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Abstract

This work presents the feasibility study regarding the realization of hail sensing probes for re-
mote sensing and study of hail. The probes are designed as artificial hailstones in order to study
both the physical properties of the portion of atmosphere where the formation of hail occurs and
the modification of atmospheric conditions while the hailstones are falling to the ground. The ba-
sic idea is to realize sensors with a similar fluid-dynamic behavior with respect to hailstones; the
density, the weight and the size of the probes are determined. Consequently, the specification of
the electronic boards, sensors, and material to realize the probes are studied and presented. The
hail sensing probes can be dropped by a plane, or potentially a UAV (Unmanned Aircraft Vehicle),
which fly above and through the clouds where the hail formation occurs. During their falling to the
ground, the sensors installed on the probe measure directly different parameters such as humidi-
ty, temperature, pressure, acceleration. All data are sent to a receiver located on the ground. The
study of the sampling frequency of each sensor is presented, together with the analysis of the
propagation channel, in order to assure a robust communication link between probes and the
ground receiver. The energy balance is also computed. The work demonstrates that a set of this
kind of disposable sensors can be realized. They can be used for efficient monitoring operations
and studies of hail formation dynamics and conditions, thus increasing the set of instruments for
the monitoring and remote sensing of hail.
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1. Introduction

The remote sensing of hail has always been mainly focused on post-event analysis and assessment of crop
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damages. These researches are usually made after intense hailstorm events and are supported by insurance and
agricultural institutions; they are based on data and information coming from different sources and techniques,
from SAR to hyperspectral images, to photogrammetry, to climatological studies and so on.

To employ remote sensing techniques to study the hail formation, the hail properties and characteristics and to
investigate the atmospheric dynamics that can lead to the formation of hailstones directly where it happens is
less common. Only a few studies have been proposed using dual linear radar (e.g. in [1] [2]). The most recent
polarimetric Doppler radars allow to discern between rain and hail even during severe thunderstorm, but they are
not widely used to especially study hail. To record and study hailstorms, other studies developed specific sen-
sors similar to rain gauges [3], or they try to implement innovative and uncommon techniques, such as, for in-
stance, using piezoelectric microphone [4] to record hail and establish the intensity.

Since 1970s the studies of tornadoes give some possibilities to realize probes to send directly inside them to
collect measurements of different parameters (e.g. wind). Some preliminary studies and designs were given in
the early seventies [5]. Nowadays these ideas are the basis of different research activities and industrial research
projects. Among them, very interesting is the “Tornado Probe ldea & Concept” proposed by WXOpen-
Source.org, an open weather research technology community to facilitated iscussion, design and deployment of
new systems for meteorological purposes [6].

Considering the lack of specific probes to study the hail formation directly inside the clouds where the hails-
torm formation occurs, and on the basis of the knowledge related to probes to study the tornadoes, the present
work shows an early feasibility analysis of a set of disposable hailstone sensing probes that can be dropped di-
rectly where a hailstorm is going to happen. The probes can be dropped using an aircraft or even a UAV (Un-
manned Aircraft Vehicle) which can fly high enough to be over the portion of atmosphere where the hail forms.
They are designed with the most similar possible fluid-dynamic properties of hailstones. While they are falling
to the ground, they acquire data and send them to a receiver located on the ground which stores information for
post processing operations and analysis.

In the following, after a brief but necessary analysis of hail characteristics, both a theoretical analysis and
practical feasibility study of such probes are presented.

2. Hail Characteristics

Hail is a form of solid meteorological precipitation. It is distinct from sleet, although the two are often confused
for one another. It consists of balls or irregular lumps of ice, each of which is called a hailstone. Sleet falls gen-
erally in cold weather while hail growth is greatly inhibited at cold temperatures [7].

The hail formation is possible within most thunderstorms and requires environments of strong, upward motion
of air, lowered heights of the freezing level and very high atmospheric humidity. At middle latitudes it is more
likely that hailstorms occur in summer and are most common within continental interiors. Hail formation is con-
siderably more likely when the freezing level is below the altitude of about 3500 m. The movement of dry air
into strong thunderstorms over continents can increase the frequency of hail. The evaporation cooling lowers the
freezing level of clouds, thus giving hail a larger volume to grow in. Around a thunderstorm, hail formation is
most likely within the cloud at the elevation of 6000 m, despite its formation altitude can reach up to 11,000 m
[8].

A hail storm generally has a duration that rarely exceeds15 minutes. During a hailstorm, and immediately af-
ter, the ground temperature is lowered rapidly (it is possible down to 10°C in half an hour) because the solid ice
subtracts heat to the environment to turn into liquid water.

Hailstone Characteristics

Since the objective of the work is to study the feasibility analysis of a sensor with fluid-dynamics characteristics
similar to a hailstone, it is important to analyze them.

Depending on the way of its formation, each hailstone can reach a spherical size with a diameter from a min-
imum value of dpi, =5 mm to a maximum dp,,« = 15 cm. Hailstones with a diameter of less than 5 mm are prop-
erly defined as ice pellets [6].

The density of hailstones and ice pellets was measured several times using different techniques. In 1958 [9] a
first attempts to measure the density of ice pellets gave a density value p = 0.5 - 0.7 g/cm®. In 1963 a work of
Braham [10] provided a density values p = 0.87 - 0.89 g/cm®. Then, Prodi [11] and List [12] in 1970 obtained
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separately, with 2 different techniques, a density of hailstones p = 0.82 - 0.87 g/cm®. Various other measures
were carried by other scientists giving values that are not much different. A good panoramic is reported in a
work of Knight [13] and in a more recent paper of Castellano et al. [14]. Taking into account all the measured
density value, in the present work we consider an average density of hailstones p = 0.87 g/cm®.

To study the fluid-dynamics behavior of an object it is important to know its terminal velocity. The terminal
velocity is the highest theoretical velocity that a body immersed in a fluid can reach when subjected to a force of
flow resistance due to the presence of the fluid itself, which exactly compensates forces acting in the opposite
way. It can be evaluated as in (1), where m is the mass of the object, g is the acceleration due to the gravity, p is
the density of the fluid through which the object is falling, S is the projected contact surface of the object and Cy4

is the drag coefficient.
2mg
V, = /— 1
1 =2 SC, (1)

Three different spherical hailstones (with common value Cy = 0.43 for spherical objects) are considered, with
a diameter equal to d; =5 mm, d, = 10 mm and d; = 15 mm. The air density is then assumed to be equal to pg =
1.2 kg/m?® (par = 1200 g/m?) in proximity of the ground and equal to p,;, = 413 g/m® at an altitude of 10,000 m.
Table 1 reports projected surface, volume, mass, and the terminal velocity values of such hailstones.

3. Hail Sensing Probes: Theoretical Feasibility

In order to have hailstones and artificial probes designed with the same fluid-dynamics properties, it is funda-
mental that they have the same terminal velocity: Vpaii = Vprope. This must be ensured considering the mass of the
printed circuit board (PCB), of the all required components and integrated circuits, of the battery, of the radio-
frequency transceiver, and of the outer shell.

Therefore, the following equation (2) must be satisfied. The left term is related to hail while the right one re-
lated to a single probe. The terms Anaii and Aprope CONtain all the effects that may affect the fall of the object:

2 2mhail g = 2mprobeg (2)
V pairshailAhaiI pairsprobeAprobe

Spherical hailstone and probe are considered with radius equal to Ry and Ryrope respectively. It is possible to
evaluate the mass of both of them by knowing their densities. Note that the pyrope IS an equivalent density consi-
dering together both all the electronic equipment and the container.

4
My = § nRr?an Phail (3)

4
m probe — 5 T[Rirobepprobe (4)

Table 1. Hailstone characteristics and terminal velocity.

Hailstone characteristics (density p = 0.87 g/cm®)

Altitude [m] ; Theoretical Terminal Theoretical Terminal
Diameter [nm]  Surface [m?]  Volume [m®]  Mass [g] Sy Velocity [km/h]

10,000 16 ~58

5 2.6e—5 6.5¢—8 0.06
Ground 9.3 ~33
10,000 21 ~76

10 le—4 5¢—6 0.4
Ground 12.3 ~45
10,000 92 ~330

15 0.02 1.77¢-3 1540
Ground 54 ~190
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By substitute equation (3) and (4) in (2) you can obtain the expression (5):

Riait Prail _ Rprobe? probeeg
Apai A

()
probe

Since hailstone and probe are both spherical it is possible to say that the drag coefficients are equal (Ang =
Aprone). Assuming that it is desired to realize the probe with its equivalent density pprope = 0.1 glem®, considering
hail density pnai = 0.87 g/cm?® and radius of the hailstone Ry, = 4 mm, by solving equation (5) you obtain that
youhave to realize a probe with a radius of Ryrpe = 3.5 cm. According to formula (4), such probe has an equiva-
lent mass Myrope = 18 g.

It is therefore demonstrated the theoretical feasibility of an artificial probe with reasonable weight and size.
Such probe will have a terminal velocity Ve equal to about 45 km/h, which is in the range of the hailstones
terminal velocities reported in Table 1, thus respecting the preliminary constraint to have similar fluid-dynamic
characteristics of hailstones.

4. Hail Sensing Probes: Practical Realization

In this section all the aspects of their practical realization are examined.

4.1. Outer Shell

The outer shell must be able to withstand the weather conditions inside the cumulonimbus where the hailstones
formation occurs. Moreover it must be strong enough to prevent damage to the internal electronics during the
possible impact of the probe with “real” hailstones. It is necessary that such container is water-repellent and wa-
terproof, to prevent water and moisture damage the electronics. To meet with these requirements, it can be rea-
lized with laminate resin or HDPE (High Density Polyethylene Molecular), in order to create spherical shells
with desired radius and a mass of 2.5 g. If the target total mass of the probe is 10 g or 15 g (a little lower than
what reported in the section 3 to have some more free degrees for manufacturers), we still have available 7.5 g
or 12.5 g, respectively, for all the necessary equipment. In addition, the shell should be able to resist at the varia-
tion of the atmospheric pressure with altitude. It could be drilled or equipped with light weight valves.

To realize the outer shell it is necessary to realize two semi-spherical containers. After placing on them all the
“intelligence” and the power supply of the probe, we can choose two possible solutions to close the container.
At first, it is possible to close the probe by using screws. This solution allows you to re-open the balls, turn on
the electronic circuits of the probe, replace the battery and perform maintenance on the sensors, if not directly
replace them in case of proven failure. The other possibility is to thermally weld the two semi-spheres and acti-
vate the electronics of the probe with a short range electrical charge. This method makes the hail sensing probes
more robust but does not allow users to do maintenance operations on them.

4.2. Sensors

Different sensors can be installed on the probe. It can be also designed as a multipurpose electronic board where
it is possible to change the set of controlled sensors by simply varying the firmware, as it is reported for instance
in [15]. To monitor the hail formation process, a set of useful sensor could be the following:
Triaxial accelerometer.
Temperature sensor.
Pressure sensor.
Humidity sensor.
Together with the PCB (better if realized with wearable sensor materials to keep it light), the antenna required
for the data transmission to the receiver and the flash memory for the storage of the data measured by the sen-
sors, these sensors must necessarily have a total weight lower than 6.3 g, if the maximum mass Myrere = 10 g is
considered, or lower than 11.3 g if the final probe can have a mass up to Myrepe =15 g.

Thanks to the flash memory, the data measured by sensors can be temporarily stored. They are then transmit-
ted to the receiver in bursts, to minimize the power consumption of the probe.

Depending on the monitoring needs, each sensing probe can be equipped with all sensors simultaneously or
only with some of them. Moreover, you can note that a GPS receiver is not considered among the set of useful
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sensors. In fact, in this context it is not too important to accurately determine the position of each probe but just
their trajectory. The position can be determined with a sufficient precision using the pressure measurements and
the integration of the accelerometer measurements.

According to the analysis in section 3, the terminal velocity of the probes is Vyrone = 45 km/h corresponds to
Vorore = 12 m/s. Since it is roughly possible to estimate a variation ofl °C every 100 m of variation in altitude in
free air, it is necessary that the temperature sensor has a sampling period of at least of 10 s. In order to carry out
a more refined temperature sampling, we assume that such sampling period can be red used t0 TSemperature = 2 S.
Humidity and pressure sensors can also work with the same sampling period (TSpressure = 2 'S, TShumidity = 2 S) in
order to have a set of measurements referred at the same time instant. This is very useful for post processing op-
erations when data can be correlated each other.

Triaxial accelerometers data are necessary to monitor the speed and direction changes of the hailstones and to
extract their trajectory. The accelerometer needs a sample rate higher than other sensors. Due to the gravity ac-
celeration, the terminal speed Vy, = 45 km/h is reached in a time equal to Tyn, = 1.22 s. Therefore, in order to
detect the changes in acceleration with good accuracy, the accelerometer needs a sampling period of TSzccelerometer
=0.1s.

Let us now suppose that each measured data is coded with 4 bytes. We have 12 bytes of data every 2 seconds
due to temperature, pressure and humidity sensors, and 12 bytes each 0.1 seconds due to triaxial accelerometer
(4 for each coordinate axes). That means that a single hail sensing probe stores n Byte = 3780 bytes each 30
seconds, and then transmits them to the receiver.

4.3. Data Transmission

In order to assure a good transmission quality, the frequency Frx = 350 MHz would be the best choice, since it is
not affected by the presence of hail and water in the atmosphere [16]. But respecting the international laws for
RFID and DASH7 systems (as the one proposed here), the best operative frequency that can be used is Frx =
433 MHz. The loss introduced into the systems is only 2 dB.

A common commercial transceiver that can be installed on board can have the following characteristics:

o Single dipole antenna.
e Antenna gain, Grx = 2.15 dB.
o Receiver sensitivity, Prx = =70 dBm.

Let us consider also a single receiver, located on the ground and made up by a specific designed electronic
interface (which include also RF section) connected to a PC. It is devoted to receive data coming from all the
probes and to properly store them in well-designed database. Characteristic of such equipment are:

o Antenna gain Ggrx = 10 dB.

e Due to antenna gain, the HPBW (Half Power Beam Width) is approximately equal to 60°; it is large enough
to receive the signals from the set of directions from which the probes are transmitting.

e The probes are dropped from a maximum height h = 10,000 m but it is necessary that the receiver is able to
receive signal sup to a distance r = 20,000 m.

o Sensitivity of receiver Pryx = —130 dBm.

According to such specifications, by inverting the Fri is equation (6) it is possible to evaluate the minimum
power that the probes and the ground receiver must transmit.

2
c
Prx = Prx Grx Grx (W] (6)

Each probe must transmits a minimum power of Prxgrone = —30 dBm, while the ground transceiver must
transmit a power Prygroung = 30 dBm (1 W). The most critical value is Prxprope Since the probe is powered by a
battery which has, of course, a limited duration. Particular attention must be paid to lower as much as possible
the probe power consumption. On the other hand, the ground station can be connected to electrical power supply,
thus avoiding the implementation of power saving techniques and allowing transmitting 1 W without problems.

In order to assure that all the artificial hailstones transmit their data to the ground station, the ground receiver
performs a polling technique. The ground station knows the amount of fallen probes (almost twenty probes si-
multaneously). When a probe recognizes its unique identification code (ID) in the inquiring message, it trans-
mits a series of packets to the receiver. The receiver parses the packets and stores the data.
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In order to protect data from errors CRC (Cyclic Redundancy Check) codes can be used, since commercial
radiofrequency transceiver chips usually have a native implementation of such techniques.

Given the low amount of data to be transmitted from each probe to the receiver, it is sufficient a simple FSK
modulation (Frequency Shift Keying), even better, if it is possible, in its GFSK (Gaussian Frequency Shift Key-
ing) variation, to smooth the transition between the logic levels and limit the spectral bandwidth.

Even the data transmission rate can be low: a speed of Vy,s = 4800 baud is enough and guarantees a good sig-
nal to noise ratio together with low bit error rate.

4.4. Energy Balance

As already written before, a theoretical terminal velocity of hail sensing probes Ve = 45 km/h is considered
together with the as sumption to release them from a maximum height h = 10,000 m. To reach the ground they
last about 13 minutes. Since during the whole fall time it is fundamental to guarantee the fully probe operations,
it is necessary to use a battery with a capacity sufficient to ensure a sensor average power consumption equal to
lsensors = 100 mA. This value of current consumption is significantly overestimated, but allows evaluating the
energy balance in the worst case. Of course it is also necessary that the battery works at the same voltage of the
sensors: 3 V.

The terminal speed Vo, does not take account of neither the initial acceleration transitory, nor the terminal
velocities at different heights (which are of course different depending on the altitude), nor the possible presence
of cross winds upward: all this effects can significantly increase the permanence time in the air of the probe.
Therefore it is necessary to considered that the battery life should be sufficient to ensure the power supply to the
sensors and to the transceiver for the whole time of the probe “flight” which can be overestimated in T, = 20
minutes.

On the basis of the previous considerations, the necessary energy that has to be available at the battery must
be at least E,, = 360 J.

The needed energy can be provided by a common button battery model IEC-CR1616 [17] with the specifica-
tion reported in Table 2. The CR1616 battery provides 594 J as evaluated with expression (7).

Epatery = 95MAN -3V -60min- 60s = 594J O]

The commercial sensors with the current consumption reported in

Table 3 require almost 1 J overall to make the measurements. Of course, when they are not sampling, a spe-
cific firmware must keep them in low power consumption mode.

Table 3 reports also the power consumption to transmit data do the ground receiver. It is demonstrated that
the battery in Table 2 provide the energy to guarantee that a probe works properly during the fall, thus allowing
a good monitoring operations of hail dynamics and behavior during its formation and precipitation to the
ground.

5. Conclusions and Outlooks

This work presents the feasibility analysis of artificial hailstone to monitor hail formation and behavior. Such

hail sensing probes can be designed with similar fluid-dynamics properties of the hailstones and can be realized

in practice to increase the type of instrumentations for the remote sensing, the study and the research about hail.
Table 4 reports a summary of the characteristics of the hail sensing probes obtained with the presented work.

Table 2. Technical specification for a battery IEC-CR1616 [17].

Typical capacity 55 mAh
Chemical System Lithium/Manganese Dioxide (Li/MnO,)
Voltage 3V
Typical Weight 119
Operative Temperature -30°C/70°C
Diameter 16 mm
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Table 3. Power consumptionduring the activities made by a single hail sensing probe.

Operation Consumption Time Number of activities during Tgy = 20 min
Data Transmission to ground receiver —30dBm 1s 40 (1 transmission every 30 seconds)
Tranceiver consumption while it is on 3mA 1s 40 (1 every 30 seconds)
Accelerometer sensor measure 0.15 mA 10 ms 12,000 (1 every 0.1s)
Temperature sensor measure 3.6 MA 10 ms 600 (1 every 2s)
Pressure sensor measure 3mA 10 ms 600 (1 every 2s)
Humidity sensor measure 1 mA 10 ms 600 (1 every 2s)
Sensors in stand by (low power mode) 120 pA Remaining time during Teay

Table 4. Summary of main characterisctics of the hail sensing probe.

Ray of the probes (spherical) 35 mm
Weigth 10-15¢
Outer shell Laminate resin or HDPE (High Density Polyethylene Molecular)
Terminal velocity on the ground 36 - 45 km/h
Time to fall on the ground from 10,000 m 13 - 20 minuti
Sensors Voltage 3V
Probe meanpowerconsumption 100 mA
Sensors Triaxial accelerometer, temperature, pressure, humidiy
Sampling period of the sensors.
Temperature: 2s
Pressure: 2s
Humidity 2s
Triaxial accelerometer 0.1ls
Transmissionfrequency 350 MHz - 433 MHz
Probe RF transceiver
Transmittedpower —30dBm
Sensitivity —70 dBm
Ground receiver RF transceiver®
Transmitted power 30dBm
Sensitivity —130 dBm
Modulationscheme GFSK
Transmissionspeed 4800 baud
Inquiringtechnique Polling

®Not necessary for probe realization but it is needed to evaluate the power link budget and to design the probe transceiver.

The choice of the components and the design of the PCB should be made paying attention to their reliability and
robustness, especially when working in harsh environmental conditions.

Of course, some further optimizations can be done during potential future developments. Since the objective
is to study the hail and its formation, it is important that the probes are always more similar possible to real hail-
stones. The idea is therefore to develop probes always smaller with all the necessary electronic equipment inside
them and to have probes with different sizes. In order to prevent the probes to fall down to the ground too fast it
can be necessary to modify its surface by introducing some protrusion. In this way, calibrating appropriately the
mass of the probe, the contact surface and their volume, it is possible to realize artificial hailstones that have the
same terminal velocity of the real hail with different and reduces size and even with different shapes.

In the future, in addition to build a lab-demonstration version of the device, and realize some software simula-
tions of the probes behavior during hailstorm, it will be studied in detail how these sensors can be deployed,
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considering the capability to know a priori and forecast where such a hailstorm is going to occur, and how much
advanced notice would be needed to deploy them (e.g. to take off in time the UAV or the small plane).

After such studies and simulations, if the probes could be practically realized it will be important to consider
also the safety aspects of deploying a larger number of free-falling spherical sensors that physically mimic de-
structive hailstones. The problem is not addressed in this work since it is only a feasibility analysis of the probes
themselves. It will be necessary to understand how and when these sensors can be deployed without damaging
property and/or people.
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