Atmos. Meas. Tech., 19, 2669-2694, 2026
https://doi.org/10.5194/amt-19-2669-2026

© Author(s) 2026. This work is distributed under
the Creative Commons Attribution 4.0 License.

Atmospheric
Measurement
Techniques

Validation of rainfall data observed by using disdrometer under

wet-bulb temperature conditions

Hyeon-Joon Kim', Sung-Ho Suh?, Jongyun Byun?, and Changhyun Jun*

Hnstitute of Sustainable Earth and Environmental Dynamics (SEED), Pukyong National University, Busan, South Korea
ZFlight Safety Technology Division, NARO Space Center, Korea Aerospace Research Institute, Goheung, South Korea
3Department of Civil, Environmental and Architectural Engineering, Korea University, Seoul, South Korea

4School of Civil, Environmental and Architectural Engineering, Korea University, Seoul, South Korea

Correspondence: Changhyun Jun (cjun@korea.ac.kr)

Received: 28 February 2025 — Discussion started: 14 May 2025

Revised: 16 March 2026 — Accepted: 1 April 2026 — Published: 20 April 2026

Abstract. This study focuses on the reliability assessment
of precipitation data calculated from drop size distribution
(DSD) based on disdrometer data observations according
to wet-bulb temperature (7). Three distinct quality control
(QC) methods based on fall velocity were implemented and
validated against measurements from tipping-buckets and
weighing rain gauges collected from January 2020 to Febru-
ary 2024. The analysis indicated that all QC methods exhib-
ited high reliability (correlation coefficient (CC) > 0.98) for
rainfall conditions when Ty, was above 5 °C, with a mean
absolute percentage error (MAPE) of approximately 8.5 %.
However, the precision of precipitation measurements exhib-
ited a notable decline when Ty, was below 2 °C, as indicated
by a CC of less than 0.6 and MAPE exceeding 30 %. This
reduction in accuracy can primarily be attributed to the out-
comes of the QC methods, which rely on the falling veloc-
ity, given that raindrops and solid particles were observed
within the specified 7., range. When considering the melting
of snow particles at Ty, ranging from 0 to 2 °C, the CC ap-
proached 0.9, suggesting enhanced measurement reliability.
The findings of this study indicate that Ty, is a more effec-
tive variable than air temperature (7,;) for differentiating the
precipitation types. This conclusion arises from the obser-
vation that the fall velocity of hydrometeors does not reach
the terminal velocity of raindrops, even within the Ty;, range
of 1-5°C, coupled with the broad distribution of fall veloc-
ities. The DSD shape demonstrated stability across multiple
QC methods when T, was equal to or greater than 2 °C.
In contrast, considerable variations were observed at lower
temperatures, where particles with diameters ranging from 1

to 2 mm exhibited irregular distribution patterns at tempera-
tures below 1 °C. These results suggest that DSD parameters
should be derived from disdrometer data obtained under con-
ditions where Ty, is above 2 °C to ensure the reliability of the
findings. This study provides critical insights for improving
precipitation measurement techniques and DSD analyses in
regions with variable temperature conditions.

1 Introduction

Several factors influence the variability in precipitation de-
velopment, including atmospheric water vapor content, ver-
tical airflow intensity, and temperature and humidity distri-
butions in the vertical profile (Lintner et al., 2017; Padullés
et al., 2022). These factors can be categorized as climatolog-
ical, geographical, or topographical. Climatological factors
include alterations in atmospheric water vapor resulting from
long-term temperature changes, developmental shifts associ-
ated with temperature variations in the upper and lower atmo-
spheric layers, and thermodynamic effects linked to changes
in land cover based on climatic characteristics (Dahlstrom,
2021; Lu et al., 2024). Geographical and topographical fac-
tors include the convergence of water vapor due to moun-
tainous terrain, which facilitates vertical precipitation de-
velopment (Insel et al., 2010; Lee et al., 2014; Kim et al.,
2019), and the generation of vertical flow resulting from in-
creased friction at low levels due to coastal topography (Du
and Chen, 2019; Yao et al., 2021). Additionally, precipita-
tion development can be influenced by the temperature dif-
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ferential between the sea and air, particularly when cold air
from inland regions moves over water bodies during winter
(Steenburgh, 2020). Various environmental factors can in-
fluence the disparities in warm precipitation processes, such
as collision-coalescence, evaporation, and accretion, which
are contingent upon the vertical development of precipita-
tion types, including stratiform, convective, and typhoon-
related precipitation. Similarly, cold precipitation processes
such as snow riming, melting, and ice crystal growth are af-
fected by these environmental variables. These factors con-
tribute to the development of diverse hydrometeors including
rain, snow, and graupel, which are influenced by tempera-
ture variations (Maheskumar et al., 2018; Yi et al., 2021).
Environmental factors that influence precipitation develop-
ment exert both hydrodynamic effects, including variations
in lower-level vertical flow and atmospheric convergence or
divergence, and thermodynamic effects, such as increased at-
mospheric instability resulting from water vapor inflow and
differences in vertical temperature distribution. The differ-
ences in the development of precipitation due to environmen-
tal influences from the perspectives of atmospheric dynamics
and thermodynamics ultimately lead to variations in the to-
tal precipitation observed at the surface. Therefore, it is cru-
cial to acquire data that accurately reflects the microphysical
characteristics of precipitation to enhance precipitation mon-
itoring. Furthermore, analyses based on long-term observa-
tional data are essential to identify the universal characteris-
tics that account for the temporal variability of precipitation.

The utilization of long-term observational data consider-
ably reduces errors, mainly by rectifying inaccuracies in the
observational data and eliminating outliers. Even among in-
struments that measure the same meteorological parameters,
the threshold values for outlier removal may vary based on
the installation conditions and surrounding environment. Ad-
ditionally, biases in the observed values can arise owing to
variations in the observation area and resolution, which are
contingent on the type of instrument employed (Sypka, 2019;
Segovia-Cardozo et al., 2021). Ground-based rain gauges can
be categorized into two types based on their measurement
method: tipping-buckets and weighing gauges. Although the
tipping-bucket type demonstrates high accuracy in measur-
ing rainfall, its efficacy in measuring snowfall during winter
may be inferior to that of the weighing type because the ob-
servation value is recorded only when the precipitation in the
bucket reaches a predetermined capacity (Savina et al., 2012;
Kochendorfer et al., 2020). Comprehending the characteris-
tics of observational instruments and the data they produce
is imperative to ensure the reliability of the research findings
derived from observational data.

The standard instruments used to observe precipitation in-
clude rain gauges and disdrometers. A rain gauge measures
the total precipitation accumulated over a specified time in-
terval. In contrast, a disdrometer assesses the size and con-
centration of precipitation particles, thereby enabling the de-
termination of the precipitation intensity and type. The se-
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lection of an appropriate type of rain gauge is contingent on
specific observational objectives such as monitoring heavy
rain, light rain, or snow. Notable examples of disdrometers
include the Particle Size and Velocity (PARSIVEL), Two-
dimensional Video Disdrometer (2DVD), Joss-Waldvogel
Disdrometer, and Precipitation Occurrence Sensor System.
Disdrometers compute the size-specific concentration of par-
ticles, known as the Drop Size Distribution (DSD), by ana-
lyzing the variations in optical intensity as the particles tra-
verse the observation zone of the sensor. In contrast to data
obtained from rain gauges, disdrometer data offer a broader
range of applications because they provide physical parame-
ters, such as particle number concentration and fall velocity,
and morphological characteristics, such as oblateness.

A typical application of disdrometer data involves for-
mulating Quantitative Precipitation Estimation (QPE) equa-
tions, which are used in conjunction with remote sensing
data such as radar observations. To derive rainfall informa-
tion from remote sensing data, researchers can leverage the
correlation between rain rate and radar reflectivity values, an
observational variable in remote sensing, to measure varia-
tions in rainfall (Ji et al., 2019; Tang et al., 2024). Addi-
tionally, DSD information obtained from disdrometer ob-
servations is instrumental in parameterizing microphysical
schemes within numerical weather prediction models (Yang
et al., 2019; Iversen et al., 2021). Microphysical schemes
can be categorized into bin and bulk types (Hu and Igel,
2023). The bin scheme accurately simulates the distribu-
tional differences between hydrometeor types by accounting
for their size-dependent number concentration. However, this
approach is limited by its high computational demand and the
need for substantial hardware resources during the simula-
tion process. Consequently, bulk schemes are predominantly
employed in weather prediction models. This approach simu-
lates microphysical processes based on the relationships be-
tween particle diameter and concentration distributions for
various hydrometeor types. The DSD model considerably
influences the quantitative differences in the estimated pre-
cipitation property outcomes. As the reliability of the DSD
model improves, so does the accuracy of the precipitation
simulation and forecasting.

The DSD model used in the QPE and microphysical
schemes of remote sensing encompasses various models,
such as the Marshall-Palmer, exponential (Marshall and
Palmer, 1948), and gamma models (Ulbrich, 1983). The con-
figuration of each model is contingent on the specific param-
eters being analyzed, with the shape and slope variables in
the DSD model varying according to the concentration dis-
tribution based on the particle diameter (Smith, 2003; Liu et
al., 2021). The DSD is affected by several factors, such as the
type of rainfall (Deo and Walsh, 2016), intensity of rainfall
(Thomas et al., 2021), and climatological and topographical
characteristics of the region where precipitation occurs and
develops (Kim et al., 2022). Consequently, it is imperative to
acquire DSD model parameters and reflectivity data by col-
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lecting highly reliable observational data that accurately rep-
resent precipitation characteristics to enhance the precision
of rainfall estimations and simulations based on DSD. Fur-
thermore, disdrometer data can be used to estimate rainfall
erosivity (Serio et al., 2019). Enhancing the accuracy of rain-
fall erosivity estimates can facilitate the assessment of the
impact of rainfall on soil erosion and serve as a foundation
for developing countermeasures through spatial analysis and
monitoring of soil erosion risk areas using remote sensing
data. Reliable precipitation observational data for estimating
rainfall erosivity can aid in analyzing the effects of erosion
resulting from alterations in rainfall patterns due to climate
change.

Various quality control (QC) methods for disdrometer data
have been suggested to enhance the accuracy of derived mea-
surements (Kruger and Krajewski, 2002; Jaffrain and Berne,
2011; Raupach and Berne, 2015). QC approaches for dis-
drometer data primarily rely on the falling velocity of rain-
drops. In the absence of a substantial wind influence or par-
ticle collisions during descent, the fall velocity of a raindrop
tends to increase with its diameter, ultimately reaching a ter-
minal velocity. Terminal velocity is achieved when the forces
of air resistance and gravitational pull are in equilibrium, re-
sulting in no further particle acceleration (Wang and Prup-
pacher, 1977; Ong et al., 2021). Studies have been conducted
to determine the terminal velocities of raindrop particles (At-
las et al., 1973; Beard, 1977; Brandes et al., 2002), which
have led to the development of QC methods that use ter-
minal velocity measurements. Kruger and Krajewski (2002)
elucidated the structural design and operational principles of
a 2DVD system, and noted that the recorded data indicated a
fall velocity of approximately 400 ms~!. However, this value
is not feasible for raindrops. To mitigate the impact of erro-
neous data (outliers) potentially arising from hardware mal-
functions, inaccuracies in data processing, and environmen-
tal conditions at the observation site, we employed a com-
parative analysis of the empirical relationship of raindrops
established by Atlas et al. (1973). Furthermore, recognizing
that the disdrometer may either underestimate or overesti-
mate the fall velocity of precipitation particles influenced by
the horizontal movement due to wind, this study conducted
QC by focusing exclusively on the vertical velocity measure-
ments. Jaffrain and Berne (2011) conducted a study to ad-
dress the uncertainties associated with sampling observations
from PARSIVEL disdrometers. They argued that the col-
lected precipitation data exhibit inherent variability and mea-
surement errors attributable to the equipment used, necessi-
tating the development of a method to mitigate these issues
and enhance data reliability. The authors proposed a method
for eliminating anomalous data, such as outliers (values that
are not physically plausible), instances of particle splashing
(where the same particle is detected multiple times), and non-
meteorological data. This preprocessing approach effectively
diminished the sampling uncertainty of various parameters,
including rain rate.
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Raupach et al. (2015) conducted a study using data from
the PARSIVEL and 2DVD to establish a correction factor for
number concentration based on observations from the PAR-
SIVEL disdrometer. The authors noted a tendency for PAR-
SIVEL to overestimate the number of small droplets mea-
suring between 0.2 and 0.4 mm and larger particles measur-
ing 2.4 mm or more. Furthermore, the measured fall velocity
of larger droplets was lower than the actual terminal veloc-
ity. Anomalous data can lead to DSD distortions, which can
compromise the accuracy of precipitation measurements and
radar-based rainfall estimates. The focus of these studies was
primarily on rainfall particles and it was determined that the
quantitative accuracy of rainfall estimates improved when the
aforementioned QC methods were applied across various en-
vironmental conditions.

Snow particles exhibit a variety of forms such as needles,
dendrites, and granules, which are influenced by tempera-
ture and humidity. These variations in shape arise from the
specific conditions under which the particles form and de-
velop, leading to differences in their densities and fall ve-
locities (Barthazy and Schefold, 2006; Vazquez-Martin et
al., 2021). Furthermore, snow particles are more suscepti-
ble to wind because of their lower density and larger surface
area than raindrops. Consequently, fall-velocity-based QC
methods for eliminating non-meteorological particles (such
as leaves, dust, and insects) are limited in their effectiveness
because they primarily target solid particles with low fall ve-
locities. Given the diverse shapes and fall speeds of snow
particles, the mixing of raindrops and snow during precipi-
tation events may lead to an underestimation of errors when
applying conventional disdrometer QC methods. Therefore,
it is imperative to establish objective criteria for differenti-
ating rainfall and snowfall conditions to enhance the accu-
racy of rainfall analysis using disdrometer data. Ding et al.
(2014) emphasized the significance of accurately classifying
precipitation types for surface energy balance and hydrolog-
ical process research. They aimed to develop a method for
identifying precipitation types by analyzing 30 years of ob-
servational data. Their investigation focused on the correla-
tion between precipitation type and various meteorological
variables, including wet-bulb temperature (7 ), relative hu-
midity (RH), and surface elevation. These findings indicate
that using 7T, as a reference variable for determining precip-
itation type is more reliable than relying on air temperature
(Tir). Furthermore, the proposed model, which incorporated
Ty, demonstrated a determination accuracy exceeding 88 %.

This study aims to evaluate the quantitative accuracy of
rainfall measurements obtained from a disdrometer in rela-
tion to varying 7,, conditions. Furthermore, this study seeks
to establish environmental criteria to ensure the reliability of
the parameters used in the DSD model by using long-term
rainfall data collected through disdrometer observations. A
comparative analysis of the disdrometer data was performed
using different QC methods to examine the discrepancies be-
tween these methods under varying Ty, conditions.
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Figure 1. Location of ground observation station.

2 Data

In this study, we evaluated the QC method applied to dis-
drometer data under varying precipitation conditions. To
achieve this, we collected and analyzed regional observa-
tional data that accounted for the environmental factors asso-
ciated with rainfall and snowfall. This study used data from
a 2DVD installed at an observatory (Fig. 1) operated by the
Weather Radar Center of the Korea Meteorological Admin-
istration. The integrity of the 2DVD data was corroborated
through comparisons with measurements obtained from the
tipping-bucket and weighing rain gauges. The analysis in-
cluded observational data collected between January 2020
and February 2024.

2.1 Disdrometer

The 2DVD (Kruger and Krajewski, 2002) used for the va-
lidity analysis of the disdrometer was an optical disdrome-
ter developed by Joanneum Research. This instrument oper-
ates by projecting light through a bulb across a designated
observation area and capturing the intensity of the trans-
mitted light using a camera positioned on the opposite side
(Fig. 2). When a particle, such as a raindrop, traverses the
observation area (10 cm?) illuminated by the light sheet, its
diameter is determined by analyzing the reduction in the in-
tensity and width of the light during its passage. Further-
more, the system employs two cameras to observe the par-
ticles from orthogonal angles, allowing the fall velocity to
be calculated based on the differential height of the light
sheet in the two orientations and time taken for the parti-
cles to descend. The 2DVD’s capability to acquire diame-
ter and fall velocity data for individual particles offers su-
perior temporal, dimensional, and velocity resolution com-
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Figure 2. Two-dimensional video disdrometer.

pared to traditional disdrometer data, which typically provide
channel-based information. The observational resolution of
the camera was approximately 0.2mm (512 pixels), mak-
ing the particles smaller than the indistinguishable threshold
(Grazioli et al., 2014). For quantitative validation using rain
gauge data, the output time resolution was configured to one
minute, with data classified at one-minute intervals.

2.2 Rain gauge
Precipitation can occur in liquid droplets and solid particles,
such as snow and graupel, when temperatures are at or near

0°C. To validate the disdrometer data under Ty, conditions,
an analysis was conducted using data from the tipping-bucket

https://doi.org/10.5194/amt-19-2669-2026
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(a) Tipping-bucket type
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and weighing-type rain gauges (Fig. 3). Each type of rain
gauge offers an observational resolution of 0.1 mm and a
temporal resolution of 1 min. Both instruments were posi-
tioned within a 10 m radius of the 2DVD disdrometer.

3 Methods

Ding et al. (2014) argued that precipitation types such as rain,
snow, and sleet co-occur when the Ty or Ty, approaches or
falls below 0 °C. They recommended using 7\, as a more ef-
fective criterion for distinguishing between types of precipi-
tation instead of relying solely on Ty, In this study, the tem-
poral resolution of the temperature data differed from that of
previous studies, which employed different temporal resolu-
tions. To facilitate objective verification of the applicability
of Ty, Ty and Ty, were employed as criteria for classifying
precipitation types, and a comprehensive analysis was con-
ducted.

3.1 Pre-processing of disdrometer data

A common QC approach for disdrometer data involves ex-
cluding non-meteorological data by analyzing fall velocity.
In numerous studies (Kruger and Krajewski, 2002; Jaffrain
and Berne, 2011; Raupach and Berne, 2015; Kim et al.,
2019), this QC process was implemented by establishing a
threshold determined by the terminal velocity, as indicated
in Eq. (1).

[Vineasured — Videall < C X Videal (1)

where Vineasured and Vigeal represent the observed particle fall
velocity (in ms™!) and empirical fall velocity (or terminal
velocity), respectively. Constant C denotes the setting con-
stant, which indicates the percentage of the terminal veloc-
ity. The proportion of the removed particles may fluctuate
based on the value of C. Numerous previous studies have
provided validation results using various setting constants.
Studies that employed 2DVD data (Kruger and Krajewski,
2002; Thurai and Bringi, 2005; Chang et al., 2009; Wen et
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Figure 3. (a) Tipping-bucket rain gauge (0.1 mm) and (b) Weighing rain gauge (0.1 mm).

al., 2018) predominantly adopted a setting constant of 0.4
(40 %) during data processing. Studies that employed PAR-
SIVEL data for analysis frequently applied a setting constant
of 0.6, accounting for 60 % of the cases (Jaffrain and Berne,
2011; Friedrich et al., 2013; Ji et al., 2019; Kim et al., 2019).
Given that previous studies have encompassed various pre-
cipitation types, such as heavy rainfall, typhoons, orographic
rainfall, and thunderstorms, the established 40 % and 60 %
QC conditions can be regarded as reliable preprocessing cri-
teria for rainfall events.

Raupach and Berne (2015) used data from a 2DVD in-
strument to derive correction factors for the drop-diameter
channel in the PARSIVEL dataset. The fall velocity filter-
ing technique employed for the 2DVD and PARSIVEL data
involved the exclusion of particles exhibiting a terminal ve-
locity exceeding 4ms~!, as shown in Eq. (2), those with a
fall velocity below 3 m s~1, as indicated in Eq. (3), and those
larger than 7.5 mm, as shown in Eq. (4).

Vineasured > Videal +4 ()
Vineasured > Videal — 3 3
D>17.5 @

where D (in mm) is the diameter of the drop (or particle).
This study involved a comparative analysis of the outcomes
derived from the three QC methods based on fall velocity.
Terminal velocity was determined using the equation estab-
lished by Atlas et al. (1973) (Eq. 5).

Videal (D) = 9.65 — 10.3exp(—0.6D) (5)

Three QC methods were used to evaluate the research find-
ings. Methods 1 and 2 are used for the +40 % and +60 %
ranges of terminal velocity, respectively, whereas Method 3
is based on the approach proposed by Raupach and Berne
(2015).

As the temperature decreased, various hydrometeors inter-
mingled, resulting in a gradual reduction in the proportion
of raindrops. Current QC methods are capable of eliminating
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low-density snow particles; however, to quantitatively com-
pare and validate rainfall measurements obtained from rain
gauge observations, particles that exhibit velocities below
the threshold established for raindrops in each QC method
are categorized as solid meteorological particles. In addition,
analyses were conducted under the assumption that the solid
particles melted and transformed into raindrops. This method
aims to evaluate data from tipping-bucket rain gauges, which
may exhibit diminished quantitative accuracy as the propor-
tion of solid particles increases, and facilitate quantitative
comparisons of rainfall observations derived from disdrome-
ter data by implementing the QC method as the temperature
decreases.

The equivalent-melted diameter (Deq) at which a snow
particle can transition into a raindrop while preserving its
mass was determined using Eq. (6), established by Delanog
et al. (2005). In this equation, p(D) (gcm’3) denotes the
density of snow particles as a function of their diameter,
while py, (gcm™>) denotes the density of water. The density
of the snow particles was computed based on the formula
provided by Tiira et al. (2016) (Eq. 7).

Deq = (p(D)/pw)'*D (6)
p(D) =0.226D~ 1004 (7

3.2 Raindrop size distribution

The 2DVD data can be configured to correspond to user-
defined diameter bin sizes, which in turn influence the char-
acteristics of the DSD output and the precision of the DSD
model parameters (Marzuki et al., 2010). Consequently, this
study aims to facilitate the analysis of PARSIVEL and 2DVD
data for comparative purposes. To achieve this, 2DVD data
were processed using the diameter channel information de-
rived from the PARSIVEL data to compute the rain rate,
number concentration, and DSD model parameters. Detailed
information regarding the diameter and velocity channels
of the PARSIVEL data is provided in the appendices (Ta-
bles A13 and A14). The rain rate (R, mmh~!) is calculated
using Eq. (8), which incorporates the number concentration
and fall velocity for each diameter. In determining the DSD
model parameters after the rain rate calculation, data from
intervals where the rain rate was 0. mmh~! or greater were
considered, thereby minimizing the uncertainty associated
with the DSD model. The gamma model, recognized for its
reliability in representing DSD characteristics, was selected
for analysis. The gamma model is a widely used DSD model
that enables the derivation of rainfall characteristics by cap-
turing both the flatness and the overall shape of the number
concentration distribution. This model (Eq. 9) is character-
ized by the shape parameter ;v (Eq. 10), slope parameter A
(mm~1) (Eq. 11), and intercept parameter Ny (mm~!'"*m3)
(Eq. 12).
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The DSD parameters were derived from the nth moment
(M), as indicated in Eq. (13), along with the n value, com-
puted based on M,, as shown in Eq. (14).

Dl’“aX
D"N(D)dD (13)
Drin

N L e [
(M2)(Mg) — (1u+5)(1+6)

3.3 Wet-bulb temperature

M, =

(14)

Data from an Automatic Weather Station (AWS) installed at
the observatory were used to compute the Ty,. The Ty (in
°C) and RH (in percentages) values derived from the AWS
observations were incorporated into the Ty, (in °C) calcula-
tion equation proposed by Stull (2011) (Eq. 15) to determine
the Ty, value. The term “atan” in Eq. (15) denotes the inverse
tangent function. The temporal resolution of RH, T, and
T, was one minute, which was consistent with the temporal
resolution of the disdrometer data.

Tw = Tairatan[0.151977(RH + 8.313659) /7]
+ atan(7,i; + RH) — atan(RH — 1.676331)

+0.00391838(RH) 3 atan(0.023101RH)
— 4.686035 (15)

4 Results

4.1 Comparison of rainfall by the disdrometer
pre-processing method

To validate the three QC methods employed for the disdrom-
eter in this study, a comparative analysis was conducted be-
tween the rainfall measurements obtained from the disdrom-
eter and those recorded by rain gauges. This comparison uti-
lizes hourly accumulated rainfall data. Given that the QC
methods for the disdrometer were specifically designed to
address rainfall, the variable Ty, was employed to differen-
tiate between rainfall and snowfall, thereby facilitating the
verification of precipitation type. Ding et al. (2014) argued
that snow is infrequently detected when T,, exceeds 5 °C.
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Figure 4. Normalized frequency distribution of Ty, during the anal-
ysis period (when the average hourly Ty is (a) Tw > 5 °C, (b) Ty <
5°C).

Figure 4 shows the distribution of 7, during the analysis pe-
riod, specifically for instances when the hourly average Ty,
was either above or below 5 °C. An examination of the one-
minute 7Ty, distribution during periods when the one-hour av-
erage Ty, was 5 °C or higher (Fig. 4a) revealed a maximum
Ty of 26.2 °C, with the highest proportion of values exceed-
ing 20 °C. Conversely, the proportion of values falling below
5 °C was minimal, accounting for less than 5 %. These find-
ings suggest that it is feasible to delineate rainfall periods
using the hourly average Ty as a reference when comparing
hourly accumulated rainfall values. In contrast, the distribu-
tion of one-minute 7y, during hours when the average T, was
below 5 °C exhibited a broad range, with minimum and max-
imum 7, values exceeding 33 °C and a concentration of Ty
values around 0 °C. This observation indicates notable vari-
ability in Ty, under 5 °C or lower, suggesting that the observa-
tional area encompasses environmental conditions conducive
to detecting diverse hydrometeors.

Figures 5 and 6 presents a comparative analysis of hourly
rainfall measurements obtained from the tipping-bucket and
weighing rain gauge, specifically under conditions where the
temperature (7y,) equals or exceeds 5 °C, alongside data from
the 2DVD observations. The results derived from the unpro-
cessed raw data were analyzed to evaluate the impact of the
QC procedures. The findings indicated a strong correlation,
exceeding 0.98, between the 2DVD and rain gauge measure-
ments, with a regression line slope of approximately unity.
However, the raw data tended to overestimate the 2DVD-
derived rainfall estimates compared to the QC-processed re-
sults. This discrepancy in the overestimation of the 2DVD
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data can be attributed to variations in the conditions un-
der which particles are eliminated, which is contingent on
the specific QC method employed. Following the applica-
tion of the QC methods, the mean absolute percentage error
(MAPE) demonstrated an overall reduction compared with
the raw data, suggesting that all QC methods possess quanti-
tative reliability for rainfall data, with a maximum reduction
of approximately 2.1 %.

4.2 Fall velocity of particle by temperature and
wet-bulb temperature

4.2.1 Fall velocity distribution at T, and Ty,

Figure 7 shows the distribution of the fall velocity with the
diameter of precipitation particles (raindrops) under vary-
ing conditions of Ty, and T,i;. When the Ty, and T, ranged
from —1 to 0°C, the fall velocity distributions were rela-
tively comparable. However, as the temperature exceeded
0°C, the fall velocity for CH 4 to 18 increased under T
conditions, while under the T, condition, it exhibited val-
ues similar to those observed at temperatures below 0°C
(Fig. 7a and b). When Ty, was below 0 °C, the upper 75 %
value of fall velocity was less than 2ms~!. However, as
Ty increased above 0 °C, fall velocity increased to approx-
imately 1ms~! or higher in the CH4-15 diameter range.
Particularly in the CH8-11 range, the upper 75 % value ex-
ceeded 3ms~!. Specifically, up to CH13, the fall velocity
gradually increased with diameter, reaching large values ex-
ceeding 6 m s 1 Conversely, under Ty;; conditions, the upper
75 % fall velocity values for the CH1-15 range were 2ms ™!
or less in the 0-1 °C range. Under Ty conditions, the fall ve-
locity increased when the temperature was above 1 °C. No-
tably, when the temperature rose above 1 °C, there was a no-
table increase in fall velocity; under Ty, conditions, the dis-
tribution approached the terminal velocity of raindrops. Con-
versely, for diameters in the CH 12 or a higher range, the
fall velocity remained at approximately 5.5 ms™! despite in-
creases in diameter. Under T conditions, the fall velocity
increased when temperatures were above 1 °C. However, it
remained lower than that observed under 75, conditions, with
a broader distribution of fall velocities across the diameter
channels (Fig. 7c). At 2°C or higher temperatures, 7,, and
T.ir conditions yielded fall velocity distributions that were
close to the terminal velocity of raindrops, with an increas-
ing trend in distribution as temperature increased (Fig. 7d—f).
However, under Tj;; conditions, the fall velocity was notably
low, remaining below 2 ms~! for diameters of 3 mm (CH 17)
or larger.

Figure 8 shows the variability in fall velocity with re-
spect to the changes in temperature. Notably, despite Ty, and
T,ir exhibiting similar numerical ranges, the distribution of
fall velocity was considerably broader under Ty;; conditions.
When Ty, exceeds 3 °C, the standard deviation across all di-
ameter intervals remains low, approximately 1 ms~! or less.

Atmos. Meas. Tech., 19, 2669-2694, 2026
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d Method 3). Rwg denotes the rainfall obtained from a weighing rain gauge.
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Figure 7. Distribution of fall velocity by diameter channel based on Ty, (red) and T,;; (gray). The black solid line represents the terminal

velocity of rain drops proposed by Atlas et al. (1973).

In instances where Ty, ranges between 2 and 3 °C, an increase
in distribution is observed for diameters of 2.5 mm or greater,
while the standard deviation for diameters of 1 mm or more
increases when Ty, is between 1 and 2 °C. As temperature de-
creased, the range of diameters exhibiting increased fall ve-
locity variability progressively expanded. According to the
findings under T, conditions, the standard deviation of fall
velocity for diameters exceeding 1 mm begins to rise below
4°C, with values surpassing 1 ms~! for diameters greater
than 2 mm. The observation that when Ty;; is between 2 and
3°C, the standard deviation of fall velocity for diameters
ranging from 3 to 4 mm is considerably increased, exceed-
ing 2ms~! and reaching up to 4.5ms~! is noteworthy. This
broad fall velocity distribution suggests a mixture of various
hydrometeors, complicating the differentiation between rain
and snow based solely on fall velocity. Consequently, subse-
quent analyses were conducted using 7 as the criterion for
distinguishing between rain and snow.
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Figure 8. Standard deviation of fall velocity by Ty (solid line) and
T,ir (dash line) range (1 °C interval).
4.2.2 Fall velocity distribution under rainfall condition

Figure 9 shows the distribution of fall velocities by diame-
ter, derived from data collected when the Ty, was at or above
5°C. The central value of the fall velocity is consistent with
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applied to each QC method).

the terminal velocity. This is within the range of fall veloc-
ities for raindrops, as established by the three different QC
methods based on the fall velocity. It is important to note
that precipitation particles (drops) may experience variations
in their fall velocities owing to factors such as wind influence
or collisions with obstacles during descent. The findings pre-
sented in Fig. 9 suggest that the observatory’s measurements
were not considerably affected by wind or obstacles, thereby
confirming the reliability of the velocity observation data of
the disdrometer.

An analysis of the fall velocity corresponding to temper-
ature intervals (Ty) of 1°C revealed that when Ty, is at or
above 2 °C, the fall velocities correspond with those typi-
cally observed for raindrops. Conversely, at Ty, values be-
tween 1 and 2 °C, particles with diameters of 2 mm or less
fall within the raindrop velocity range; however, as the diam-
eter increases to 2 mm or more, the fall velocity diminishes,
stabilizing at approximately 5 ms~!. Temperature conditions
(Tw) may indicate a mixture of raindrops and snow parti-
cles. At temperatures below 1 °C, the fall velocity of droplets
with diameters of 4 mm or less decrease to approximately
3ms™~!, exhibiting a low-velocity distribution of 5ms~! or
less across all diameter ranges. This distribution suggests a
higher proportion of solid (snow) particles when Ty, is less
than 1 °C.

4.3 Accuracy of quantitative rainfall by wet-bulb
temperature

Figures 11 and 12 show the outcomes of the comparative
analysis and validation of rainfall measurements derived
from the QC method applied to each T,, range, juxtaposed
with the rainfall values obtained from a rain gauge. Figure 11
shows the results of applying the QC method, which effec-
tively filtered out all particles except for raindrops. In con-
trast, Fig. 12 depicts the assumption that the particles exhibit-
ing low fall velocities are snow that melts and transforms into
raindrops. The verification metrics employed in this analysis

Atmos. Meas. Tech., 19, 2669-2694, 2026

H.-J. Kim et al.: Validation of rainfall data

20 \ ——

T

~ — —5°C <T,<—4°C == —4°C <T,<-3°C === -3°C<T 2°C

- — —2°C = T,<—1°C === -1°C=T,<0°C === 0°C=T,<1°C _|
—_— ICsT,<2°C

Fall velocity (m s™)
>

Diameter (mm)

Figure 10. Distribution of fall velocity by diameter in each Ty
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(75 %) for the fall velocity by diameter when Ty, > 5 °C.

included the Root Mean Square Error (RMSE), Mean Ab-
solute Error (MAE), MAPE, Correlation Coefficient (CC),
slope (a1), and intercept (ap) derived from Eq. (16), which
is the first-order regression equation correlating rainfall mea-
surements from the rain gauge and 2DVD.

Ropvp = a1 RGauge + a0 (16)

The a; of the observed relationship indicates that when the
Ty exceeds 2 °C, the value remains close to one before and
following the application of QC. However, as T, drops below
2 °C, the value of a; either increases or decreases. A value
of a; greater than one suggests that the rainfall measure-
ments derived from the 2DVD instrument tend to overesti-
mate the corresponding values obtained from the rain gauge
observations. In contrast, a value of less than one indicates
an underestimation. Notably, in the absence of QC, a; in-
creases to two or more at temperatures below 0 °C, with the
extent of overestimation intensifying as Ty, decreases. This
phenomenon is particularly evident when validated against
a tipping-bucket rain gauge, where values of two or greater
were recorded at temperatures ranging from 0 to 1 °C. This
observation may be attributed to the different operational
principles of the various rain gauge types within the spec-
ified Ty, range (Fig. 11a). At Ty, below 0°C, the unfiltered
data and Method 3 exhibit ag values exceeding one, while
Method 2 and Method 3 present a; values below one. This
discrepancy can be interpreted as a consequence of the vary-
ing quantities of preprocessed particles. For T,, values of 1 °C
or higher, ag is observed to range between 0 and 1; however,
as Ty, declines below 1 °C, ap experiences a rapid increase.
Method 3, which uses a smaller filter area for unfiltered par-
ticles and those with diameters of 2 mm or less, demonstrates
ap values of 0.2 or higher, exceeding those of Methods 1 and
2 (Fig. 11b).

The CC decreases substantially in the Ty, range, whereas
ap increases considerably (Fig. 11f). The RMSE and MAE
were recorded at low values of less than 0.3 and 0.2 mm, re-
spectively, when T,, was at or above 2 °C; however, these
errors increased as Ty, decreased to 1°C or lower, with
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Figure 11. Quantitative comparison of rainfall from a rain gauge (The solid line represents the tipping-bucket and the dash line represents
the weighing rain gauge) and 2DVD by Ty, (assuming that snow particles do not melt).

the magnitude of errors following the order of Unfiltered,
Method 3, Method 1, and Method 2, which corresponds to
the increasing trend of a;. In the range of 0 to 2 °C, the er-
rors associated with results validated by the tipping-bucket
rain gauge were greater than those from the weighing rain
gauge (Fig. 11c and d). The MAPE exhibited its lowest error
rate, below 20 %, at temperatures between 3 and 4 °C. It pro-
gressively increased with a decrease in Ty, ultimately reach-
ing values of approximately 30 % or more at temperatures of
2°C or lower.

Comparable findings were observed when it was assumed
that the snow particles melted (Fig. 12), with an increase in
error as the temperature (7y) dropped below 2 °C. The dis-
tinction between melted and unmelted snow particles was
demonstrated using a weighing rain gauge as a verification
tool. In scenarios where the melted state was disregarded
at Ty, values lower than 2 °C, the variability in the MAPE
and CC was substantial, which was contingent upon fluctu-
ations in Ty. Conversely, the variability decreased when the
melted state was considered, and the CC remained elevated
approximately at 0.8 or above. The pronounced escalation in

https://doi.org/10.5194/amt-19-2669-2026

error within the 0-1 °C range can be attributed to precipita-
tion detected by the 2DVD system that was not captured by
the tipping-bucket rain gauge (Fig. A1f in Appendix).

Furthermore, the low volatility and high correlation ob-
served in the verification results using the weighing rain
gauge within the 7y, range can be explained by incorporat-
ing raindrops and snow particles in the 0—1 °C range. By as-
suming melting of snow particles, both forms of precipitation
can be integrated into precipitation calculations. The weigh-
ing rain gauge recorded precipitation values that accounted
for the cumulative weight of all the raindrops and snow par-
ticles (Fig. A2f in the Appendix).

4.4 Particle filter rate

Precipitation measurements obtained from the disdrometer
were derived from raindrop (or snow particle) accumulation.
The quantitative errors associated with these precipitation
measurements were assessed by comparing the filter rates of
raindrops (or snow particles) using the QC method. Figure 13
shows the filter ratios corresponding to the T, range and

Atmos. Meas. Tech., 19, 2669-2694, 2026
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Figure 12. Quantitative comparison of rainfall from a rain gauge (The solid line represents the tipping-bucket and the dash line represents
the weighing rain gauge) and 2DVD by Ty, (assuming that snow particles melt).

channel diameter. The two methods, Method 1 and Method 2,
exhibit differences in the range of removal velocities based
on particle diameter (see Fig. 9); specifically, Method 2 en-
compasses a broader spectrum of raindrop sizes compared
to Method 1, leading to an increased filter rate when the
Ty is below 0 °C. Notably, the filter rate for Method 2 sur-
passes that of Method 1 at temperatures lower than —2 °C.
Conversely, Method 3 did not allow the removal of particles
smaller than 2 mm (as indicated in CH 14), regardless of their
low fall velocity, resulting in a consistent filter rate of 0 %, ir-
respective of variations in Ty,. This suggests that the number
of particles smaller than 2 mm may be greater in Methods 1
and 2. Furthermore, the filter rate was lower when snow par-
ticles were assumed to have melted than when they had not
melted. Nonetheless, for particles with a diameter of 1 mm or
less, the filter rate ranged from approximately 10 % to 30 %
when Ty, exceeded 1 °C, which appears to be attributable to
the removal of particles exhibiting a fall velocity that exceeds
the raindrops.

Atmos. Meas. Tech., 19, 2669-2694, 2026

4.5 Contribution rate by particle diameter to
precipitation intensity

Figure 14 shows the contribution rate of the number con-
centration by diameter to the precipitation intensity as de-
rived from the disdrometer data. It is observed that when
the Ty, exceeds 1 °C, the contribution rate remains approxi-
mately 20 % or lower across all diameters. Conversely, when
Ty is below 1 °C, the concentration of particles measuring
3mm (CH 15) or larger considerably influences the calcula-
tion of precipitation intensity. The contribution rate of 1.25 to
1.75 mm diameter (CH 11 to 13) decreased when the temper-
ature was lower than 1 °C. The decrease in the contribution
rate of drops smaller than 3 mm and the increase in the con-
tribution rate of larger drops was as a result of the decrease in
the concentration of drops smaller than 3 mm through the QC
process (Sect. 4.4), which increased the impact of relatively
larger drops on the calculation of precipitation intensity. This
phenomenon can be attributed to the direct proportionality of
the precipitation intensity to N(D) and D3, indicating that
an increase in the particle diameter substantially affected the
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Figure 13. Particle filter ratio by diameter channel for Ty, according to the pre-processing method based on falling velocity.

results. After QC, a substantial increase in the contribution
rate for a specific diameter may affect the precipitation in-
tensity owing to a decrease in the concentration of drops in
the diameter range with a lower contribution rate.

In scenarios where it is assumed that snow particles have
melted, the diameter of these particles decreases, increasing
the concentration of smaller particles. As a result, the con-
tribution rate of diameter from approximately 0.5 to 1 mm
(CH 5 to 10) increased. Notably, in Method 3, there was a
minimal removal of particles smaller than 2 mm, which re-
sulted in negligible differences between the scenarios that
accounted for the melted state of snow particles and those
that did not.
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4.6 Drop size distribution

4.6.1 Number concentration calculated by applying
QC methods based on Ty

The precipitation intensity derived from disdrometer data is
contingent on the number concentration; therefore, examin-
ing the distribution of the number concentration is impera-
tive. Figure 15 shows the average distribution of the num-
ber concentration obtained by applying the QC method un-
der varying T,, conditions. Notably, when the temperature
exceeded 2 °C, the distributions yielded by all QC methods
were comparable. Method 3 exhibited a relatively high con-
centration of small droplets measuring 1 mm or less, whereas
the number of droplets measuring 1 mm or more showed
minimal variation (Fig. 15h). This finding indicates that, at
temperatures above 2 °C, the output values remain consistent
across different QC methods.

Atmos. Meas. Tech., 19, 2669-2694, 2026



2682

(a) Method 1

& 5 100 &
o 4 <
33 80
© 2 ]
g 1 60 9
£ 0 g
24 40 §
2.2 =
3 -3 20 2
o -4 £
z . it : S
2 10 15 20 25 9
Channel of diameter
(c) Method 2
& 100 5
p &
E 80 %
o 8
qé_ 60 g
8 40 §
= E]
3 20 £
o i €
2 : S
10 15 20 25 ¢
Channel of diameter
(e) Method 3
& 100
p &
5 g0 &
o ]
“é 60 g
Z 40 §
a ]
2 20 2
9 b=
S o S

10 15 20 25 30
Channel of diameter

H.-J. Kim et al.: Validation of rainfall data

(b) Method 1 (melted)

& 100 5
N B
5 80 £
o 2
[ [
g %8
] 0 §
2 ]
5 20 2
= =
= . . S

5 10 15 20 25 30 ° ¢
Channel of diameter
(d) Method 2 (melted)
& 100 3
N =
5 80 &
© 8
[ 9]
£ g
8 0 §
= ]
5 20 £
] =
5 10 15 20 25 30 °
Channel of diameter
(f) Method 3 (melted)
& 100 3
N B
5 80 £
© 2
“é_ 60 g
] 40 5
] E]
3 20 g
] : ; 1=
z ; S
5 10 15 20 25 30 8

Channel of diameter

Figure 14. Precipitation contribution rate by diameter channel for Ty using the pre-processing method based on falling velocity.

At temperatures ranging from 1 to 2 °C, the distribution
of particles exceeding 2 mm in size was distinctly differen-
tiated according to the QC method employed. This finding
suggests that the fall velocity of particles larger than 2 mm
exhibits considerable variation within this temperature inter-
val (Fig. 10). Conversely, at temperatures below 1 °C, the
distribution obtained through Method 3 displayed an anoma-
lous pattern. This irregularity can be attributed to the failure
of Method 3 to exclude snow particles smaller than 2 mm,
leading to a higher concentration than that of the other QC
methods. When considering the scenario in which particles
are assumed to have melted, an increase in the concentration
of water was observed for particles with a diameter of 1 mm
or less when the Ty, was between 0 and 1 °C, while the con-
centration of particles larger than 2 mm remained relatively
unchanged.

In comparing scenarios where particles are assumed to
have melted versus those that are not, no notable differences
were observed at temperatures exceeding 1 °C (see Fig. 15g).
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However, within the temperature range of 0 to 1 °C, there was
an increase in the number of particles smaller than 1 mm.
There was a similar distribution in the number of medium
and larger particles (1 mm or more). As the Ty, progressively
decreased below 0 °C, the disparity in the number concentra-
tion of particles larger than 1 mm became more pronounced
(Fig. 15a—e).

4.6.2 Difference in the number concentration based on
the gamma model

The change in the shape of the number concentration within
the observed data has implications for DSD model parame-
ters. The notable discrepancy between the observed number
concentration and that derived from the model parameters
raises concerns regarding the reliability of the DSD model.
Figures 16 and 17 show the variance between the ob-
served number concentration and that predicted using the
gamma model. When all QC methods were implemented,

https://doi.org/10.5194/amt-19-2669-2026
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Figure 15. Average number concentration distribution for Ty using pre-processing methods.

the MAPE remained below 60 % across all diameter ranges
at temperatures exceeding 2 °C. However, as the Ty, fell be-
low 1°C, the discrepancy for diameters greater than 0.6 mm
(CH 7) escalated to over 70 %. At 2 °C or higher tempera-
tures, the gamma distribution overestimated the concentra-
tion of particles smaller than 1 mm while underestimating
those larger than 1 mm. Nonetheless, the extent of under- or
over-simulation by gamma distribution remained below 50 %
across all diameter intervals.

https://doi.org/10.5194/amt-19-2669-2026

When T,, was below 1°C, assuming that the snow par-
ticles had melted, the error rate in simulating the concen-
tration of particles smaller than 1 mm (CH 8) diminished
(Fig. 16b and d). Concurrently, the percentage bias (PBAIS)
for particle diameters less than 1 mm decreased, approach-
ing a value near zero (Fig. 17b and d). This phenomenon can
be attributed to the application of the QC method under sub-
zero conditions, which led to an overestimation of the gamma
distribution for diameters of 1 mm or less because of the in-

Atmos. Meas. Tech., 19, 2669-2694, 2026
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Figure 16. MAPE for diameter and wet-bulb temperature using the pre-processing method.

creased influence of smaller particles resulting from the ex-
clusion of larger particles exceeding 3 mm. Conversely, this
resulted in an underestimation of the gamma distribution for
diameters larger than 3 mm.

5 Conclusion

This study employed data collected from a 2DVD disdrom-
eter in conjunction with traditional rain gauges to assess the
precipitation measurements derived from the disdrometer un-
der Ty, conditions and to evaluate the reliability of the DSD
model. Precipitation estimates derived from the quality con-
trol (QC) techniques implemented in this study exhibited a
correlation coefficient of 0.98 or higher and an error rate
of approximately 8.5 % compared to precipitation measured
by rain gauges under conditions where Ty, was above 5 °C.
Additionally, the QC-processed precipitation data mitigated
the overestimation present when QC methods were not ap-
plied to the disdrometer data. These findings indicate that QC

Atmos. Meas. Tech., 19, 2669-2694, 2026

methods demonstrated high reliability under rainfall condi-
tions.

When both T and Ty, were below 1 °C, the fall velocity
of precipitation particles decreased significantly, with most
velocities ranging from 0.5 to 3ms~'. This reduction re-
sults from a higher proportion of snow particles, which have
a lower density than raindrops. These results are consistent
with Ding et al. (2014), who reported that the proportion of
raindrops decreases to less than 30 % at temperatures below
this threshold. When Ty;; ranged from 1 to 3 °C, the distribu-
tion of fall velocities was broader compared to cases where
Ty was within the same interval, and deviations from the ter-
minal velocity of raindrops were more pronounced. There-
fore, hydrometeor classification during the QC process of
disdrometer data should employ T, as the primary environ-
mental parameter for fall velocity analysis. This approach re-
duces errors in particle removal related to fall velocity distri-
bution and improves the reliability of long-term rainfall mea-
surements. As Ty, decreased below 2 °C, quantitative precip-

https://doi.org/10.5194/amt-19-2669-2026
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Figure 17. PBAIS for diameter and wet-bulb temperature using the pre-processing method.

itation errors increased because the filter ratio for particles
of 3mm or less rose to 30 % or higher. In this temperature
range, the likely coexistence of raindrops and solid particles
reduces the reliability of conventional rainfall quality control
methods. When snow particles are assumed to have melted,
the correlation coefficient approached 0.9 even within the 0
to 1 °C range, and error variability decreased. These findings
indicate that precipitation calculation reliability can be main-
tained under mixed-phase conditions (0 to 2 °C) if an appro-
priate snow particle density is applied. Verification of precip-
itation using a weighing rain gauge is recommended when Ty,
falls below 2 °C.

For DSD characteristics, the DSD shape remained con-
sistent across different quality control methods at 7, above
2°C. Below 2°C, Method 1 (40 % terminal velocity cri-
terion) resulted in a higher number concentration of drops
larger than 2 mm. In contrast, below 1 °C, Method 3 (Rau-
pach et al., 2015) produced a pronounced, irregular distribu-
tion of number concentrations for diameters of 1 to 2 mm.

https://doi.org/10.5194/amt-19-2669-2026

These distortions in DSD shape, which depend on the qual-
ity control method, raise concerns regarding the reliability
of derived DSD parameters. Consequently, only disdrometer
data collected at Ty, above 2 °C should be used to calculate
DSD parameters and DSD-based rain rates.

Ensuring the reliability of dual-polarimetric radar-based
quantitative precipitation estimation (QPE) parameterized by
DSD characteristics is essential, given that DSD character-
istics derived from disdrometer data vary with temperature.
These temperature-dependent variations in DSD directly in-
fluence dual-polarimetric parameters and are likely to affect
the QPE relationships used in radar-based precipitation esti-
mation. Therefore, further research is required to investigate
the impact of disdrometer data quality on QPE accuracy un-
der different temperature conditions.

Atmos. Meas. Tech., 19, 2669-2694, 2026
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Appendix A

Figures Al and A2 present the findings from a compara-
tive analysis of hourly accumulated precipitation intensity,
derived from observations using the 2DVD and two types
of rain gauges (Tables A1-A6 represent the tipping-bucket
type and Tables A7-A12 represents the weighing type) under
the specified T, interval conditions at 1 °C intervals. In each
figure, the solid line denotes the regression line correlating
the precipitation intensities derived by applying each quality
control (QC) method. The constants and validation indices
associated with the regression lines are listed in Tables Al-
A12, respectively. Tables A13 and A14 provide details re-
garding the diameter and velocity channels used to calculate
the number concentration based on 2DVD data. The chan-
nel information corresponded to the values employed in the
PARSIVEL disdrometer data.

Atmos. Meas. Tech., 19, 2669-2694, 2026
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Figure A1. Precipitation intensity scatter plot based on tipping-bucket rain gauge and 2DVD observation data for each Ty range. Each color

in the scatter plot represents a filtering method.
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the scatter plot represents a filtering method.
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Table Al. a; of precipitation intensity derived from tipping-bucket rain gauge and 2DVD observations for each Ty range.

ay T1 T2 T3 T4 T5 T6 T7 T8 T9 TI10
Unfiltered 5.88 374 372 440 211 073 146 105 1.09 1.06
Method 1 039 028 051 1.18 049 071 123 100 1.04 1.01
Method 2 070 058 037 059 034 087 1.03 098 1.00 0.96
Method 3 1.29 222 230 218 092 076 128 1.05 1.09 1.06
Method 1 (melted) 0.81 0.71 081 129 059 0.67 126 1.03 1.06 1.02
Method 2 (melted) 0.71 0.59 0.60 086 042 068 1.08 099 1.02 0.98
Method 3 (melted) 1.54 233 241 225 099 077 129 105 1.09 1.06

Table A2. a of precipitation intensity derived from tipping

-bucket rain gauge and 2DVD observations for each Ty range.

ag T1 T2 T3 T4 T5 T6 T7 T8 T9 T10
Unfiltered 0.12 0.11 025 0.11 032 043 001 0.04 0.04 0.06
Method 1 0.04 002 0.05 006 014 007 001 004 0.04 0.05
Method 2 0.01 0.00 0.01 0.03 0.08 002 000 003 0.04 0.06
Method 3 0.09 0.09 0.12 013 0.18 024 000 0.04 0.04 0.06
Method 1 (melted) 0.07 0.03 0.08 0.07 0.15 0.16 001 0.04 0.03 0.05
Method 2 (melted) 0.02 0.02 0.06 0.06 0.10 0.10 0.00 0.03 0.04 0.05
Method 3 (melted) 0.10 0.08 0.14 0.13 0.19 026 0.00 0.04 0.04 0.06

Table A3. RMSE of precipitation intensity derived from tipping-bucket rain gauge and 2DVD observations for each Ty range.

RMSE T1 T2 T3 T4 T5 T6 T7 T8 T9 TI10
Unfiltered 1.01 091 092 096 085 092 046 0.10 0.17 023
Method 1 0.17 0.18 0.12 021 029 020 030 0.09 0.12 0.16
Method 2 003 003 006 013 020 009 0.12 008 0.08 0.13
Method 3 024 044 047 049 033 043 025 0.10 0.17 0.23
Method 1 (melted) 0.16 0.10 0.15 025 028 031 032 0.09 0.13 0.16
Method 2 (melted) 0.09 0.14 0.15 0.17 025 021 0.14 0.08 0.09 0.13
Method 3 (melted) 0.27 046 051 051 035 046 026 0.10 0.17 0.23

Table A4. MAE of precipitation intensity derived from tipping-bucket rain gauge and 2DVD observations for each Ty, range.

MAE T1 T2 T3 T4 T5 T6 T7 T8 T9 TI10
Unfiltered 044 047 056 045 045 040 0.16 0.06 0.10 0.16
Method 1 0.08 0.07 0.05 0.11 0.15 0.11 0.10 0.06 0.07 0.12
Method 2 0.01 0.01 0.04 0.07 010 006 005 005 0.05 0.09
Method 3 0.11 026 028 026 018 023 0.10 0.06 0.10 0.16
Method 1 (melted) 0.06 0.05 0.09 0.12 0.16 0.16 0.11 0.06 0.08 0.12
Method 2 (melted) 0.05 0.07 0.08 0.09 0.13 0.12 006 0.05 0.05 0.10
Method 3 (melted) 0.13 027 030 028 020 025 0.11 0.06 0.10 0.16

https://doi.org/10.5194/amt-19-2669-2026
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Table AS. MAPE of precipitation intensity derived from tipping-bucket rain gauge and 2DVD observations for each Ty, range.

MAPE T1 T2 T3 T4 T5 T6 T7 T8 T9 T10
Unfiltered 48.71 5532 60.15 5058 50.86 4325 3445 1568 13.54 21.14
Method 1 28.57 56.67 2724 3401 37.07 5639 3127 1796 12.04 16.83
Method 2 556 11.11 2381 57.78 41.67 2656 2679 1278 1054 13.44
Method 3 3875 49.04 51.11 47.07 4558 4625 2558 15.68 1354 21.14

Method 1 (melted) 26.33 2139 34.06 31.87 4273 3850 31.64 18.03 1237 16.51
Method 2 (melted) 17.78 2333 27.88 31.87 4537 4488 27.62 1284 11.00 15.80
Method 3 (melted) 40.50 49.24 50.27 4738 4646 4530 2844 1568 13.54 21.14

Table A6. CC of precipitation intensity derived from tipping-bucket rain gauge and 2DVD observations for each Ty range.

CC T1 T2 T3 T4 T5 T6 T7 T8 T9 TI10
Unfiltered 097 097 093 095 074 023 085 099 099 0.99
Method 1 045 075 078 079 055 066 089 099 1.00 0.99
Method 2 098 094 0.60 0.67 057 091 097 099 1.00 1.00
Method 3 076 099 094 087 073 047 094 099 0.99 0.99

Method 1 (melted) 0.76 097 085 082 066 051 088 099 1.00 0.99
Method 2 (melted) 0.93 098 084 0.79 0.67 0.65 096 099 1.00 1.00
Method 3 (melted) 0.79 099 093 087 074 045 093 099 0.99 0.99

Table A7. a; of precipitation intensity derived from weighing rain gauge and 2DVD observations for each Ty range.

ay T1 T2 T3 T4 T5 T6 T7 T8 T9 T10
Unfiltered 736 339 398 386 225 215 137 101 1.03 1.03
Method 1 061 026 048 093 048 061 1.11 097 098 0.98
Method 2 053 058 021 046 028 080 088 095 094 093
Method 3 191 201 233 202 092 104 112 101 1.03 1.03

Method 1 (melted) 1.16 0.65 0.89 1.12 057 079 1.15 099 0.99 0.98
Method 2 (melted) 091 0.53 0.65 0.74 038 061 093 096 095 0.95
Method 3 (melted) 2.24 2.10 247 208 099 1.14 1.13 1.01 1.03 1.03

Table A8. a( of precipitation intensity derived from weighing rain gauge and 2DVD observations for each Ty range.

ap T1 T2 T3 T4 T5 T6 T7 T8 T9 TI10
Unfiltered 0.09 0.12 027 0.09 024 006 004 004 002 0.01
Method 1 002 003 0.06 0.05 009 005 004 005 002 0.01
Method 2 0.01 0.00 0.01 0.03 006 001 005 003 0.03 0.02
Method 3 0.07 0.10 0.15 0.10 0.15 0.10 0.05 0.04 0.02 0.01

Method 1 (melted) 0.05 0.03 0.09 0.06 0.12 0.06 0.04 004 0.02 0.01
Method 2 (melted) 0.01 0.02 0.07 0.05 0.09 004 005 0.04 0.02 0.01
Method 3 (melted) 0.07 0.10 0.16 0.11 0.16 0.10 0.05 0.04 0.02 0.01
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Table A9. RMSE of precipitation intensity derived from weighing rain gauge and 2DVD observations for each Ty, range.

RMSE Tl T2 T3 T4 T5 T6 T7 T8 T9 TI10
Unfiltered 1.04 088 095 093 076 0.64 033 014 0.12 0.17
Method 1 0.13 0.17 0.13 0.19 028 020 020 0.13 0.10 0.14
Method 2 0.07 003 0.09 0.18 031 0.10 0.11 0.12 0.11 0.17
Method 3 022 041 052 045 029 021 0.16 0.14 0.12 0.17
Method 1 (melted) 0.11 0.13 0.16 023 026 0.16 021 0.13 0.10 0.13
Method 2 (melted) 0.04 0.18 0.14 0.17 029 0.18 0.09 0.12 0.11 0.15
Method 3 (melted) 027 044 055 048 030 022 0.16 0.14 0.12 0.17

Table A10. MAE of precipitation intensity derived from weighing rain gauge and 2DVD observations for each Ty, range.

MAE T1 T2 T3 T4 T5 T6 T7 T8 T9 TI10
Unfiltered 044 046 057 043 043 031 0.15 008 0.07 0.12
Method 1 0.06 0.07 0.07 012 013 0.11 0.10 0.08 0.07 0.10
Method 2 0.02 001 0.06 0.11 0.15 0.07 007 007 0.07 0.12
Method 3 0.12 025 029 024 016 0.13 009 008 0.07 0.12
Method 1 (melted) 0.06 0.08 0.10 0.11 0.15 0.10 0.09 0.08 0.06 0.10
Method 2 (melted) 0.01 0.10 0.09 0.11 0.14 0.10 0.06 0.07 0.07 0.11
Method 3 (melted) 0.14 0.26 032 025 0.17 0.14 009 0.08 0.07 0.12

Table A11. MAPE of precipitation intensity derived from weighing rain gauge and 2DVD observations for each Ty, range.

MAPE T1 T2 T3 T4 T5 T6 T7 T8 T9 T10
Unfiltered 49.76 5542 60.80 48.81 53.44 41.61 4139 2203 13.07 19.05
Method 1 2571 6333 4135 4149 36.12 79.17 3821 2217 1421 21.89
Method 2 2222 11.11 2857 8556 5543 2734 3556 1832 14.12 20.69
Method 3 42.13 4958 5232 4483 4650 3792 3421 2203 13.07 19.05
Method 1 (melted) 30.25 31.05 3650 2944 4992 3210 37.80 2222 1391 21.50
Method 2 (melted) 8.89 3556 34.62 4275 5879 4035 3442 17778 1424 22.16
Method 3 (melted) 43.48 49.81 5147 45.14 46.83 38.15 37.14 2203 13.07 19.05

Table A12. CC of precipitation intensity derived from weighing rain gauge and 2DVD observations for each Ty range.

CC T1 T2 T3 T4 T5 T6 T7 T8 T9 TI10
Unfiltered 098 097 090 093 088 08 095 098 099 0.99
Method 1 070 065 0.73 080 079 071 096 098 0.99 1.00
Method 2 082 094 045 075 078 092 098 098 1.00 1.00
Method 3 091 098 086 09 080 090 098 098 0.99 0.99
Method 1 (melted) 090 097 0.82 082 0.77 089 096 098 1.00 1.00
Method 2 (melted) 098 098 0.79 082 0.77 087 099 098 1.00 1.00
Method 3 (melted) 093 098 086 089 0.82 092 098 098 099 099
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Table A13. Diameter channel information of the PARSIVEL disdrometer.

Channel ~ Mid-value of Diameter | Channel  Mid-value of Diameter
number  channel (mm) spread (mm) | number channel (mm) spread (mm)
1 0.062 0.125 | 17 3.250 0.500
2 0.187 0.125 | 18 3.750 0.500
3 0.312 0.125 | 19 4.250 0.500
4 0.437 0.125 | 20 4.750 0.500
5 0.562 0.125 | 21 5.500 1.000
6 0.687 0.125 | 22 6.500 1.000
7 0.812 0.125 | 23 7.500 1.000
8 0.937 0.125 | 24 8.500 1.000
9 1.062 0.125 | 25 9.500 1.000
10 1.187 0.125 | 26 11.000 2.000
11 1.375 0.250 | 27 13.000 2.000
12 1.625 0.250 | 28 15.000 2.000
13 1.875 0.250 | 29 17.000 2.000
14 2.125 0.250 | 30 19.000 2.000
15 2.375 0.250 | 31 21.500 3.000
16 2.750 0.500 | 32 24.500 3.000
Table A14. Velocity channel information of the PARSIVEL disdrometer.
Channel ~ Mid-value of Velocity | Channel = Mid-value of Velocity
number  channel (mm) spread (mm) | number channel (mm) spread (mm)
1 0.050 0.100 | 17 2.600 0.400
2 0.150 0.100 | 18 3.000 0.400
3 0.250 0.100 | 19 3.400 0.400
4 0.350 0.100 | 20 3.800 0.400
5 0.450 0.100 | 21 4.400 0.800
6 0.550 0.100 | 22 5.200 0.800
7 0.650 0.100 | 23 6.000 0.800
8 0.750 0.100 | 24 6.800 0.800
9 0.850 0.100 | 25 7.600 0.800
10 0.950 0.100 | 26 8.800 1.600
11 1.100 0.200 | 27 10.400 1.600
12 1.300 0.200 | 28 12.000 1.600
13 1.500 0.200 | 29 13.600 1.600
14 1.700 0.200 | 30 15.200 1.600
15 1.900 0.200 | 31 17.600 3.200
16 2.200 0.400 | 32 20.800 3.200
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