observed rainfall events similar to the
consistency in the results presented in Fig. 10, the rest of the
results are presented only for event 5 for space and clarity
considerations.

There may be several potential causes for this observed
bell-shaped deviation behavior for Parsivel2 measurements,
including limitations of the laser sensor, rainfall microphysi-
cal processes (e.g., raindrop oscillations), Parsivel2 filtering
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FIG. 10. Deviations of raindrop fall speed measurements from
terminal speed predictions by Eq. (1) for (a) Parsivel2-detected
(level 1), (b) Parsivel2-validated (pseudo level 2), and (c) HOD ob-
servations for all of the rainfall events in Table 1. Here, fall speed
deviations for the 0.3125 mm diameter bin of level 1 data are 66%,
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matrix, and nonuniform bin sizes. Figure 9 shows that level 1
and pseudo level 2 data have nearly identical deviations from
the terminal speed predictions, demonstrating that Parsivel2

filtering matrix is not responsible for this observation. To eval-
uate the possibility of nonuniform bin sizing as a potential cause
of this observation, we reanalyzed rainfall observations of event
5 with uniform bin widths of 0.125 mm and presented in Fig. 11.
As can be seen in this figure, uniform bin selection resulted in
similar bell-shaped deviation, demonstrating that nonuniform
bin sizing is not responsible for this observation. Furthermore,
since HOD measurements, for which we can also visually ob-
serve individual raindrop behavior, did not show bell-shaped
deviations for the same rainfall events, we can also eliminate
rainfall microphysics as a potential cause of the bell-shaped de-
viations seen in Fig. 9 for the Parsivel2 fall speed measurements.
Note that our laboratory experimental observations by Parsivel2

also showed the same bell-shaped deviation pattern from termi-
nal speed predictions, which implies that we can disregard the
outdoor environmental factors such as wind, temperature, hu-
midity for the observed pattern. Therefore, we conclude that
the laser characteristics and fall speed calculation methodol-
ogy from laser sensor data are the potential causes for the
bell-shaped deviation pattern. As examples of the laser charac-
teristics, nonuniformity of the laser sheet thickness and laser
sampling frequency that determines the raindrop fall time in
the laser sheet are potential causes for fall speed measurement
inaccuracies due to the fall speed calculation methodology
for such sensors. Since we did not have the ability to test the
Parsivel2 laser sheet thickness for uniformity, we cannot make
a relevant conclusion. Assuming a uniform laser sheet thickness
of 1 mm as noted by Parsivel2 documentation (OTT 2017) and
using Eq. (1) terminal speed predictions for different raindrop
sizes (D 5 0.5–5 mm), one can calculate that a raindrop would
be observed from 5 to 21 times by the sensor. Therefore, one
can expect fall speed measurement errors around 5%–18%,

depending on the raindrop size, solely due to laser sampling
frequency (50 kHz). As an example of the fall speed calculation
methodology, there are inherent assumptions (in particular rain-
drop shape assumptions) for fall speed calculations using laser
measurements with significant potential for measurement inac-
curacies. For diameters less than 1 mm, Parsivel2 assumes that
raindrops are spherical, whereas for diameters between 1 and
5 mm, raindrops are assumed to be oblate spheroids with axis
ratios decreasing linearly from 1 to 0.7 with increasing diameter
and reaching an axis ratio of 0.7 for raindrops larger than 5 mm
(Battaglia et al. 2010). This axis ratio distribution may not accu-
rately represent the axis ratios of actual observations. Figure 12a
shows HOD axis ratio measurements with 61 standard devia-
tions (shown as vertical bars) for raindrops larger than 1 mm
along with the assumed axis ratios in Parsivel2 calculations and
predicted axis ratios by the analytical model of Beard and
Chuang (1987). It is evident from Fig. 12a that while Parsivel2

assumed axis ratios are close to the predictions by Beard and
Chuang (1987), they distinctly differ from mean values of
the actual raindrop axis ratio measurements by the HOD
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and lie within the close proximity of the lower bounds of
standard deviations for HOD measured raindrop axis ra-
tios. To show the impacts of assumed axis ratio values in
Parsivel2 fall speed measurements, Fig. 12b presents Parsivel2

fall speed measurements (level 3 data) with an envelope that is
calculated by Parsivel2 level 1 data and using HOD measured
axis ratios with 62 standard deviations. While Fig. 12 dem-
onstrates the significant impact of assumed raindrop axis ratio
distribution in Parsivel2 fall speed, it also demonstrates that
assumed axis ratio distribution may not be fully responsible
for the observed deviations from the GK49 terminal speed
predictions [Eq. (1)] and there are likely other factors contrib-
uting such as laser sampling frequency as discussed. Further-
more, we conducted a two-sample t test with the hypothesis as
equal mean fall speeds for HOD measurements and Parsivel2

measurements with raindrop axis ratio distribution assumed to
be 62 standard deviations of HOD measured axis ratio distri-
bution. The results of this test revealed that differences in mean
fall speeds by the two instruments were statistically significant
for raindrops within the 1 mm–2.125 m diameter range, where
bell-shaped deviation pattern was observed.

Parsivel2 DSD measurements have been a pillar for a large
number of studies for different applications. Given that Parsivel2

DSD calculations rely on the fall speed measurements with the
aforementioned limitations, the relevant impacts on the accuracy
of Parsivel2 DSDmeasurements grant a discussion. DSD compu-
tations for this discussion were conducted using the following
formulation in Eq. (2), where N(D)i_Parsivel (m

23 mm21) is the
raindrop number concentration per unit volume for the ith rain-
drop diameter bin (Raupach and Berne 2015):

N(D)i_Parsivel 5
1

Ai_ParsivelDDiDt
∑
j532

j51

Cj,i

y j
: (2)

Here, Cj,i is the number of raindrop observations in the ith di-
ameter bin and jth fall velocity bin during the time interval
Dt(s), DDi is the width of the ith diameter bin (mm), y j is the
mean fall velocity of the jth velocity bin (m s21), and Ai_Parsivel

is the effective measurement area (m2) of Parsivel2 for the ith
diameter bin. While the actual measurement area of Parsivel2

is 180 mm3 30 mm, raindrops passing through the rectangular
measurement area partially (i.e., at the edges of the area) are
omitted. Therefore, the effective measurement area, Ai_Parsivel

(in m2), depends on the raindrop diameter bin as follows:

Ai_Parsivel 5 1026 3 180 3 30 2
Di

2

( )
: (3)

Here, Di is the midbin diameter (in mm) for the ith diameter
bin. Underestimation bias observed for Parsivel2 raindrop fall
speed measurements for diameters larger than 0.8125 mm
(see Fig. 9) would introduce an overestimation bias for Parsivel2

DSD measurements [N(D) in mm21 m23] due to their inverse
mathematical relationship in calculating the N(D) values. Here,
we present event 5 to demonstrate the impact of Parsivel2 fall
speed measurements on the Parsivel2 reported DSDs; however,
it should be noted that all of the observed rainfall events show
the same impact. To demonstrate the effect of fall speed

measurements on DSD calculations, Fig. 13 presents DSDs
calculated in the following 3 different ways and compare them
with the Parsivel2 reported DSD measurements (level 3):
(i) using Parsivel2 detected raindrop diameter and fall speed
measurements (level 1), (ii) using Parsivel2 validated raindrop
counts (level 2) with terminal speed predictions by Eq. (1) for
middiameter values of each diameter bin, and (iii) using Parsivel2

validated raindrop counts (level 2) with average fall speed meas-
urements by the HOD for each of the diameter bins. As can be
seen from this comparison, Parsivel2 reported N(D) values are
larger than those calculated by (ii) and (iii) for diameter bins
larger than 0.5625 mm. For the diameter bin range between
0.3125 and 0.8125 mm, Parsivel2 reported N(D) values are
smaller than those calculated by (i) for the level 1 detected
raindrops. Recall that this diameter range for level 1 data cor-
responds to the diameter bins with fast-falling raindrop obser-
vations that were eliminated by the Parsivel2 filtering matrix,
demonstrating the impact of Parsivel2 filtering matrix in the
reported DSD measurements. Figure 14 presents the relative
bias of a typical Parsivel2 reported DSD with the DSDs calcu-
lated using methods (ii) and (iii). Similar to the bell-shaped
fall speed deviation pattern (see Fig. 9), Fig. 14 clearly demon-
strates the presence of a bell-shaped distribution in around the
0.812–3.75 mm diameter bins with the maximum relative bias of
25% at the diameter bin of 1.625 mm.

Kinetic energy of raindrops falling on ground has been
widely recognized as a potential indicator of soil erosion,
and Parsivel2 measurements have often been utilized in
soil erosion studies for kinetic energy estimations (e.g.,
Angulo-Martı́nez and Barros 2015). Therefore, we also in-
vestigated the impacts of Parsivel2 fall speed measure-
ments on rainfall kinetic energy calculations. Time-specific
kinetic energy of rainfall (KE with units of J m22 h21) is
calculated as (Salles et al. 2002)

KEDi
5

p

12

( )
1

106

( )
3600
t

( )
1

Ai_Parsivel

( )
niD

3
i (yDi

)2: (4)
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FIG. 13. Comparison among Parsivel2 given DSD (level 3)
with the DSDs estimated based on Parsivel2-detected (level 1)
raindrop diameter and fall speed measurements [method (i)],
Parsivel2-validated raindrop counts (level 2) with terminal
speed predictions by Eq. (1) [method (ii)], and HOD-measured
fall speeds [method (iii)] for event 5.
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Here, ni is the number of raindrops counted in the ith diame-
ter bin during the time interval t (s), Di (mm) and yDi

are the
midvalue of the ith diameter bin and average raindrop fall
speed (m s21) for the ith diameter bin, respectively, and KEDi

is the time-specific kinetic energy for the ith diameter bin.
Figure 15 presents KEDi

values for event 5 that were calcu-
lated using methods (i)–(iii) described earlier and also using
pseudo level 2 data. Figure 15 shows that there are major dis-
crepancies in the calculated KEDi

values using different meth-
ods with different measured and predicted fall speed values as
KE is directly proportional to the square of raindrop fall
speed. The discrepancies between the calculated KEDi

values
using pseudo level 2 data and those using methods (ii) and
(iii) are particularly notable for the raindrop diameter bins
between 0.812 and 3.75 mm. This is due to the bell-shaped de-
viations of Parsivel2 fall speed measurements from terminal
speed predictions in this diameter range (see Fig. 9), which is
an instrumental artifact as discussed earlier. There were no
noticeable differences between calculated KEDi

values by

level 1 and pseudo level 2 data. This was because the fall
speed differences between these two data levels were mainly
for raindrop diameter bins smaller than 1 mm that are created
by the application of the Parsivel2 filtering matrix (see Fig. 5),
which leads to only small differences in calculated KE values.

Relative biases in KEDi
calculations using Parsivel2 pseudo

level 2 data with respect to those calculations using methods
(ii) and (iii) are presented in Fig. 16. This figure clearly dem-
onstrates the effects of Parsivel2 fall speed measurements on
calculated KEDi

values and indicates that the effects are ob-
served for the same raindrop diameter bin range of approxi-
mately 0.812 to 3.75 mm, within which the bell-shaped fall
speed deviations are present (see Fig. 9). The maximum bias
occurs at the diameter bin of 1.625 mm, which is the same di-
ameter bin for the maximum fall speed deviations (see Fig. 9).
The maximum relative bias of calculated KEDi

values for
event 5 shown in this figure were 234% and 227% with re-
spect to methods (ii) and (iii), respectively. Therefore, it is
expected that Parsivel2 fall speed measurements result in
notable underestimation of the KE values with potential
impacts on rain-induced soil erosion estimations and other
applications.

4. Conclusions

Capabilities of Parsivel2 disdrometer for raindrop fall speed
measurements with potential impacts on DSD measurements
were assessed. For this purpose, rainfall microphysical obser-
vations were conducted using collocated Parsivel2 and HOD
disdrometers, both optical-type disdrometers with different
working principles, during 6 rainfall events. These rainfall
events covered a wide range of rainfall rate, wind speed, tem-
perature, and humidity; and hence, our evaluations utilized
disdrometer data collected under a variety of meteorological
conditions.

In assessing the measurement capabilities of Parsivel2, our
efforts involved faithful identification of the data processing
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algorithm, which is not available by the manufacturer and in
the literature. We would like to note that there were no dis-
cussions with the manufacturer on this study and no funding
support from the manufacturer for this study. We have identi-
fied that Parsivel2 implements a filtering process of the de-
tected particles and validates them as raindrops using criteria
that can be presented in a matrix form (i.e., Parsivel2 filtering
matrix in Fig. 3). Through laboratory experiments, which
were later verified using field observations, we faithfully iden-
tified the Parsivel2 filtering matrix that is used to process the
level 1 data to form the level 2 data. An important conse-
quence of the Parsivel2 filtering matrix is that it eliminates
faster-falling detected particles within the diameter bins
smaller than 0.8125 mm, hence, creating a bias in fall speed
measurements for those small diameter bins by bringing the
mean fall speed values down without an observational evi-
dence. We also faithfully identified the fall speed calculation
methodology by Parsivel2 and revealed that midvalues of the
fall speed bin are used, instead of measured fall speeds of in-
dividual raindrops, in relevant calculations. A potential conse-
quence of this, although not investigated in this study, is the
quantization errors in DSD and other rain parameter calcula-
tions due to the nonuniform Parsivel2 fall speed bin widths
that increase up to 3.2 m s21 for the higher end of the fall
speed bins. Future research on this can document potential
errors and means to avoid such errors, if present, by calcula-
tion methodologies using individual raindrops fall speed
measurements.

Our investigation revealed that Parsivel2 fall speed meas-
urements exhibit a bell-shaped deviation from terminal
speed predictions by Eq. (1) for raindrop sizes between
around 0.8125 and 3.25 mm diameter bins. The peak of the
bell shape was at around 1.625 mm diameter bin. This devia-
tion pattern was consistent for the Parsivel2 measurements
from all of the rainfall events and laboratory experiments,
indicating that this was independent of the meteorological
conditions. Furthermore, such a deviation pattern was ab-
sent for the HOD measurements from all of the events,
which led us to the conclusion that the observed deviation
pattern is an instrumental artifact. As discussed in section 3
with considerations of different potential causes, our con-
clusion is that Parsivel2 laser sensor/sheet characteristics
was responsible for the bell-shaped deviations. The system-
atic deviations of fall speed measurements as compared to
the GK49 terminal speed predictions and HOD measure-
ments have downstream impacts in processed Parsivel2

data, in particular in Parsivel2 DSD observations and KE
calculations. Comparisons of Parsivel2 reported DSDs with
the DSDs calculated using Parsivel2 raindrop counts and
terminal speed predictions using Eq. (1) as well as HOD
measured fall speeds revealed the presence of relative bias
of Parsivel2 reported DSDs similar to the bell-shaped fall
speed deviation pattern for the same diameter range. KE
values calculated using Parsivel2 fall speed measurements
showed a similar behavior. Since KE is directly proportional
to the square of raindrop fall speed, we observed a substantial
underestimation of the calculated KE values using Parsivel2

fall speed measurements as compared to those calculated using

both terminal speed predictions by Eq. (1) and HOD fall speed
measurements. The relative biases for KE values calculated us-
ing Parsivel2 fall speed measurements were a clear reflection of
the bell-shaped fall speed deviations in Parsivel2 measurements.

Level 1 data and Parsivel2 filtering matrix are not available
to the Parsivel2 users through the commercially available soft-
ware and only level 2 and level 3 data are available. Process-
ing of data from level 1 to level 2 and from level 2 to level 3
conceals potential instrumental artifacts and data processing
information is critical to the Parsivel2 users and data benefi-
ciaries. Parsivel2 internal calculation algorithm, including the
filtering matrix, faithfully identified in this study reveals the
data processing methodology, which can be considered as a
“black box” for the user community. Identified data process-
ing methodology is of great importance to the Parsivel2 data
users and beneficiaries in interpretations of the observations,
understanding the instrumental limitations, and development
of methodologies for data improvements, among various other
implementations.
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