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Abstract

Rainfall simulators are crucial devices in erosion research, enabling the controlled repro-
duction of precipitation characteristics for both laboratory and field investigations. This
study presents a comprehensive characterization of a rainfall simulator originally designed
to assess the erosive effects of precipitation on heritage surfaces. The simulator, installed
at the University of León, was evaluated using volumetric methods and disdrometric
techniques, employing a Parsivel2 optical disdrometer. Simulations were conducted with a
falling height of 10 m and high-intensity rainfalls. Spatial uniformity was assessed through
thematic mapping and the Christiansen Uniformity (CU) coefficient, revealing limited
uniformity across the full wetted area, but an improved performance within the central
zone (CU up to 80%). Disdrometric data provided detailed insights into drop size and
velocity distributions, enabling the estimation of rainfall intensity, kinetic energy, and
momentum, as well as the spatial uniformity of the energetic parameters. Empirical models
to estimate the raindrop’s fall velocity were tested against disdrometric measurements,
confirming the simulator’s ability to generate rainfall with velocity characteristics compara-
ble to those of natural precipitation. Moreover, the findings underscore the importance of
integrating multiple measurement approaches to enhance the reliability and accuracy of
rainfall simulator characterization.

Keywords: rainfall simulation; rain erosivity; disdrometric measurements; fall velocity;
raindrop size distribution; heritage erosion

1. Introduction
The importance of rainfall simulators in erosion research lies in their capacity to

reproduce key precipitation characteristics, such as rainfall intensity, kinetic energy, and
momentum, in a rapid and controlled manner while eliminating the variability inherent
to natural rainfall [1–4]. Due to these advantages, rainfall simulators have been used as a
systematic approach for both laboratory and field studies [5–7].

Over time, a wide range of simulators has been designed [8], each adapted to
specific research topics, including soil erosion [9–12], hydrology [13,14], water infiltra-
tion [15,16], runoff and sediment transport [17–19], heritage surfaces erosion [20,21], soil
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texture [22,23], the roles of runoff and splash erosion in soil degradation and landform
development [24–27], or the assessment of environmental impacts [28–30].

Nevertheless, the development of high-fidelity rainfall simulators remains a consid-
erable challenge [31]. Moreover, despite their widespread use, the lack of standardized
protocols and the heterogeneity of research goals represent additional limitations [32–36],
constraining the comparison of research results [8,37]. Indeed, devices range from simple
drip systems with capillary tubes [38] to pressurized nozzles/sprinklers [31] and aspersion
mechanisms [20]; some operate under highly controlled laboratory conditions, while others
are deployed in full-scale field plots; rainfalls can be applied from microplots [39] to large
field plots [40].

Few recognized protocols provide standardized procedures for rainfall simulator
calibration, testing configuration, and data collection and analysis. As an example, the
American Society for Testing and Materials (ASTM) developed the ASTM D6459 and
the ASTM D7101 protocols for rolled erosion control [41–45]; both aim to ensure the
reproducibility and comparability of erosion-related experiments, promoting consistent
evaluation of hydraulic performance under simulated rainfall conditions.

Common approaches for characterizing rainfall simulators typically include the use of
rain collectors to quantify rainfall intensity, photographic techniques to determine raindrop
fall velocity, and disdrometers to evaluate the size and velocity distribution of simulated
raindrops [46–48]. However, the choice of a particular characterization method can sig-
nificantly influence the measured rainfall parameters [37,49–51], potentially introducing
variability into the results and highlighting the need for standardized protocols to ensure
comparability across studies [52–54].

Green and Pattison [55] stated that the number, spatial arrangement, and physical
characteristics of rainfall collectors, such as their size and shape, directly affect the repre-
sentation of rainfall distribution over a plot surface. According to the authors, these factors
influence the assessment of uniformity, which is usually quantified using the Christiansen
Uniformity (CU) coefficient:

CU = 100

(
1 − ∑nc

i=1|Ii − IS|
ISnc

)
(1)

in which Ii is the rainfall intensity of a single rain collector, IS is the mean rainfall intensity,
and nc (−) is the number of rainfall collectors. Thus, as the CU value approaches 100%, the
rainfall pattern becomes increasingly uniform.

In other words, the CU method is susceptible to the sampling resolution and the layout
of collectors, resulting in differences in a rainfall simulator characterization when different
experimental setups are employed. As a consequence, the CU reflects both the performance
of the applied testing procedure and the simulator’s actual performance. However, the
CU coefficient remains one of the most widely applied methods due to its simplicity,
widespread acceptance, and long-standing use as a standard metric for comparing rainfall
simulator performance across different studies [55].

In previous literature, various thresholds of the CU coefficient have been proposed
to evaluate the spatial uniformity of rainfall simulators. A classification, originally de-
veloped by the American Society of Agricultural and Biological Engineers (ASABE) [56]
for irrigation systems, also adopted in rainfall simulation research as a benchmark for
experimental reliability [12,20], defines drippers and nozzles as follows: unacceptable
(CU < 60%), poor (60% ≤ CU < 70%), fair (70% ≤ CU < 80%), good (80% ≤ CU < 90%), and
excellent (CU ≥ 90%). Other authors [10,11,57,58] consider rainfall to be uniform when CU
exceeds 80%, especially in small-scale experiments. For large plot areas, a threshold of 70%
or less has been accepted in some studies [26,59].
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Regarding the use of photographic methods for estimating the fall velocity of rain-
drops, although these techniques have proven reliable, particularly in drip-type rainfall
simulators [49,50], their application in pressurized or other complex devices faces several
practical limitations. Manual procedures are time-consuming and labor-intensive; in addi-
tion, results depend on the operator, and errors can occur in the estimated kinetic energy of
up to ±28% compared with the results obtained using automated methods [60]. Additional
limitations arise from drop deformation during free fall, which tends to flatten drops,
affecting velocity estimation [61]. Furthermore, drops located too close or too far from the
camera calibration plane appear enlarged or reduced, respectively, requiring the filtering of
out-of-focus data [61]. Finally, in multi-nozzle simulators with high drop densities, drop
overlap in the image plane can lead to identification and sizing errors [61].

Currently, disdrometers represent the last advancement in the field, enabling a com-
prehensive characterization of precipitation. Specifically, these devices provide detailed
measurements of the rainfall Particle Size and Velocity Distribution (PSVD), which is crucial
for a more reliable estimation of the rainfall kinetic energy, Pn (J/m2/s), and momentum,
M (N/m2). These are two key parameters to define rainfall erosivity [62] and play a cen-
tral role in soil detachment and splash erosion processes [8,63], infiltration and runoff
dynamics [64], and rainfall-induced deterioration of cultural heritage surfaces [20].

Most disdrometers use a laser optical technology, such as the Eigenbrodt ODM
470 [65,66], the Laser Precipitation Monitor (LPM) [67], the Multi-Angle Snowflake Cam-
era [68], the Particle Size Velocity (Parsivel) [69] and its integrated version (Parsivel2) [70],
and the two-dimensional video disdrometer [71,72].

Among the various disdrometers available, the Parsivel2 (OTT Hydromet GmbH,
Kempten, Germany) and the LPM (Thies Clima, Göttingen, Germany) are particularly
prevalent in the field of rainfall simulator characterization [8,73–78].

Research on natural precipitation using Parsivel2 and LPM disdrometers [79] has
demonstrated that both instruments systematically tend to underestimate raindrop fall
velocity and exhibit substantial discrepancies in the measured PSVD, with these differences
becoming more pronounced at higher rainfall intensities. According to the authors [79],
such differences and underestimations may arise from both hardware- and software-related
factors, including geometric variations in the laser configuration.

Further potential biases intrinsic to optical disdrometers include the nonuniform
power distribution across the laser beam, the misinterpretation of multiple particles as a
single drop, and the occurrence of margin fallers, i.e., drops that only partially intersect
the beam and are therefore not fully detected [80]. Although the manufacturers state that
these devices incorporate corrections for margin fallers and multiple particles, the specific
methodologies employed to address these sources of error remain undisclosed [79].

Therefore, due to the widespread tendency of optical disdrometers to underestimate
fall velocity, several studies [72,79,81–88] have avoided the use of measured velocity dis-
tributions, opting instead for empirical relationships [88–91] calibrated on natural rainfall
data, which relate terminal velocity, defined as the equilibrium speed at which gravitational
and aerodynamic drag forces are balanced [92], to raindrop diameter.

Based on the experimental data of Gunn and Kinzer [88], Atlas et al. [89] and Atlas
and Ulbrich [90] adopted the following empirical relationship to estimate the terminal
velocity of raindrops, V(D) (m/s), as a function of their diameter D (mm):

V(D) = 9.65 − 10.3e−0.6D (2)

Beard [91] did not propose a closed equation for estimating fall velocity but developed
a physically based model in which environmental variables (such as altitude, latitude,
temperature, relative humidity, air pressure) are considered. Therefore, this parametric
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model uses several fit curves to represent the terminal velocity over specific diameter
ranges and atmospheric conditions.

Another formulation used in literature [93,94], also to estimate raindrop terminal
velocity in disdrometers that do not provide direct velocity measurement [92,95,96], is that
of Ferro [97], who used measurements from several studies [88,91,98–101] to propose the
following relationship:

V(D) = Vh[1 − exp(−ahD)] (3)

in which D is expressed in cm, while the coefficients Vh (m/s) and ah (cm) vary with
the falling height, assuming values, respectively, equal to 9.5 m/s and 6 cm for natural
precipitations.

However, previous empirical formulations are not commonly applied in simulated
rainfall experiments, since the limited drop falling height under laboratory conditions often
prevents raindrops from reaching their terminal velocity.

An alternative approach is to apply empirical relationships validated under laboratory
conditions to estimate the fall velocity of raindrops, in which V(D) is explicitly expressed as
a function not only of the raindrop diameter but also of the drop falling height set during
the experiment. Recently, after having analyzed fall velocity measurements in literature
in the falling height range of 0.5 m to 20 m [98], Serio et al. [49] proposed the following
relationship:

V(D) =
11.50

1 + 1.65
h0.8

[
1 − e−11.43h−0.24D

]
(4)

in which D is expressed in cm and h (m) is the falling height, i.e., the distance from the
sprinkler’s outlet of the rainfall simulator to the disdrometer measuring surface. The
reliability of Equation (4) was positively verified using both experimental fall velocity
measurements, up to 1.3 m, obtained with a drip-type rainfall simulator [49] and literature
data up to 13 m [99].

In this context, the primary contribution of this study is the comprehensive characteri-
zation of a laboratory rainfall simulator, which is currently being employed in studies on
heritage erosion. This characterization is performed by comparing different approaches, i.e.,
a volumetric method using rain collectors and a disdrometric one employing a Parsivel2

disdrometer, and highlighting the discrepancies that can arise depending on the method
chosen.

This is critical because erosion studies require the quantification of not only rainfall in-
tensity but also crucial erosivity parameters such as rainfall kinetic energy and momentum,
and their spatial uniformity across the tested surface.

The results presented here will deepen our understanding of the simulated rainfall’s
characteristics, enabling us to adapt the current configuration to different events, thereby
enhancing the simulator’s applicability to a variety of different situations focused on soil
and heritage erosion.

In addition, disdrometric data and raindrop velocity distribution collected with an
optical disdrometer are analyzed to evaluate the simulator’s ability to reproduce raindrop
velocities comparable to those observed in natural rainfall.

2. Materials and Methods
2.1. Experimental Setup

In the present study, the rainfall simulator (RS) recently proposed by Fernández-
Raga et al. [20] is used; this RS was originally designed for studies on stone-based heritage
erosion [20,102]. The device is located at the Department of Chemistry and Applied Physics,
Industrial Engineering School, University of León. The characterization of the RS was
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performed using rain collectors for the volumetric calibration and an optical disdrometer
(OTT Hydromet GmbH, model Parsivel2, Kempten, Germany) for the disdrometric one.
The falling height, defined as the distance from the RS to the optical disdrometer sampling
surface, was set to 10 m.

2.1.1. Rainfall Simulator Design

The RS is suspended and anchored by tensioned steel cables to the walls of an internal
courtyard (Figure 1), whose vertical walls reduce the wind influence and prevent droplet
drift.

 

Figure 1. Rainfall simulator (RS) structure.

Tap water was avoided to supply the RS as its mineral content could, over time,
compromise the hydraulic efficiency of the system by depositing calcium, especially in the
smallest parts of the system (microsprinklers). Moreover, deionized water better represents
natural rain from a physical/chemical point of view since the presence of salts modifies
the water surface tension [103]. Therefore, using a purification system (Wasserlab, model
DE7003, Barbatáin, Navarra, Spain), deionized water was continuously supplied to a 100 L
tank equipped with a submersible pump (LISTA, Ehlis S.A., model Hidrosub AS-216,
Illescas, Toledo, Spain).

Water was then conveyed to the main supply line using a surface pump (Hidrobex
model EH-125, Parets del Vallés, Barcelona, Spain), which delivered it to the top of the in-
ternal courtyard. A constant pressure was selected for the present work. In particular, since
weathering and erosion processes on stone-based cultural heritage occur over large tempo-
ral scales, an appropriate methodology already established for these scenarios [20,102,104]
was followed, resulting in rainfall intensity values higher than those observed under natural
precipitation conditions.

Still, since the surface pump loses power over time [20], its functioning was automated
with an Arduino program. Therefore, after a continuous and constant run of 55 s, the
program stops the pump for 5 s, thereby allowing for a constant mean flow rate over time.
The cycle can be programmed for the desired time. For this investigation, a total rainfall
cycle of 5 min was chosen.

Once water reaches the upper part of the hydraulic system, the main pipeline feeds
the RS structure (Figure 1), which consists of a metal frame supporting four independent
pipes equipped with 46 emitters with a flow rate that can range from 1 to 70 L/h (Figure 2).
Specifically, two emitter models commonly employed in gardening applications were
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selected: 26 drippers releasing droplets in eight peripheral directions (Figure 2a), and 20
minisprinklers with a single central outlet for drop release, which can generate a spray
radius of 0–0.5 m (Figure 2b).

Figure 2. Emitters employed in the RS: drippers (a) and minisprinklers (b).

Both emitter models allow a fine regulation of the outlet pressure by screw-
ing/unscrewing, thus impacting the size of simulated raindrops. Consequently, to generate
simulated rainfalls with the widest possible drop size variability, both the positioning and
the opening of the drippers and the minisprinklers were set randomly.

2.1.2. Optical Disdrometer

The disdrometric calibration was performed using a Parsivel2 disdrometer (Figure 3).

 

Figure 3. Parsivel2 optical disdrometer (OTT Hydromet GmbH, Kempten, Germany).

This optical device is widely employed in both simulated and natural rainfall studies.
It measures the diameter and fall velocity of individual raindrops, classifying them into 1024
possible size–velocity combinations: 32 diameter classes ranging from 0.2 mm to 25 mm,
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with class widths progressively increasing from 0.125 mm to 3 mm, and 32 velocity classes
ranging from 0.2 m/s to 20 m/s, with class widths increasing from 0.1 m/s to 3.2 m/s. The
assignment of each drop to a specific combination is governed by an undisclosed internal
algorithm [84].

2.2. Laboratory Protocol for the Rainfall Simulator Characterization
2.2.1. Volumetric Characterization

The volumetric calibration was focused on a rectangular sampling area of 1.8 m × 1.8 m
(Figure 4).

Figure 4. Schematic representation of the volumetric and disdrometric characterization method. All
36 rain collectors were contemporarily employed in the 1.8 m × 1.8 m wetted area, while a single
Parsivel2 disdrometer was alternatively positioned at the center of each of the 16 measuring surfaces
of the 1.2 m × 1.2 m wetted area.

Since the floor is composed of regular square tiles measuring 0.3 × 0.3 m, the char-
acterization was performed by placing rain collectors at the center of each of the 36 tiles.
Moreover, given the simulator’s configuration, characterized by a great falling height and
high simulated rainfall intensities, concerns arose around the droplet impact potentially
inducing splash phenomena. This could lead to water losses from within the collectors
or, conversely, to additional inflow caused by droplets rebounding off the floor, thereby
compromising the accuracy of volumetric measurements.

To address this issue, short plastic vessels (pv), with a capacity of 0.5 L and a sampling
surface of 9.607 × 10−3 m2 (Figure 5a), and tall plastic cups (pc), with a capacity of 1 L and
a sampling surface of 9.276 × 10−3 m2 (Figure 5b), were tested. For both rainfall collector
types, the larger upper diameter was used to determine the effective sampling surface.

The two distinct collector designs were employed to experimentally evaluate and
quantify the potential error introduced by droplet splash (splash-in/splash-out), ensuring
the robustness of the volumetric calibration.

In addition, a third calibration dataset was obtained using pcs across two successive
rainfall simulation cycles to verify the temporal consistency of the simulator performance.
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In other words, three different treatments (T) were employed: pv for 5 min (T1), pc for
5 min (T2), and pc for 10 min (T3). Due to their limited capacity, pvs could not be used for
the 10 min simulation.

 

Figure 5. Rain collectors used for the volumetric calibration: plastic vessels (a) and plastic cups (b).

Before each rainfall simulation, pv and pc were calibrated using a digital scale. After
the simulation, their outer surfaces were dried, and the collected water volume (Vol, L) was
weighed. Knowing the volume collected by each collector, their sampling area (A, m2), and
the simulation time (tS, h), the simulated rainfall intensity (Is, mm/h) was calculated as:

IS =
Vol
A tS

(5)

For each treatment, three repetitions were performed, leading to a total of 324 rainfall
intensity measurements. To evaluate the rainfall spatial distribution of T1, T2, and T3,
the mean value of the three repetitions was considered to determine the CU coefficient
according to Equation (1).

Moreover, the IS spatial distribution was also graphically evaluated using a geographic
information system (GIS) software (QGIS, version 3.34.14-Prizren) by creating thematic
maps, one for each treatment. To allow direct visual comparison among treatments, a fixed
graduated color scale was applied, ranging from light yellow to dark red, to represent
increasing rainfall intensity.

To determine whether the observed differences in terms of simulated rainfall intensity
were statistically significant, a two-way analysis of variance (ANOVA) with replication was
performed. The analysis considered two factors: treatment (T1, T2, T3), which reflects vari-
ations in both collector type and simulated rainfall duration, and collector position within
the simulator. That is, the ANOVA test determines whether the considered factors, either
individually or through their interaction, are responsible for any statistically significant
differences in terms of simulated rainfall intensity. Specifically, F-values and corresponding
p-values were calculated for each main effect and for the interaction term, and these were
compared against the critical F-values to assess significance. The analysis was conducted
using a significance threshold of α = 0.05.
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2.2.2. Disdrometric Characterization

Regarding the disdrometric characterization, a 1.2 m × 1.2 m wetted area was con-
sidered (Figure 4). This focus was selected because the previous volumetric calibration
suggested that the central 1.2 m × 1.2 m plot provided the most consistent and uniform
rainfall distribution. Thus, the Parsivel2 disdrometer was placed at the center of each of the
resulting 16 tiles (Figure 4).

For each position, three 5 min rainfall cycle repetitions were performed, resulting in a
total of 240 1 min raw PSVD.

For each minute, rain intensity was determined using the following relationship:

IP =
π

6
t

3600

32

∑
i=1

D3
i ni

σe f f ,
(6)

in which t (s) is the sampling time, equal to 60 s for the present investigation, Di (mm) is
the mean diameter of the i-th diameter class, ni (−) is the number of drops recorded in the
i-th class, and σeff (mm2) is the effective sampling area that accounts for the margin faller
effect. This means that, to account for the undercounting of drops falling near the laser-
beam edges, a correction was applied to the nominal Parsivel2 sampling area (5400 mm2),
according to the following relationship [79,84,105,106]:

σe f f = L
(

W − ni
N

Di
2

)
(7)

where L (mm) and W (mm) are the Parsivel2 laser beam length and width, respectively,
which are equal to 180 mm and 30 mm, and N (−) is the total number of drops recorded
during the 1 min interval.

Regarding the rainfall kinetic power and momentum, each raw PSVD was processed
as follows for their determination:

Pn =
1
2

ρπ

6t

32

∑
i=1

32

∑
j=i

(
Di

1000

)3
v2

j nij

σe f f
(8)

M =
ρπ

6t

32

∑
i=1

32

∑
j=i

(
Di

1000

)3
vj nij

σe f f
(9)

in which ρ (kg/m3) is the water density, equal to 1000 kg/m3, vj (m/s) is the mean fall
velocity of the j-th velocity class, and nij is the number of drops recorded in the i-th and j-th
class.

The mean IP, Pn, and M values of each position were employed to determine the
spatial uniformity of the measured variables, according to Equation (1). Also, similarly to
what was described in Section 2.2.1, the same procedure using a GIS software was followed
to obtain thematic maps of the IP, Pn, and M spatial distributions.

The rainfall intensity values obtained from the volumetric characterization using
rain collectors were compared with those derived from the disdrometric calibration. As
the previous two-way ANOVA with replication (Section 2.2.1) revealed no significant
differences among the volumetric treatments (T1, T2, and T3), their mean value, denoted as
IT (mm/h), was used to represent the volumetric rainfall intensity.

To evaluate whether the RS was capable of generating raindrops resembling the
terminal velocity of natural ones, an analysis of the measured fall velocity using the
Parsivel2 disdrometer was conducted.
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Specifically, at first, for each i-th diameter class of the Parsivel2 disdrometer, the
weighted mean raindrop fall velocity measured with the Parsivel2 disdrometer, vP (m/s),
relative to the entire dataset and thus independently of the sampled positions was obtained
as follows:

vP =
∑32

j=i vj ni

ni
(10)

Then, the resulting vP values were compared with the calculated fall velocities, V(D),
derived from Equations (2)–(4).

3. Results and Discussion
3.1. Rainfall Intensity Spatial Distribution: Volumetric and Disdrometric Differences

Figure 6 shows the spatial distribution of the rainfall intensity (IS) obtained from
the three volumetric characterization treatments: T1 (Figure 6a), T2 (Figure 6b), and T3
(Figure 6c). Each circle represents the average rainfall intensity recorded at a specific
sampling position, calculated from three repetitions per treatment.

Figure 6. Spatial distribution of rainfall intensity (IS) for the three characterization treatments (T)
employed in this investigation: T1 (a), T2 (b), and T3 (c).

The thematic maps reveal a certain degree of variability in rainfall intensity, with
lower values observed in the peripheral zones and higher values concentrated in the central
area. When comparing the full sampling area (1.8 m × 1.8 m) with a slightly reduced
central portion (1.2 m × 1.2 m), the latter, despite exhibiting higher intensity values, shows
improved spatial homogeneity.

This central concentration may be attributed to the simulator’s configuration: the 46
emitters, randomly oriented and alternately screwed in to reproduce a complex rainfall
spectrum, may contribute more significantly to the central area, where drops from multiple
emitters overlap, while the peripheral zones receive input from fewer emitters. As a result,
the volumetric distribution is not perfectly uniform in the full sampling area.

These observations are supported by the data presented in Table 1, which reports,
for each treatment, the mean IS value, standard deviation, and CU coefficient calculated
according to Equation (1), for both the full and reduced sampling areas.

The analysis reveals that the simulator delivers, on average, a nearly constant rainfall
intensity across treatments (Table 1), considering both the full and reduced sampling areas.
However, the RS shows noticeable spatial differences within the full sampling area (CU
from 56% to 62%), but improved uniformity across the 1.2 m × 1.2 m one (CU from 68% to
80%).
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These results indicate that, within the full wetted area, the RS exhibits poor uniformity
according to ASABE standards [56]. However, when considering only the central portion
(Figure 6), the simulator reaches a 70% threshold across all treatments (mean CU equal
to 75.16%) and even approaches 80% in T1 and T2, a threshold commonly adopted as a
benchmark for uniformity in small-scale experiments [10,11,57,58] (Table 1).

Table 1. Mean rainfall intensity (IS), standard deviation, and Christiansen uniformity (CU) coefficient
(CU) for the three characterization treatments (T) employed in this investigation, evaluated in both
the 1.8 m × 1.8 m and the 1.2 m × 1.2 m sampling surfaces.

Treatment Mean IS
(mm/h)

Standard
Deviation

CU
(%)

Mean IS
(mm/h)

Standard
Deviation

CU
(%)

1.8 m × 1.8 m Wetted Area 1.2 m × 1.2 m Wetted Area

T1: pv, 5 min 183.1 87.2 61.7 256.9 66.6 79.5
T2: pc, 5 min 181.8 91.0 59.9 252.9 71.0 77.6

T3: pc, 10 min 182.9 108.3 55.9 257.6 98.1 68.4

Although measuring two rainfall cycles might intuitively seem to reduce variability,
T3 shows the highest variability (Figure 6c), the lowest CU values, and the highest standard
deviations (Table 1), indicating the presence of more extreme intensity values. This is likely
not due to manual interventions (the system runs continuously under Arduino control),
but rather to nonstationary effects inherent to the simulator during its operation.

To further investigate whether significant statistical differences exist between the
employed treatments (effect 1) and the position of the rain collectors (effect 2, accounting
for the spatial distribution), a two-factor ANOVA was performed. The results in terms of
sum of squares (SQ), degrees of freedom (df ), mean squares (MQ), F-value, p-value, and
F-critical are presented in Table 2.

Table 2. Two-factor ANOVA investigating whether significant statistical differences exist between the
three employed characterization treatments and the rain collector positions.

Source of Variation SQ df MQ F-Value p-Value F-Critical

Rain collector position 2,496,505.58 35 71,328.73 59.14 6.40 × 10−92 1.48
Treatments 107.17 2 53.59 0.04 0.96 3.04
Interaction 197,798.09 70 2825.69 2.34 1.43 × 10−6 1.36
Intragroup 260,497.13 216 1206.01 — — —

Total 2,954,907.96 323 — — — —

The results of the two-factor ANOVA show highly significant differences due to rain
collector position (F-value > F-critical; p < 0.001), demonstrating spatial heterogeneity to
represent the primary source of variability in rainfall intensity. In contrast, treatment effect,
assessing differences due to collector type and simulation duration, is not statistically
significant (F-value < F-critical; p = 0.96), indicating that rainfall intensity does not change
appreciably among treatments.

Considering the previous results, rainfall intensity at each position can be expressed as
a single representative value, IT, obtained by averaging the results from the three different
treatments.

Furthermore, to exclude positions less relevant from an erosive point of view, thus
characterized by lower rainfall intensity values, and to characterize a more uniform pattern
of the simulator from a disdrometric standpoint, the outer positions of the 1.8 m × 1.8 m
pattern were excluded from subsequent analyses. Thus, only the central 1.2 m × 1.2 m wet-
ted area was considered (Figure 6). For each of the 15 1 min PSVD measurements recorded
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using the Parsivel2 disdrometer, Equation (6) was applied to compute the corresponding
rainfall intensity value, and the mean IP value was then obtained by averaging these 15
values.

To assess the agreement between the two measurement methods, the (IT, IP) pairs
corresponding to each fixed sampling position were plotted in Figure 7, in which the solid
line indicates the perfect agreement (1:1), while the dashed lines indicate the ±20% error
boundaries.

Figure 7. Comparison between simulated rainfall intensity measured with rain collectors (IT) and
that measured using a Parsivel2 disdrometer (IP).

Overall, the Parsivel2 disdrometer appears to underestimate rainfall intensity com-
pared with the rain collectors. Indeed, 87.5% of the measures lie below the 1:1 line (Figure 7),
and 43.75% of the points exhibit errors greater than or equal to 20%. This result is consistent
with those found in literature [81], where a general underestimation of rainfall intensity
using the Parsivel2 is detected and variance between identical Parsivel2 devices increases
significantly with precipitation intensity. Furthermore, many authors [79,84,105–107] have
reported that underestimation in rainfall intensity can be attributed to instrumental errors,
including margin fallers—raindrops pass only partially through the sensor’s laser beam
and are thus misclassified as smaller drops—and double detection—a single large drop is
erroneously registered as two or more separate smaller drops.

However, it is important to note that the measurement surfaces are not identical:
the disdrometer measures intensity over a rectangular area of 54 cm2, whereas the rain
collectors cover circular areas of 92.76 cm2 (pv) and 96.07 cm2 (pc).

Therefore, the observed discrepancies between IT and IP can be explained by the
expected underestimation under extreme rainfall intensity conditions, the differences in
the real measurement surfaces, and the fair spatial uniformity exhibited by the simulator.

To further deepen the analysis on the differences between the two measurement
methods, spatial distribution of rainfall intensity obtained using both rain collectors (IT)
and a Parsivel2 (IP) is shown in Figure 8.

The coherent spatial overlay of the position of the rain collectors and the disdrometer,
combined with consistent color coding, enables immediate visual comparison between the
two measurement methods. This facilitates the identification of areas with similar rainfall
intensities, the detection of extreme events, and a first evaluation of the spatial distribution
captured by the disdrometer. Specifically, similar rainfall intensity values were recorded in
only a few positions and, compared with the rain collector data, the intensities measured
with the disdrometer appear less uniformly distributed.
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Figure 8. Spatial distribution of simulated rainfall intensity in a 1.2 m × 1.2 m sampling surface,
obtained using rain collectors (IT) and a Parsivel2 disdrometer (IP).

To quantitatively assess the uniformity of the simulated rainfall based on the full
dataset from both rain collectors and disdrometric measurements, the CU coefficient was
calculated using Equation (1). Notwithstanding similar mean rainfall intensities, equal
to 255.8 mm/h (rain collectors) and 229.6 mm/h (disdrometer), the volumetric method
yielded a CU of 75.7%, while the disdrometric method resulted in a lower CU of 61.1%.

According to the ASABE classification [56], the RS in the 1.2 m × 1.2 m surface
would be rated as fair (70% < CU < 80%) when evaluated using rain collectors and poor
(60% < CU < 70%) when evaluated using the disdrometer.

These discrepancies are consistent with findings reported in literature, which highlight
that the number, spatial arrangement, and physical characteristics of rainfall collectors,
such as their size and shape, directly influence the representation of rainfall distribution
over a plot surface [55].

3.2. Rainfall Kinetic Power and Momentum Spatial Distribution

To evaluate the uniformity of the rainfall energy-related parameters, i.e., the rainfall
kinetic power (Pn) and momentum (M), derived by applying Equations (8) and (9) to the
disdrometer raw PSVD, their spatial distribution was analyzed. Figure 9 shows, for each
sampled position, the mean Pn and M values of fifteen 1 min PSVD.

Overall, the distribution of energetic parameters (Figure 9) mirrors the pattern pre-
viously observed for rainfall intensity (Figure 8), displaying a non-uniform spatial dis-
tribution within the wetted area of 1.2 m × 1.2 m. The rainfall momentum exhibits a
higher degree of spatial uniformity compared to kinetic power, likely due to the quadratic
dependence of the latter on fall velocity. Indeed, the uneven distribution of rainfall intensity
reflects the non-uniform spatial pattern of the drop size distribution and the associated
fall velocities. Thus, this variability in raindrop fall velocity is further amplified in the
calculation of kinetic power.

Specifically, the RS discharges a mean Pn of 1.54 J/m2/s and a mean M of 0.39 N/m2

in the 1.2 m x 1.2 m sampled area, registering a CU coefficient, respectively, equal to 61.5%
and 65.0%. These values reflect a level of spatial variability comparable to that observed
for rainfall intensity (IP) (CU = 61.1%). Therefore, when assessed through disdrometric
methods, the simulator exhibits poor uniformity [56] across the three metrics (IP, Pn, M).
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Figure 9. The spatial distribution of the rainfall kinetic power (Pn) (a) and Momentum (M) (b) obtained
using a Parsivel2 disdrometer.

3.3. Raindrop Fall Velocity

Given the 10 m drop falling height of the employed RS, raindrops are expected to reach
terminal velocities comparable to those observed under natural precipitation conditions.
To verify this, the weighted mean fall velocity for each diameter class, vP, measured with
the Parsivel2 disdrometer was compared with the velocities V(D) calculated using empirical
relationships from literature. Specifically, Equations (2) [89,90] and Equation (3) [97]
represent typical fall velocities under natural rainfall conditions, while Equation (4) [49]
was developed to estimate drop velocities in laboratory settings.

Figure 10 shows the comparison between the measured vP, derived from raw PSVDs
using Equation (10), and the calculated V(D) relationships. In particular, Figure 10a displays
vP versus V(D), with a 1:1 reference line and ±20% deviation bands, allowing visual
assessment of the agreement between measured and predicted velocities. Figure 10b
illustrates the variation in both vP and V(D) as a function of drop diameter.

Figure 10. Comparison between weighted mean velocity measured with the Parsivel2 disdrometer,
vP, and calculated, V(D), raindrop fall velocity (a); variation in both vP and V(D) as a function of drop
diameter, D (b).



Water 2025, 17, 3429 15 of 22

Generally, the agreement between experimental measurements and empirical relation-
ships demonstrates the

Effectiveness of the RS system in generating drops that fall at velocities consistent with
terminal conditions, as evidenced by the close alignment between measured and predicted
values (Figure 10a,b). However, the Parsivel2 tends to underestimate fall velocities com-
pared with all the tested empirical relationships, consistently with what has been observed
in natural precipitation events [79].

Moreover, Equation (4) results applicable for predicting the fall velocity of simulated
raindrops under the present experimental conditions, despite having been previously
validated only for drip-type simulators with limited drop heights [49] (Figure 10a,b). The
points of Atlas et al. [89] fall entirely within the ±20% error band, while those of Ferro [99]
and Serio et al. [49] show greater errors, between 2 m/s and 4 m/s (Figure 10a).

Furthermore, for smaller diameters (D < 3 mm), the Parsivel2 shows a general tendency
to slightly underestimate the fall velocity compared with the values calculated using
literature-based relationships. Conversely, for larger diameters (D > 3 mm), all the empirical
models accurately describe the velocity of the simulated raindrops (Figure 10b), with greater
uncertainty for diameter values above 6 mm. These results are consistent with the findings
by Luo et al. [108], who reported that the Parsivel2 exhibited a slight negative bias in mean
fall velocity for the 1.375–2.75 mm diameter range, while showing a positive bias for drops
exceeding 5.5 mm in diameter.

It is worth noticing also that the empirical relationships tend toward an asymptotic
value of approximately 9–10 m/s (Figure 10a,b), which is consistent with the maximum
velocities observed in nature for drops of around 6–8 mm. In contrast, the Parsivel2

disdrometer recorded both unrealistically large drop diameters (up to 13 mm) and a
maximum weighted mean fall velocity of 11.02 m/s (Figure 10a,b). These outliers may
be attributed to coalescence phenomena induced by the simulation system, instrumental
errors such as overlapping drops within the laser beam being interpreted as a single drop,
or the limited fall height, which may prevent the onset of breakup processes typically
observed in larger natural raindrops [109].

It is also important to consider that the velocity comparison in Figure 10 is presented
per fixed diameter class, without accounting for the relative abundance of drops within each
class, as the goal was to assess whether the agreement between measured and calculated
velocities holds consistently across the full range of drop sizes. However, such an evaluation
must be weighted by the actual frequency of occurrence of each diameter class. Specifically,
in the present dataset, approximately 99.9% of all simulated raindrops fall within the
diameter range of 0.31 mm to 6.50 mm. Consequently, discrepancies observed at larger
diameters may have limited practical relevance, given their negligible contribution to the
overall drop population.

3.4. Broader Implications and Future Applications

The RS characterized here is being currently applied to investigate the erosive effects
of precipitation on stone-based heritage surfaces [20,102]. Nevertheless, the comprehen-
sive characterization presented in this study using volumetric methods and disdrometric
technics extends its potential far beyond this specific research field. Indeed, the detailed
assessment of rainfall intensity, kinetic energy, and momentum, as well as their spatial
distribution and the information regarding fall velocity provide a complete description of
the simulated rainfall regime, therefore allowing the use of this simulator for a wide range
of hydrological and erosive research topics.

Specifically, we recommend the 1.2 m × 1.2 m as the maximum sample size for ex-
periments requiring the highest level of accuracy and fully controlled rainfall parameters.
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When testing samples that exceed this size, the characteristics for the area beyond this
1.2 m × 1.2 m plot must be evaluated relying only on the calibration data derived from
the rain collectors, which cover the larger area, or spatially interpolating the disdrometer
data to the unmeasured zones, while acknowledging the associated uncertainties that this
estimation process introduces.

Moreover, since the selected sampling procedure can substantially influence the results
of the simulator characterization, standardization of sampling procedures is of paramount
importance and must combine different characterization methodologies for a more robust
and comprehensive analysis.

However, in light of the results presented in this work, future research should aim
to enhance the spatial uniformity of simulated rainfall and to standardize the protocol
for a more robust and reliable comparison between events, thereby enhancing the overall
reproducibility and applicability of the simulator for comparative studies.

4. Conclusions
This study provides a comprehensive characterization of a laboratory RS originally

designed to reproduce the erosive effects of high-intensity rainfall on heritage materials.
The integrated use of volumetric and disdrometric techniques allowed for a detailed
evaluation of the simulator’s hydrological and energetic performance, confirming its ability
to realistically simulate the erosive effects of precipitation by achieving natural-like drop
velocities and, therefore, kinetic energy and momentum.

The volumetric calibration, performed using different collector types and sampling
durations, demonstrated that the simulator delivers consistent average rainfall intensities,
but exhibits marked spatial variability over the entire wetted area. However, the CU
coefficient improved up to nearly 80% within the central area.

Conversely, the analysis of the spatial distribution of rainfall intensity, kinetic power,
and momentum obtained with a Parsivel2 disdrometer within the same central area re-
vealed poor uniformity.

Disdrometric measurements also confirmed the simulator’s ability to generate rain-
drops able to achieve velocities comparable to those predicted by empirical relationships
for natural rainfall, confirming its reliability in reproducing realistic fall dynamics even
under limited falling height conditions.

Future research should aim to enhance the spatial uniformity of simulated rainfall
and provide deeper insight into the physical realism of simulated precipitation, verifying
whether the measured drop size distribution fits commonly used probabilistic functions
such as gamma, Weibull, or lognormal.
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List of Symbols and Units
The following Symbols and Units are used in this manuscript:

Symbol Description Unit
A Rain collector sampling area m2

an Coefficient of Equation (3) cm
CU Christiansen uniformity coefficient %
D Raindrop diameter mm
Di Mean diameter of the i-th diameter class mm
h Drop falling height m
Ii Rainfall intensity of a single rain collector mm/h
IP Rainfall intensity measured by the Parsivel2 disdrometer mm/h
IS Mean rainfall intensity mm/h
IT Mean rainfall intensity across the treatments T1, T2, and T3 mm/h
L Length of the Parsivel2 laser beam mm
M Rainfall momentum N/m2

N Total number of drops in 1-min sampling time by the Parsivel2 disdrometer (-)
nc Number of collectors (-)
nD Number of diameter classes for which the disdrometer recorded velocities (-)
ni Number of drops in the i-th diameter class (-)
nij Number of drops in the i-th dimeter class and j-th velocity class (-)
Pn Rainfall kinetic power J/m2/s
t Sampling time for the disdrometric characterization s
tS Time of the simulation for the volumetric characterization h
V(D) Terminal fall velocity of raindrops according to literature relationships m/s
vj Mean fall velocity if the j-th velocity class m/s
Vn Coefficient of Equation (3) m/s
Vol Water volume sampled by rain collectors L
vP Mean raindrop fall velocity recorded by Parsivel2 for each i-th diameter class m/s
W Width of the Parsivel2 laser beam mm
σeff Effective sampling area of the Parsivel2 disdrometer mm2

ρ Water density Kg/m3

Abbreviations
The following abbreviations are used in this manuscript:

ANOVA Analysis of variance
ASABE American Society of Agricultural and Biological Engineers
ASTM Advancing Standards Transforming Markets
df Degree of freedom
GIS Geographical iformation system
LPM Laser Precipitation Monitor
MQ Mean square
Parsivel Particle Size Velocity
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pc Plastic cups
PSVD Particle Size and Velocity Distribution
pv Plastic vessels
RS Rainfall simulator
SQ Sum of square
T Treatment for the volumetric characterization of the rainfall simulator
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