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ARTICLE INFO ABSTRACT

Keywords: Weather radar calibration is a crucial factor to be considered for quantitative applications, such as QPE
Weather radar (Quantitative Precipitation Estimation), which is used as input for weather risks management. The present work
UAY . proposes a novel approach to the end-to-end radar calibration method through the characterization of the radar
gzg::;:; weighting functions. These are Gaussian functions that model an additional attenuation factor to the radar

received power. This approach, based on the inclusion these parameters, allow the obtainment of a calibrated
equivalent reflectivity factor expression for a Doppler dual-polarization weather radar that operates in the X
band. To calculate these parameters, a UAS (Unmanned Aircraft System) was implemented for suspending the
calibration target with a well-defined cross-section and for measuring its inclination due to wind using an IMU
(Inertial Measurement Unit). From its measurements, the position of the target can be estimated, which is
essential to the characterization of the weighting functions. Their inclusion within the radar equation, alongside
the implementation of the angular measurement system highlight the innovation to the traditional radar cali-
bration methodology that does not contemplate them from the explored state-of-the-art. The reflectivity was
compared with the measurements from a disdrometer for a moderate rain event. An average reflectivity dif-
ference of 0.75 dBZ and a percent bias of 3.3 % were obtained between the expected and estimated measure-
ments when including these functions compared to the 1.51 dBZ and —62.7 % obtained when disregarding them.
These experimental results point out that the proposed method can deliver superior accuracy in the reflectivity
estimation.

1. Introduction

Radar systems are used in a broad spectrum of applications
(Waldschmidt et al., 2017), (Khan and Power, 1995), (National Research
Council, 2002). Weather radars play an essential role in meteorological
research, which can lead to a better understanding of weather conditions
and eventually to the mitigation of several weather hazards through
forecasts using data ingested usually from a network of radars (Mama-
lakis et al., 2020). However, an uncalibrated or poorly calibrated radar
is a source of degraded data, which limits the usefulness of the radar and
contributes to erroneous and misleading estimates.

Calibrating a weather radar typically involves adjusting the reflec-
tivity factor calibration (Christodoulou et al., 2004). One of the most
reliable methods for weather radar calibration involves an end-to-end
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approach using reference reflectors as passive targets (Suh et al.,
2017). To enhance the precision of radar parameters, particularly when
the scatterer’s location within the radar resolution is uncertain, the
radar range and beam weighting functions are integrated into the radar
equation. These functions introduce an additional attenuation factor due
to the scatterer’s position in both angular and range within the resolu-
tion volume (Chen et al., 2011). Previous research has primarily focused
on evaluating the impact of these range and beam-width weighting
functions on radar received power (Scipion et al., 2008). However, there
has been a notable lack of research regarding the utilization of these
functions in characterizing the radar’s hard-targets equation, specif-
ically when the scatterer’s position inside the resolution volume is
known. Traditionally, the end-to-end method using spherical targets
requires the simultaneous use of a weather balloon to suspend the
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Table 1
List of similar works related to the weather calibration using UAVs.
Author Approach Application Strengths Weaknesses
(Duthoit et al., Usage of a UAV carryinga  Antenna characterization, Standard deviation of 0.35 dB for differential Calibration only considers the

2017)

(Joshil and
Chandrasekar,
2022)

(Yin et al., 2019)

(Williams et al.,
2013)

gimbal with an RF probe
and a foil-wrapped foam

sphere.
Usage of a UAV

suspending a metal

sphere.

Usage of a UAV

suspending a GNSS system
alongside a metal sphere

End-to-end calibration
using metal spheres

radome inspection and radar
calibration using metal sphere.

Calibration of the dual-
frequency dual-polarization
3DR weather radar

Calibration of an S-band
mobile Doppler weather radar

Differential reflectivity
calibration of a NEXRAD
weather radar

reflectivity obtained for measurements across
one experiment.

Reflectivity offsets obtained between 1.33 and
2.21 dBZ for 3 of the 4 receiving channels of the
radar.

Extensive characterization of the antenna. The
calculated radar constants have small standard
deviations within 1 dB among different
experiments.

Difference of 0.2 dB obtained between the
theoretical reflectivity and the measured results.
Manufactured metal spheres of two different
sizes were considered for the analysis.

differential reflectivity for a single RHI
and disregards the calibration of the
reflectivity obtained for a single channel.
Only the difference between the expected
and measured reflectivity values for the
metal sphere was considered for the
validation.

Calibration in the radar operational
mode could not be performed due to legal
UAV flying height limitations in the
Netherlands.

Only the difference between the expected
and measured reflectivity and differential
reflectivity values for the metal sphere
was considered for the validation.
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Fig. 1. Block diagram of a pulsed Doppler radar and a representation of the backscattering of the transmitted pulses.
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Fig. 2. Diagram of the SOPHy weather radar.

reflector. However, certain conditions and considerations must be taken
into account for this method to yield a successful calibration (Manz
et al., 2000).

Nowadays, the usage of Unmanned Aerial Vehicles (UAV) has been

extended into many applications for remote sensing (Apaza et al., 2017),
(Hafeez et al., 2023). Flying targets are a well-documented option for
radar calibration, specifically balloon-borne targets, and aircraft. How-
ever, these targets are associated with certain drawbacks in operability,
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Table 2
Operational parameters of the SOPHy weather radar.
Parameter Value
Radar type Dual Polarization / Doppler
Operative frequency 9.345 GHz
Wavelength 0.032m
Radar pointing range AZ: (0°-360°) — EL: (—5°-185°)
Max. observable range 60 km
Antenna beamwidth 1.8°
Antenna diameter 1.21m
Antenna gain 38.5 dBi

PPI, RHI, combined
CC8, CC16, CC32, CC64, CC128
Solid state 200 W

Scanning modes
Pulse compression coding schemes
Peak transmitting power

cost, and scan strategy flexibility. The usage of UAVs can mitigate many
of those drawbacks by selecting a custom remote flying trajectory.
However, this method is not exempt of drawbacks, as the pendulum-like
motion of the airborne hanging sphere can lead to a significant position
uncertainty of the target.

A review of the explored implementations of radar calibration is
presented in Table 1; as can be observed, none of the previous works
uses the radar range or beam weighting functions in the characterization
of the radar equation for point targets. Additionally, none of the
explored works uses similar instrumentation for validating the reflec-
tivity measurements obtained using the radar constant. These types of
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comparisons can lead to standardized radar networks, which is crucial
for remote sensing studies.

This work’s main contribution is a weather radar calibration method
that uses a spherical target to obtain a radar constant that includes the
characterization of the radar range and beam weighting function in the
radar equation. The described method also includes the implementation
of a UAV-based device for measuring the position of the airborne target.
This device consists of a System-On-Chip (SoC) unit, an Inertial Mea-
surement Unit (IMU), and several custom-built pieces that allow the
integration of the target to the UAV. The reflectivity measurements
obtained using the calibration constant were validated using a dis-
drometer while sampling the same phenomena. For a moderate rain
event, an average reflectivity of 0.75 dBZ and a percent bias of 3.3 % was
obtained between the expected and estimated measurements while
including the weighting functions in the radar constant characterization.
When these functions were disregarded, an average reflectivity value of
1.51 dBZ and a percent bias of -62.7 % was obtained. These results show
an elevated degree of agreement between instruments which suggest a
high precision rate in the reflectivity estimations using the proposed
method.

Furthermore, this paper is organized as follows. Section 2.1 provides
an overview of weather radars, the weather radar used in this paper and
the main equations used for the calibration. Section 2.2 explains the
design and development of the aircraft used for the calibration method
alongside the planning of the calibration experiments. Section 2.3

=)

Fig. 3. UAS used for the calibration, alongside the spherical target.
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Fig. 4. Calibration system including the UAS coupled to the mechanism that lifts the sphere, the 30 m cable, and the metal sphere.
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Fig. 5. Diagram of the angular measurement system and its interconnecting interfaces.

Fig. 6. (a) Top view of the calibration experiment’s location (b) Side view of it.

Table 3
Operational parameters of the SOPHy radar used during the
calibration experiments at the Jicamarca Radio Observatory.

Parameter Value
Pedestal Speed 10°/s
Elevation Range 0 — 40°
Azimuth Range [2° — 4°]
Heading —26°
Pulse Width 0.1us
Sampling Rate 20 MHz
Range Resolution 15m
Inter-Pulse Period (IPP) 60 km
Mode RHI

describes the development of the calibration method involving the
processing of the data obtained from the experiments and the calcula-
tion of the radar calibration constant. Section 3 explains the obtained
results alongside the validation using a reference instrument. Finally,
major conclusions and contributions are stated in Section 4.

359

2. Materials and methods
2.1. The Doppler weather radar

2.1.1. Overview

The pulsed Doppler weather radar basic diagram, as depicted in
Fig. 1 includes a pulse generator through a local oscillator, a pulse
modulator and a power amplifier that introduces a large gain to the
pulsed signal before being transmitted through the antenna (Doviak and
Zrnic, 1993). A small part of the back-scattered pulses from the targets
towards the antenna are filtered and amplified. A circulator is included
between the antenna and the transmit/receive devices, which acts as an
interface to the RF back-scattered signals and the high-power signals
from the transmitter. Before entering the receiver, the amplified pulsed
signal is converted from a microwave signal into an intermediate fre-
quency signal. Finally, this signal is processed to obtain the Doppler
shift, spectral width and received power, also known as radar moments
from its I-Q voltage components. The received power is essential in the
radar equation characterization and the reflectivity factor (Z) estima-
tion. One of the main advantages that dual-polarization radars offer is
that the moments from each individual polarization can be used to
calculate polarimetric variables (Chandrasekar et al., 2013). On a dual-
polarization weather radar, the moments from each receiving channel
are combined and processed to obtain variables that are used to classify
hydrometeors and to perform Quantitative Precipitation Estimation
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E: hg X cos¢
F: ho x sin¢

Fig. 8. Geometrical model of the metal sphere position considering the rotation
in the Z axis (yaw) of the UAS compared to the reference North, which is also
mapped + Y axis of the positioning model, in this case the E and F distances
were considered to the model.

(QPE) for approximating the amount of precipitation that has fallen over
certain regions (Neuper and Ehret, 2019).

2.1.2. The SOPHy weather radar

The Scanning-system for Observation of Peruvian Hydro-
meteorological events (SOPHy) (Espinoza et al., 2021) is an innova-
tive mobile weather radar created by the Geophysical Institute of Peru
(IGP) at the Jicamarca Radio Observatory. Operating in the X-band at a
9.345 GHz frequency with dual-polarization capabilities, SOPHy is
designed to estimate various weather radar variables. These measure-
ments serve the dual purpose of quantifying precipitation levels and
classifying the presence of hydrometeors in the Peruvian atmosphere.
SOPHy’s transmission and reception system is based on Software
Defined Radio (SDR), enabling the flexibility to test different waveforms
for transmitting pulses and reconfigure receiving parameters through
software. The radar system offers versatile scanning capabilities with
two modes: Plan Position Indicator (PPI) and Range Height Indicator
(RHI), achieved through azimuth or elevation movements of the radar
pedestal. Fig. 2 provides a pictorial diagram of SOPHy’s radar system,
encompassing both transmitting and receiving modes, along with each
polarization. Table 2 presents the key operational parameters for the
SOPHy radar.

2.1.3. The radar equation
The hard-targets radar equation (Skolnik, 1980), which relates the
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Fig. 9. (a) S-H plot for one of the samples from experiment 2, showing the signatures for the UAV and the sphere. (b) Position of the UAV measured using its GPS
coordinates. (c) Estimated position of the metal sphere using the angular measurement system within its resolution volume.
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power of the back-scattered echoes measured at the receiver of the radar
to several of its operational parameters was slightly modified to perform
a more in-depth characterization of the SOPHy radar,

_ P,G*GuuX’

_ PG G 1
@nre W

Wi,

where P; and P, are the radar transmitting power and receiving power,
respectively; G is the gain of the antenna; 1 is the operational wave-
length, ¢ is the radar cross-section of the scatterer, r is the distance in
range from the center of the antenna to the target and L? is the unknown
variable related to all the external and internal losses of the system.
Additionally Gina is the total gain from the low noise amplifiers at the
receiver and W, and W, are the range and beam weighting functions,
these are Gaussian functions that model the received power distribution
due to the angular position and range of the scatterer within a single
resolution volume (Holdsworth and Reid, 1995), (Yu, 2000), (Cheong
et al., 2004). From this equation, the fixed parameters and the losses
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variable can be grouped at the left side into a hard-targets calibration
constant Cgy, (Eq. (2), leaving the variable parameters at the right side of
the expression:

Pt

C S ———
P, to-.ythLNA W.W,

(2)

For calculating an equivalent reflectivity expression, the previously
estimated constant can be plugged in alongside other additional fixed
parameters from the soft-targets equation. to calculate a soft-targets
constant C, (Eq. (3), where c is the speed of light, 7 is the width of the
transmitted pulses, 6, is the effective beam-width of the antenna of the
radar in radians and K, is the complex dielectric constant associated to
the distributed target, in this case water. Finally, an equivalent radar
reflectivity expression Z, is calculated using the previous soft-targets
constant and the variable radar parameters in Eq. (4).

160m22*

=————x10"
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Table 4
Status of the calibration experiments performed.
Experiment  Tx Mode Status Observations
1 Horizontal ~ Usable Low quantity of samples
2 Vertical Usable None
3 Vertical Usable None
4 Vertical Not Incorrect measurements from the
Usable inclination system.
5 Horizontal =~ Usable None
6 Horizontal ~ Not Failed to save the received data from the
Usable correct channel.
P,r,’C,
Z,[mm®m™3] = 2= “4)
[ } PtGya

2.2. Design and implementation of the calibration method

The proposed calibration method adopts the widely used end-to-end
radar calibration technique employing metal spheres (Li et al., 2016).
The choice of a spherical target is deliberate, as it provides a constant
and precisely defined cross-section relative to the radar’s pulse wave-

experiments. Furthermore, an angular measurement system was inte-
grated into the UAS to measure the cable inclination caused by wind.

2.2.1. Implementation of the UAS as a calibration target

The UAV employed for suspending the calibration target is built
around a foldable carbon fiber Tarot T960 mm frame. The onboard flight
controller is the 3DR Pixhawk board (Dronecode Foundation, 2020), an
open-source system, using the Copter firmware from Ardupilot (Ardu-
pilot, 2023). To build the hexacopter into a calibration target, an addi-
tional structure for lifting the sphere was affixed to the UAV, positioned
between the hexacopter’s legs. This structure features a rolling mecha-
nism to properly hoist the metal sphere. The spherical target itself
consists of a 0.35 m diameter Styrofoam sphere covered with aluminum
foil. At the upper pole of the sphere, there is a small aperture where a 30-
meter metal rope attaches to lift and suspend the sphere in the air. This
separation allows for the distinct recognition of two radar echoes to
distinguish the UAV from the sphere. Characterizing the spherical target
in the radar equation involves calculating its radar cross-section, which
belongs to the optical region. In this region, the cross-section depends
solely on the sphere’s circumference, zr?, where r represents the radius
of the spherical scatterer (Fukao and Hamazu, 2013). The optical region
can be guaranteed with the following expression:

s . . . 2na
length. To facilitate the calibration process, an Unmanned Aerial System —>12 5)
. - . A
(UAS) was deployed to suspend the target during calibration
(a) H (Experiments 1 and 5) (b) V (Experiments 2 and 3)
v % Exp.1 250d * Exp.2 v v
50.0 4 ¥ Exp.5 ¥ Exp.3
- = Mean = = Mean A
40.0 4 20.0 1
o v o
‘S< 30.0 1 % 15.0 A ¥
z v G 13,6 o o o o
g Y g
= 20.0 v = 100
* 15.9 ————,—l ———————————— * x
10.01 v v 5.0 {3
x®
0.04-F L v ¥ ) ¥

Number of samples

3 4 5
Number of samples

Fig. 13. Hard targets constant values (( x 10~%)) across the samples when (a) using the samples gathered from the experiments using the horizontal polarization
mode. (b) using the samples gathered from the experiments using the vertical polarization mode.
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Table 5
Comparison of the different radar calibration constant values obtained across all
the calibration experiments.

Hard-targets
constant (x10°

%

Soft-targets constant [dB]

Scenario H \Y% H \ | H
-V |
Using the weighting functions in the ~ 15.9 13.6 63.58 64.26 0.67
radar characterization
Disregarding the weighting 9.46 9.05 65.84 66.03 0.19

functions in the radar
characterization

where a is the radius of the sphere and A is the operational wavelength of
the SOPHy radar. Using this expression, the minimum radius of the
sphere needed to locate the sphere in the optical region is 0.063 m. The
UAS, including the UAV, the metal sphere with its 30 m length cable,
and the structures coupled to main structure is displayed on Fig. 3.

2.2.2. Development of the angular measurement system

To quantify the radar range and beam weighting functions, the
following steps were determined:

Step 1: Implement a mechanism that measures the tilt of the cable
connected to the UAV and allows the calibration sphere to be suspended
freely rotating on 3 axes. Since the sphere is prone to move from its rest
position due to external factors (i.e. wind). Fig. 4 shows the block dia-
gram of the tilt measurement system.

Step 2: An inclination measurement system was developed and
placed into a small structure next to the flight controller of the UAV
(Apfata et al., 2021) For acquisition and processing use an inertial
measurement system (IMU) MPU6050 (Alzamora et al., 2022) and a
System-On-Chip Espressif ESP-WROOM32 development board adapted
on the UAV. Also, the quaternion algorithm (Kim and Golnaraghi, 2004)
and the Mahony filter algorithm (Mahony et al., 2008) were used in the
processing to solve the attitude fusion. From the obtained quaternions,
the Euler roll and pitch angles were retrieved and sent to the Pixhawk
Serial4 interface. A diagram of the proposed device is shown in Fig. 5.

Step 3: For storage of the obtained data the Ardupilot firmware
installed on the Pixhawk was modified to include receiving the angles
and writing them to the flight logs in an external flash memory along
with a timestamp provided by a GPS. To verify the correct reception and
writing of the angles, a notifier LED connected to one of Pixhawk’s
auxiliary ports was installed.

Step 4: Finally, the sphere was positioned within the radar resolution
volume in a Cartesian model to characterize the beam weighting

The Egyptian Journal of Remote Sensing and Space Sciences 27 (2024) 356-368

functions in the radar equation for hard targets, since these functions
depend on the position of the scatterer.

2.2.3. Experiment setup

To perform the calibration experiments with the SOPHy radar, its
distance to the UAS had to be set from a minimal value calculated by the
radar far field, which is the region where the resultant field of the an-
tenna pattern can interfere constructively into an evenly wave front
(Haridimm et al., 2016). With a regular parabolic antenna, the far field
region can be calculated with the following expression (from SOPHy’s
parabolic antenna dish parameters):

2D?

1 (6)

Tar[m] =
where D = 1.21 m and A = 0.032 m (see Table 1). With these values the
far field was estimated to start at 92.6 m. Considering this, the distance
from the radar to location of the UAS was set to 200 m (Fig. 6a). From a
side-view (Fig. 6b), the UAS was located 100 m above the ground in a
loiter mode maintaining a fixed location, heading, and altitude. This
mode allows the stabilization of the sphere in a fixed spot neglecting the
wind effects.

Six calibration experiments were performed from May 7th to May
9th, 2022. Table 3 displays the scanning pattern and the radar param-
eters set for the experiments.

2.3. Radar calibration procedure

The radar calibration block diagram is depicted in Fig. 7. This in-
cludes the radar data processing step, a step related to the aerial posi-
tioning that was elaborated to obtain the Cartesian coordinates of the
sphere from the roll and pitch angles and the GPS coordinates of the UAV
of the inclination measurement system, and the characterization of the
radar equation using all the parameters collected from the experiments
performed to obtain a calibrated equivalent reflectivity expression.

2.3.1. Aerial positioning system

To characterize the radar weighting functions, the aerial positioning
of the calibration sphere was performed using the retrieved inclination
angles associated to the 30-meters cable from the UAS controller flight
logs. The following steps briefly explain the algorithms that transform
those inclination angles into a referential sphere position.

Step 1: The positioning of the Unmanned Aerial System (UAS) was
accomplished through a Geodesic to Cartesian transformation (Burtch,
2006), using GPS coordinates for both the SOPHy radar’s location and
the UAS, taking the former as the reference point.

Step 2: The positioning of the sphere relative to the UAS was deter-
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Fig. 15. (a) Location of the SOPHy radar and the PARSIVEL? disdrometer installed on the LAMAR observatory. (b) Side view of the SOPHy radar pointing above the

LAMAR observatory alongside the distances between the instruments.

mined using the equivalence of roll and pitch angles in Euler coordinates
to the first two angles in spherical coordinates. Using the range distance
(d,) from SOPHy to the UAS, along with the roll (o) and pitch (B) angles,
the distances in the Cartesian model were calculated, estimating the
distance from the sphere’s resting position to its current location on the
same XY plane (ho).

Step 3: The yaw offset (¢) was incorporated into the model to
compensate the rotation of the UAS. This approach enabled the calcu-
lation of E and F perpendicular distances aligned with the + X and + Y
axes (Fig. 8).

Step 4: Finally, considering the 30-meter vertical length of the cable
from the UAS in its resting position, the sphere’s Cartesian coordinates
were determined concerning the SOPHy radar.

2.3.2. Radar data processing step

The processing of the radar data collected from the calibration ex-
periments is described in the following steps:

Step 1: Using the RHI files for all the samples retrieved from the
calibration experiments, the power signatures associated to the UAV and
the sphere were plotted alongside the estimated positions of the UAV in
a “S-H” plot (Fig. 9). This “S-H” scale considers the curvature of the
Earth to the range and height calculations. This plot was done to validate
the estimations of the sphere using the positioning model.

Step 2: To calculate the range weighting function values, from the
processed radar data, the estimated range of the sphere (r), and the
distance in range to the center of the resolution volume that contains the
sphere (r,) were included in Eq. (4), alongside the variance associated to
the transmitted pulse for the experiment. On Fig. 10, the procedure is
explained, showing the distances including the plot of the range
weighting function for the resolution volume that contains the sphere.

Step 3: To estimate the azimuth component of the beam weighting
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function, the azimuth angle that goes from the reference North to the
location of the sphere (6y), a small geometrical model was used (Fig. 11).
The azimuth angle of the center of the resolution volume () was
retrieved from the collected radar data associated to the pedestal.

Step 4: For the elevation component of the beam weighting function
(Fig. 12), the elevation angle to the center of the beam was compared to
the elevation angle associated to the sphere, which was calculated using
the estimations of the range and height of the sphere.

Step 5: Finally, with the characterization of each component of the
beam weighting function, these now can be evaluated.

3. Results and discussion

Of the six calibration experiments performed, only four of them were
considered for analysis. Unfortunately, as only one transmitter was
available during the time when the calibration experiments were per-
formed, the differential reflectivity analysis will not be possible to
evaluate, as it requires both co-polar channels simultaneously operative.
However, in compensation the analysis will be focused on the obtention
of the radar constants for the horizontal channel, which leads to a
particular reflectivity expression for the SOPHy radar, detailed in Sec-
tion 3.1. Section 3.2 offers an in-depth comparation of the reflectivity
values obtained with the radar constant during a rain event against
similar instrumentation, and the impact of the radar weighting functions
on this reflectivity estimations. Table 4 summarizes the status and a
description for each performed experiment. All the usable samples
depending on the co-polar line (horizontal or vertical) connected to the
only available transmitter were separated in two different data pools.
However, for the calibration constant and reflectivity analysis only the
results from the experiments associated to the horizontal channel (1 and
5) were considered.
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3.1. Analysis and evaluation of the radar calibration constant values

From the collected data, an average hard-targets constant value was
calculated, as it is depicted on Fig. 13 for each different polarization
mode used. Table 5 highlights the values of the averaged hard-targets
constant values obtained and its soft-targets constant value associated
alongside the difference between the horizontal and vertical constant in
two different scenarios. The first scenario considers the inclusion of the
radar weighting function in the radar hard-targets and soft-targets
calculation, while the second excludes them from the radar equation
characterization. From this comparison, a difference of 0.67 dB was
found between the polarization modes for the first scenario. This value
can be interpreted as a difference of the total gains and losses within the
characterization of the transmitting and receiving path when using the
transmitting line associated to the horizontal or vertical channel. From
the comparison between both scenarios, it can be observed that the in-
clusion of the weighting functions is related to an increment of the hard-
targets constant for both channels and a decrement of the soft-targets
constant at the same time. A difference of 2.17 dB for the soft-targets
constant was obtained comparing both scenarios, which will be
analyzed during radar normal operation for comparing the impact of
these functions for its reflectivity estimation. The average reflectivity
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value associated to the UAS and the sphere signatures for each polari-
zation mode used are shown on Fig. 14. This displays the average
reflectivity values for the range profile associated to the maximum
received power echo obtained for the UAS and the sphere. As it can be
observed, average sphere reflectivity values of 45.77 and 45.16 dBZ
were obtained for each polarization mode used for across calibration
experiments. However, the difference between these values cannot be
considered for a differential reflectivity analysis, as each co-polar
channel was tested independently and not simultaneously due the
absence of a second transmitter for the SOPHy radar during the cali-
bration experiments.

3.2. Validation of the calibration during operation

To analyze the performance of the calibration constant for the
SOPHy radar a comparison of the reflectivity values was performed
using reference instrumentation. This comparison was performed
pointing towards the Atmospheric Microphysics and Radiation Labora-
tory (LAMAR) (Flores-Rojas et al., 2021), located in the Junin region of
Peru at the Huancayo Observatory at 3 km from the Sicaya Observatory
where SOPHy is currently installed. The PARSIVEL? (Particle Size and
Velocity) is an optical disdrometer that measures both the size and speed



G. Buckingham et al.

40

(a)

35 1

30

[

1 m™
1—

| -

Percent bias: 3.3%
Absolute percent bias:|5.4%

20

15 A

Z. estimated by SOPHy using W; and W} [dBZ]

10 T T T T T
10 15 20 25 30 35

Z measured by the PARSIVEL? disdrometer [dBZ]

40

The Egyptian Journal of Remote Sensing and Space Sciences 27 (2024) 356-368

40
(b)
N O O
S 351 1
E I
. 30 - — —
= :I’ H:'
5 —|
2
= 251 = 7117
& B
2 % H (]
2 20
-
@
©
£ Percent bias: -62.7%
E, 157 Absolute percent bias:|5.1%
10 : . ; ; ;
10 15 20 25 30 35 40

Z measured by the PARSIVEL? disdrometer [dBZ]
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Table 6
Comparison between the expected and the estimated results for the May 6th,
2023 rain event.

Scenario Average Average | Average
expected estimated Expected
Reflectivity Equivalent Reflectivity —
(PARSIVEL?) Reflectivity Average
(dBz) (SOPHy) (dBz) Estimated
Reflectivity |
(dBZ)
Using the weighting ~ 26.74 25.98 0.75
functions in the
radar
characterization
Disregarding the 26.74 28.24 1.51
weighting
functions in the
radar
characterization

of small falling particles to calculate the reflectivity associated with the
precipitation that falls across its laser beam (Loffler-Mang and Joss,
2000). The geographical location of both instruments is shown on
Fig. 15.

For a May 6th, 2023, rain event, Fig. 16a. highlights the comparison
between the reflectivity measured by SOPHy against the PARSIVEL?
pointing above the LAMAR observatory across a 40-minute interval for
both soft-targets constant obtained from Table 5. A reflectivity sample
for the 10:24 PM time was selected to showcase the RHI plot associated
with this sample (Fig. 16b). The chosen echo from Fig. 15a can be
observed here at a range of 2.7 km and a height of 800 m, which is
associated to the 33.9 dB equivalent reflectivity factor value.

To compare the event rain totals between both instruments, the
percent bias and percent absolute bias metrics were used, which are
calculated for n samples as:

721':1(;“" —) 100\%,

i=1%i

Percentbias =

)
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Percentabsolutebias = — il x 100\%, (8)

where x is the reference instrument variable (reflectivity measured by
the PARSIVEL?) and y the variable to compare against it (reflectivity
measured by the SOPHy radar). These biases were considered as it is a
direct comparison between instrumentation that measure or estimates
the same variable.

The correlation between the reflectivity estimations of SOPHy and
the PARSIVEL? was calculated for the two cases from Table 5 (Fig. 17).
For the first scenario, a percent bias between instruments of 3.3 % and
an absolute percent bias of 5.4 % was found compared to the -62.7 %
and 5.1 % for the second scenario. From the correlation charts, the
second scenario exhibits a vertical shift of 2.17 dBZ compared to the first
due to the increment of the soft-targets constant. The results obtained for
the first scenario indicate an elevated level of agreement between in-
struments, which suggest that the inclusion of the radar weighting
functions in the radar constant characterization can lead to more ac-
curate reflectivity estimations.

Optical disdrometers such as the PARSIVEL? can be a valid reference
for multi-dimensional weather instrumentation calibration on light to
moderate rain events without hail (Kalina et al., 2014). The expected
and estimated reflectivity values for the captured rain event are sum-
marized in Table 6. As can be observed, the SOPHy horizontal polari-
zation estimations have a 0.75 dBZ difference compared to the
PARSIVEL? measurements for the first scenario, in contrast to the 1.51
dBZ for the second case, demonstrating encouraging results. However,
the low quantity of collected data and the reflectivity discrepancies for
heavy rainfall and hail events incites further analysis.

4. Conclusions

This work introduced a novel weather radar calibration method for
the SOPHy radar, incorporating radar range and beam weighting func-
tions into the radar equation. By characterizing these functions and
indirectly estimating parameters that are challenging to model sepa-
rately, this unique approach was employed to calibrate the horizontal
co-polar channel of the SOPHy radar. To facilitate the characterization,
a UAS was utilized to suspend the calibration sphere and measure its
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inclination in the presence of wind. The calibration also involved
incorporating the hard-targets constant into the radar soft-targets
equation, yielding a calibrated equivalent reflectivity (Z,) expression.

During a moderate rain event, the comparison with a PARSIVEL?
disdrometer showed a 3.3 % bias when considering radar weighting
functions, compared to —62.7 % when disregarding them, demon-
strating significant agreement between instruments when weighting
functions were included. This suggests that the inclusion of the
weighting functions in the radar equation can reduce the uncertainty
rate in the reflectivity estimations, which also leads to improvement of
the detection rate for a weather radar. However, the limited operational
data pool emphasizes the need for further validations with a larger data
source.

Future work can explore the calibration of differential reflectivity
(Zpr), as this is one of the main factors leading to the correct classifi-
cation between different hydrometeors. For this work, the horizontal
and vertical polarization of the SOPHy radar were not simultaneously
operational during the calibration experiments. One of the main chal-
lenges that a co-polar calibration supposes is the identification of a
similar noise figure between each radar receiver, as this heavily relies on
the optimal state of the multiple devices included on a single polariza-
tion line. Finally, a multi-instrumental comparation is encouraged for
the validation of the reflectivity values obtained across multiple rainfall
events.
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