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Abstract

Abrief overview of the tasks that require information about the rainfall kinetic energy is presented. The possibilities of methods
for obtaining such information using different techniques are shown. The influence of various microstructural parameters of
raindrops on the kinetic energy is analyzed. This technique is illustrated by the data of measuring the characteristics of a heavy
rain on July 22, 2023 in Tomsk. The measurements were carried out using the optical precipitation gauge OPTIOS. The OPTIOS

measurement results are compared with the results of simplified estimates. It is concluded that the optical precipitation gauge

is successfully used in solving problems requiring an accurate measurement of rainfall kinetic energy.

Keywords: Optical Rain Gauge; Disdrometer; Precipitation; Rainfall Intensity; Rainfall Kinetic Energy; Soil Erosion

Introduction

Information about kinetic energy stored in falling
raindrops from high altitudes is important in solving a
number of scientific, practical and economic tasks. The
most important information about the kinetic energy of
precipitation is for the agro-industrial sector of the economy,
since such energy causes not only soil erosion, but also
landslides [1,2]. High values of kinetic energy brought by
liquid atmospheric precipitation can provoke the occurrence
of landslides [1]. The advantage of predicting landslide
hazards based on energy flow control is that the probability
of a landslide may occur before the end of high-intensity
precipitation, since the threshold value of kinetic energy
transmitted to the soil by drops can be exceeded in a time
interval shorter than the duration of rain [2].

Information about the kinetic energy brought by

atmospheric precipitation to the underlying surface plays
one of the most important roles in predicting soils erosion

Optical Precipitation Gauge in the Rainfall Kinetic Energy Measurements

[3]- Erosion is one of the main causes of land degradation
worldwide, especially agricultural soils. Erosion depletes
the soil, leaching nutrients, significantly affects the most
important ecological functions of the soil: fertility, filtration
ability, carbon and nitrogen storage, preservation of animal
habitats. Anthropogenic activities, such as urbanization,
agriculture, clearing and deforestation, expose and de-
mobile soils, which leads to accelerated erosion, loss of
productivity and landscape change [3]. Although the rain
duration is usually measured in minutes or hours, the amount
of soil washed away can reach tens of tons per hectare [4]. In
addition, the erosive transfer of soil can provoke floods due
to siltation of riverbeds [5]. Therefore, soil erosion is a global
problem, so serious that, for example, in the USA in 1930 it
was declared as a national threat (national menace), which
was a consequence of the development and cultivation of
new agricultural land in the XIX and early XX centuries [4].

A deeper understanding of the mechanisms that cause
soil erosion is vital to reduce its impact on agriculture and
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the environment [6], as well as to develop methods for
sustainable conservation and land use planning [3]. At the
same time, a reliable quantitative assessment of the erosion
rate and the factors determining it, including rainfall kinetic
energy, is crucial. A large number of studies conducted
around the world in regions with different climatic conditions
and precipitation regimes have been devoted to solving this
problem [6-21]. Also, the assessment of rain kinetic energy is
important for understanding the mechanisms and mitigating
the effects of erosion of the leading edge of wind turbine
blades [5,22,23].

For example, an accurate assessment of the kinetic
energy of precipitation is important for understanding the
mechanisms and mitigating the effects of leading-edge
erosion (LEE) of wind turbine blades [5]. Erosion damages
reduce the aerodynamic characteristics of the blades, which
leads to a decrease in annual electricity generation and
an increase in the downtime of turbines for repair [22].
Although LEE is influenced by a number of atmospheric
phenomena, the speed of raindrops and the total amount
of precipitation are recognized as one of the main external
factors of erosion [23]. Taking into account the rapid growth
of wind energy, which provides a sustainable, renewable and
environmentally friendly energy source, the most accurate
determination of the kinetic energy of precipitation is
important for quantifying the LEE of blades in wind turbines,
especially for regions where the rainy seasons make up a
significant part of the year [5].

Many research efforts are focused on rainfall-soil
interaction at local and regional scales. Raindrop impact,
the key mechanism for disaggregating and mobilizing soil
particles, depends on the raindrops kinetic energy. This is
possible using instruments that record raindrop size and
velocity data. The objective of this work is to develop and test
a technique for determining the kinetic energy brought by
hydrometeors to the underlying surface using an optical rain
gauge, analyze the effect of various rain parameters on the
kinetic energy value, and compare the values obtained with
the values calculated using simplified methods.

Methods and Instruments

Calculation of Kinetic Energy Based on the
Results of Measuring the Intensity of Rain

The kinetic energy of rain is the sum of the energies
of individual drops. The energy of drop (E,) is calculated
through its characteristics according to a known formula:

E =Ymv=mpD’V?/12, (1)
where p is the density of water, D is the equivalent diameter
of a spherical drop, v is the terminal velocity with which it
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falls on the underlying surface. Due to the fact that these
parameters, as a rule, are not measured during research, it
is necessary to focus on more accessible rain parameters.
In particular, empirical dependences between the kinetic
energy (E) of precipitation and its intensity (/) are used in
a number of works [5,17-21]. It should be noted that the
rainfall kinetic energy can be represented in two forms [24]:
kinetic energy E_ [] m? mm™] delivered per unit of soil
surface during 1 mm precipitation; kinetic energy E, [] m™
min] delivered by drops per unit of the underlying surface
per unit of time (in minutes).
E=clE_,(2)

where constant c is depends on the units of time used, I is
rain intensity.

The ratio estimating E as a function of rain intensity,
most often used because of its simplicity, was proposed in
Wischmeier WH et al. [25]. According to this relation, the
kinetic energy (in ] m?) of rain with intensity / (in mm h)
falling on 1 m? during time At (in hour) is equal to:

E=(119+873logD)I At (3)
If we assume that the time interval At is 1 min, then
dividing the value obtained by formula (3) by 60, we get E,
in] m? min:

E=E/60(4)

The works Fornis RL, et al. [18,24] present an overview
of many empirical relations of E and I. It was found that
the results of calculations of E, made according to various
formulas, differ significantly from each other. Possible reasons
for this are: methodological differences in measurement
procedures I and subsequent calculations, the use of data
that cover only a small range of precipitation intensity, as well
as differences between geographical locations or weather
systems of regions in which parameters were selected for
specific empirical ratios.

Calculation of Kinetic Energy Using Drop Size
Distribution

A number of methods are known for calculating
the kinetic energy of precipitation based on empirical
expressions linking the intensity of rain with the statistical
characteristics of the Drop Size Distribution (DSD), among
which two classical methods are distinguished [8]. The first
of them is to find the ratio between the median volume
diameter of raindrops (D, ) and their intensity /. The median
diameter D corresponds to a diameter by which the volume
of all particles is divided into two equal parts. The volume of
all particles with a diameter less than D, is 50% of the total
volume of particles. The median diameter is found using an
integral distribution curve [26,27]. It is assumed that the
effective diameter of D, is able to reproduce the properties
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of the entire set of raindrops. Therefore, the estimation of
rainfall kinetic energy does not require knowledge of the
entire of drop size and velocity distributions [28]. All that is
required is the value of the terminal velocity of a drop with
a diameter of D, which can be estimated from empirical
relations and tables linking v and D [8].

The second of the classical methods for calculating the
kinetic energy of rain based on DSD consists in using the
full spectrum of particle size and velocity distribution. For
this reason, formulas based on full DSD were previously
used less frequently than those based on D, . Nevertheless,
there are a number of studies using this technique [13-17].
Methods for obtaining DSD began to be developed in the late
19th - early 20th centuries [8] in the form of the so-called
classical “filter paper method” and “grain flour method”. Both
of them are based on measuring the number and size of drop
spots on the measuring surface. The sizes of the spots are
compared with the actual drop diameters and tabular values
of drop falling velocities corresponding to these diameters
are found. Despite the age of development, these methods
are still sometimes used in modern research. For example, in
Meshesha DT, etal. [13] DSD for each rain was determined by
the exposure of about 370 sheets of filter paper treated with
a small amount of powdered dye.

Automatic measurement of DSD is possible with the use
of devices such as disdrometers, which record the spectra
of rain drop sizes and falling velocities [3,5,11,15,17,26-
32]. There are a number of disdrometers based on different
physical principles. For example, the JWD type disdrometer
used in Torres DS, et al. [8] is an electromechanical device
that determines the size of a raindrop by measuring the force
of the impact that the falling drop produces on the sensor
surface. The JWD disdrometer gives good results for light and
medium intensity, but underestimates the number of small
droplets during heavy rains and cannot detect raindrops
with a diameter of less than 0.2 mm [29]. In the study
Jayawardena AW, et al, [15], a relatively inexpensive device
was used, which uses a piezoelectric converter. The device
continuously and automatically registers the electrical
response of the converter resulting from the transmission
of a vertical pulse of raindrops hitting its surface. Each of
the pulses recorded represents a drop and the magnitude of
the pulse corresponds to drop size, momentum and kinetic
energy. The spectrum of the drop size distribution and the
total kinetic energy load of a rainfall event is calculated by
analyzing the total number of pulses, their peak amplitudes,
the amount of rainfall and the calibration curves.

Modern disdrometers based on optical principles
measure either the damping of the laser beam when a rain
particle passes between the transmitter and the receiver, or
thelightscattering from particles passing cross thelightbeam.
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Both types use a laser signal transmitter and receiver, usually
in a horizontal plane. Both the transmitter and the receiver
can be either single or consist of an array of elements. Optical
disdrometers provide complete DSD measurements by the
amplitude and duration of the change in the light flux in the
measuring channel when the particles pass cross the beam.
Laser disdrometers are not without problems associated
with the effects of uneven power distribution of the laser
beam, the simultaneous appearance of several droplets in
the measuring volume (double detection) and edge events
(partial detection) [29].

An improvement over laser disdrometers is the two-
dimensional 2DVD video disdrometer by Joanneum Research.
The 2DVDs use two orthogonally directed high-speed linear
scanning cameras, each with a separate light source. The
2DVD disdrometer provides reliable measurements of the
velocity, size and shape of falling particles [30]. Currently,
this disdrometer is considered a reliable reference for
particles larger than 0.3 mm, although its use is mainly
limited to individual experiments due to the high cost and
requirements for processing measurement data [29].

Modern optical disdrometers are becoming more and
more affordable, the devices are supplied calibrated ex
works and ready for use in the field. These devices provide
measurements of the size and velocity of raindrops to
determine DSD and, accordingly, kinetic energy. Based on
this, work Angulo-Martinez M, et al. [31] concluded that,
whenever possible, kinetic energy should be measured, and
not evaluated on the basis of empirical relations representing
E as a function of rain intensity. Similar conclusions were
made by the authors of the studies [11,17].

Measurement of Kinetic Energy Using the
OPTIOS Precipitation Gauge

The operation of the optical gauge gage is based on the
method for measurements and analysis of shadow images
of rain drops [32]. In order to implement this method, a
plain horizontal collimated light flux from the light source
falls on to a linear array of lightsensitive elements (linear
sensor, CCD) and forms a measurement channel. CCD
contains 768 highly sensitive elements with a size of 63
microns. CCD makes it possible to register shadow images
of raindrops with a frequency of about 20 kHz. The size of
the measurement area is determined by the size of the open
part of the measurement channel, through which the rain
drops pass, and is 48 x 100 mm. Drops cross the light flux
and shade the line sensor elements. The high frequency of
the sensor scanning allows multiple measurements of the
horizontal cross-section of each drop shadow as the drop
passes through the measurement area. Since the receiver
includes an array of photosensitive elements configured not
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to register the degree of illumination, but to trigger the light-
shadow threshold, the device is free from the lack of laser
disdrometers associated with the effects of uneven power
distribution of the laser beam, noted in Angulo MM, et al.
[29].

The optical rain gage allows us to accurately record
the time of the start and end of precipitation, the quantity
of particles that cross the measurement channel, and to
detect their shape and size. This makes it possible to find the
microstructure characteristics and integral parameters of
precipitation (Figure 1).

100 mm

Figure 1: OPTIOS functional scheme design: (1) light
source; (2) rain drops; (3) receiver; (4) measurement
channel; (5) laser line generator; (6) collimating lens; (7)
CCD; (8) processing unit; (9) interface module.

Figure 2: Precipitation gauges (from left to right) the
OPTIOS, RC and O-1 at the meteorological site of GO IMCES.

In Johannsen LL, et al. [11,18], it is proposed to evaluate
the accuracy of the measurement results of disdrometers
by comparing the Q value they give with the indicators
of standard precipitation measurements. The OPTIOS
precipitation meter is installed on the meteorological site of
the Geophysical Observatory (GO) of IMCES SB RAS in close
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proximity to the standard Tretyakov O-1 precipitation meter
and the Davis Rain Collector (RC) shuttle precipitation meter
as shown in Figure 2. The results of long-term tests showed a
good agreement of the measurement data of all three devices
and confirmed the high accuracy of measurements of the
integral characteristics of precipitation carried out using
OPTIOS [33].

In the present study, the kinetic energy of precipitation
was obtained based on the measurement data of OPTIOS in
three variants:

e According to the formula (1), the energy of the E, was
calculated by summing up all hydrometeors registered
in a minute. The E__ was calculated by summing up
all hydrometeors registered with the accumulation of
precipitation of 1 mm.

e According to formula (1), the energy of the E _ was
calculated by summing up all hydrometeors registered
per minute according to asimplified procedure consisting
in the application in formula (1) of the average values of
D and v per minute.

e For comparison, the kinetic energy was estimated using
the empirical dependence of E on [ (3), hereinafter
referred to as E|. The values of precipitation intensity per
minute used in the calculations were also measured by
the OPTIOS.

Results and Discussion

The opportunities of the OPTIOS precipitation gauge
in solving the problem of measuring the microstructural
characteristics of precipitation and obtaining on their basis
the parameters of the energy flows transferred during rainfall
are demonstrated in this work by the example of a downpour
that fell in Tomsk (Russia) from 13 h 41 min to 14 h 04 min on
June 22, 2023, accompanied by thunderstorms. During this
time, the total amount of precipitation recorded by OPTIOS,
RC and O-1 was 12.96, 12.10 and 11.00 m, respectively.
Although in the journal of meteorological observations of
the GO, this rain shower is marked as “moderate shower
“ the peak intensity according to OPTIOS and RC reached
up to 90 mm/h. In Wischmeier WH, et al. [25], heavy rain
with a total precipitation of at least 12 mm (0.5 in) or with
a maximum 15-minute intensity exceeding 25 mm/h (1
in/h) is defined as an erosion storm. In the event under
consideration, the average intensity was 33 mm/h, and the
maximum 15-minute intensity was 37 mm/h. Therefore, the
choice of this meteorological phenomenon in this work as an
object of study from the point of view of the erosive activity
of precipitation, determined by their kinetic energy, seems to
be quite reasoned.

Figure 3 shows the changes in the energy, integral and
microstructural characteristics during the shower. The graph
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shows the change in the average diameter (D) of the drops
that fell in a minute (N), the effect of the so-called sorting of
drops caused by the tendency of larger drops to move faster
than smaller ones is clearly noticeable [26]. This leads to
the fact that at the beginning of a shower, a relatively small
number of large drops outstrip most medium-sized drops,
and then, over time, the average size of the drops decreases.
In [14], it was concluded that the higher erosive activity
of rain is associated with large droplet sizes, and not with
high rain intensity. The results of our measurements do not

Journal of Energy and Environmental Sciences

confirm this conclusion. On the contrary, the best correlation
of changes in kinetic energy with changes in intensity is
clearly visible. That is, in this case, the change in kinetic
energy E and intensity I correlate much better with changes
in N than D. For example, if we compare the values measured
in a minute at 13 h 49 min with those measured at 13 h 51
min, it can be seen that in the first case the values of N, I and,
respectively, E, are significantly less than those obtained in
the second, whereas with D it is the opposite.
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Figure 3: The results of measuring the kinetic energy, integral and microstructural characteristics of the shower that fell in
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The assumption made in Jayawardena AW, et al. [15]
that a larger average drop size corresponds to a greater
precipitation intensity is also not confirmed. A comparison of
the corresponding measurement data at 13 h 49 min and at
13 h 51 min clearly illustrates the inverse relationship. Thus,
the intensity of rain is mainly determined by the number
of drops per unit of time, and not by their size. Only in the
range of low intensities, when the effect of sorting drops is
manifested, the reverse trend can manifest itself, as noted in
Fornis RL, et al. [18], and what in our case is demonstrated
by comparing the indicators at 13 h 49 min with the values
obtained at 13 h 50 min. This is the result of a temporary
increase in the concentration of large drops, sometimes
carrying many times more energy compared to much more
numerous medium and small ones.

Figure 4 shows the results of calculating the kinetic
energy of the shower under study based on the measurement
data of OPTIOS using three different methods described
in Section 1.3. It can be seen that the correlation of kinetic
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energy changes during the entire downpour is quite
satisfactory for all three graphs. It should be noted that the
values of E, obtained using empirical dependence (3) agree
much better both in the course of changes and in absolute
values with the values calculated using the simplified E,
method than with the values of E.. Obtained from the directly
measured parameters of each drop. This suggests that the
use of simplifying procedures to facilitate the calculation of
kinetic energy can reduce even calculations made on the basis
of real measurements to the level of empirical estimates. In
our case, this resulted in at least a double underestimation
of the absolute values of the key parameter determining the
erosive activity of precipitation. It should also be noted that
kinetic energy calculations based on hydrometric data do
not always give large values compared to model calculations
based on empirical dependences of E on I. For example, in
the study Angulo-Martinez M, et al. [31], calculations based
on the ratios E and I constantly gave overestimated results,
since these ratios are largely determined by the region
in which their parameters were calibrated and by what
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methods. In addition, the accuracy of the measurements of as mentioned above, during field tests in conjunction with
the disdrometer is important. The device should be checked, standard precipitation gauges.

Figure 4: Results of the shower energy calculations by different methods - E, E, __and E..

The kinetic energy brought by a downpour per unit of Figure 5.
soil surface at the fall of 1 mm of precipitation is shown in
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Figure 5: Dynamics of changes in calculated E_ _values and some additional shower parameters measured by OPTIOS on June

22,2023.
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For a better understanding of the mechanism of during which this accumulation occurred are also given. It can
formation of this value, the number of drops N recorded by be seen that the values of E_ _have much less variability than
the device during the accumulation of the corresponding 1 E. At the same time, that changes are mainly determined by
mm of precipitation and the duration of the time interval At the current nature of precipitation. For example, comparing
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the accumulation of the 2" and 3 mm of precipitation, it can
be seen that with a shorter accumulation time of the 2™ mm,
which indicates a higher intensity of the shower, the 3 mm
was accumulated with the participation of fewer drops. This
means that the rain drops were on average larger than the
particles that formed the 2" mm. The E__ graph shows that
this slight upward shift of DSD led to a noticeable increase in
the energy brought to the underlying surface of the 3 mm
of rain.

Similarly, when comparing the number of droplets that
formed the 6™ and 7" mm, we come to the conclusion that
during the transition from the 6™ to the 7" mm, the average
particle size shifted downward. This led to the expected
decrease in the E__ value, despite the fact that a change in
the value of At indicates an increase in intensity by several
times. That is, the dependence of the energy characteristics
of precipitation on the determining parameters has a rather
complex form and requires further comprehensive study.

Conclusion

Thus, in this paper, the prospects of using the optical
precipitation gauge OPTIOS as the main tool for solving any
problems related to the quantitative determination of energy
flows carried during the precipitation ofliquid precipitation is
substantiated. The technical and computational capabilities,
as well as the overall potential of the device in solving this
class of problems both at the theoretical and practical
levels, are demonstrated by measuring the integral and
microstructural characteristics of a heavy shower in natural
conditions and calculating a number of energy parameters
based on them.
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