
Academic Editor: Gad Levy

Received: 2 May 2026

Revised: 18 June 2026

Accepted: 29 June 2026

Published: 3 July 2026

Copyright: © 2026 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license.

Article

An In Situ Calibration Method for Antenna Parameters of
S-Band Dual-Polarization Weather Radar Based on High-Density
Solar Sector Scans
Yongheng Lei 1,2,3 , Yiyuan Fu 1,* , Shuyan Wu 1, Changan Zhu 1, Guangpu Liu 4, Mingwei Zhou 1 and Ting Yang 1

1 Changsha Meteorological Radar Calibration Center, Changsha 410000, China;
leiyongheng@cmacrcc.com (Y.L.)

2 Key Laboratory of High Impact Weather (Special), China Meteorological Administration,
Changsha 410000, China

3 Key Laboratory of Atmospheric Sounding, China Meteorological Administration, Chengdu 610225, China
4 Fujian Atmospheric Sounding Technical Support Center, Fuzhou 350000, China; zijingling999@gmail.com
* Correspondence: fuyiyuan@cmacrcc.com

Highlights

What are the main findings?
• Solar-based in situ method (VCPSun) retrieves operational weather radar antenna

parameters.
• Retrieved parameters match far-field measurements within 0.05°, 3.5%, and 0.2 dB.
What are the implications of the main findings?
• This enables routine, cost-effective antenna calibration without far-field facilities..
• It supports network-wide radar performance monitoring and long-term degradation

assessment.

Abstract

The calibration accuracy of key weather radar antenna parameters, including beam point-
ing, beamwidth, and antenna gain, directly affects quantitative precipitation estimation
(QPE) and multi-radar network products. Conventional calibration approaches such as
external field beacons and far-field tests are often constrained by site conditions and high
implementation costs, making them difficult to apply routinely in operational radar net-
works. To address this limitation, this study proposes a robust solar calibration method for
key antenna parameters of weather radars based on a dedicated Volume Coverage Pattern
for Sun calibration, hereafter referred to as VCPSun. The proposed method uses a high-
density solar scanning strategy with midpoint time alignment and feed-forward control
of solar apparent motion. Combined with solar sample identification, propagation path
correction, two-dimensional Gaussian surface fitting, and deconvolution of solar-source
broadening and scan-smearing effects, the method enables reliability retrieval of beam
pointing, beamwidth, and antenna gain. A high-frequency intensive observing experiment
was conducted using a China New Generation Weather Radar, model SA-D (CINRAD/SA-
D), deployed at the Changsha Meteorological Radar Calibration Center, with independent
far-field test results used for validation. The results show that the retention rate of quality-
controlled solar samples reached 85.7%, supporting stable reconstruction of the main-lobe
power pattern. The retrieved mean beam pointing biases for both polarizations were
within ±0.05◦. After correction, the relative differences in beamwidth with respect to far-
field measurements were respectively 3.26% and 1.52% for the H-polarization azimuth and
elevation directions and 2.09% and 1.84% for the V-polarization azimuth and elevation
directions, with the overall mean relative difference being less than 3.5%. The antenna
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gain differences relative to the independent far-field reference values were within 0.2 dB,
at −0.062 dB for H-polarization and −0.144 dB for V-polarization. Comparative analysis
with historical one-dimensional SunCheck records and an ablation test of the beamwidth
correction chain further demonstrate that high-density two-dimensional sampling and
physical deconvolution corrections improve the robustness and quantitative accuracy of the
solar-based retrieval. These results demonstrate the feasibility of reliable in situ calibration
of key antenna parameters for operational weather radars. The proposed method provides
a potential technical pathway for in situ quantitative assessment of antenna performance in
S-band CINRAD/SA-D radars, although further validation using additional radars and
longer observation periods is required prior to network-wide application.

Keywords: operational weather radar; solar calibration; beamwidth; antenna gain; beam
pointing; in situ calibration

1. Introduction
The antenna system is a critical component of the weather radar detection chain. Its key

electrical performance parameters, including antenna gain, beamwidth, and beam pointing
accuracy, directly affect the accuracy of quantitative radar measurements [1,2]. Radar-
based precipitation estimation is highly sensitive to both systematic and random errors.
For example, an antenna gain error of 0.5 dB may correspond to an approximately 1 dB bias
in the reflectivity factor Z, which can result in a 15–20% error in quantitative precipitation
estimation [3,4]. In addition, the accuracy of beamwidth measurement directly affects the
definition of the radar resolution volume, whereas beam pointing errors influence echo
geolocation and the geometric consistency of multi-radar mosaics. Together, these factors
determine the radar’s ability to resolve and locate the spatial structure of precipitation
systems [5]. Therefore, obtaining high-precision absolute antenna parameters is a core task
in weather radar calibration.

Historically, absolute calibration of radar antenna parameters has mainly relied on two
types of conventional external methods: the standard gain or external field beacon method,
and the standard metallic sphere target method. The standard gain method generally
requires a transmitting or receiving source to be deployed in the radar far-field region,
satisfying R > 2D2/λ with the calibration site selected according to terrain, line-of-sight,
and clutter conditions. A dedicated standard-gain horn antenna and supporting tower
facilities are then used to infer antenna gain by measuring a known transmitted or received
signal [6]. Likewise, the external field beacon method commonly uses a tethered balloon or
fixed tower to suspend a calibration target with a known radar cross-section (RCS), such as
a metallic sphere or corner reflector, and achieves end-to-end system calibration by mea-
suring the returned echo power [7,8]. However, these conventional methods have notable
limitations. They typically require expensive far-field towers or tethered balloon systems
and impose stringent requirements on site conditions. Consequently, such calibrations are
difficult to routinely implement at operational radar sites located in complex terrain, such
as mountainous or rooftop environments, or in urban areas [9,10].

The use of the Sun as a natural radio source for weather radar calibration has a long
history. Early studies established a theoretical framework for estimating radar system
gain from solar observations, laying the foundation for solar-based calibration and mon-
itoring methods [11]. Subsequent studies introduced solar interference signals into the
automatic identification of operational volume-scan data, enabling online estimation of an-
tenna pointing biases and gradually developing the approach into a routine receiving-chain
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monitoring technique [12–14]. Further work used the solar method to estimate H/V polar-
ization beam-pointing differences and demonstrated its applicability to dual-polarization
channel consistency monitoring [15]. In operational radar networks, comparisons between
radar-observed solar power and standard solar flux data have advanced the solar method
from qualitative monitoring to quantitative calibration, and its accuracy has been vali-
dated in previous studies [14,16]. In addition, the solar method has been applied to radar
performance monitoring and beam pattern analysis, while developments in atmospheric
refraction correction and scan convolution effect mitigation have further improved the
physical consistency of antenna parameter retrievals [17–19].

With the widespread deployment of dual-polarization weather radars, the solar
method has increasingly been used to assess polarimetric channel consistency. Because
solar radiation can be approximated as an unpolarized source, the received solar signal
provides useful information for diagnosing ZDR system bias and H/V receiving-channel
consistency [20,21]. Previous studies have shown that solar signals can be used not only
to estimate ZDR bias but also to infer differences between dual-polarization channels.
Moreover, surface-fitting approaches can characterize the main-lobe response more ac-
curately [22]. These studies indicate that the solar method has become a mature tool for
receiving-chain monitoring, antenna pointing assessment, and polarimetric consistency
diagnosis in weather radar systems.

However, when the solar method is applied to the absolute calibration of antenna
parameters for operational S-band weather radars, several coupled challenges remain. First,
the extended-source effect of the Sun can lead to an overestimation of beamwidth. Existing
algorithms often approximate the Sun as a point source; however, for S-band radars, the ef-
fective solar radio diameter is of the same order as the antenna main-lobe beamwidth [23,24].
If this finite-source effect is neglected, the beamwidth obtained from direct Gaussian fitting
can be substantially larger than the intrinsic antenna beamwidth [15]. Second, continuous
dynamic scanning introduces beam broadening induced by scan smearing. To acquire high-
resolution samples, the antenna is typically operated in a continuous scanning mode; signal
integration in the receiver can produce azimuthal scan smearing, resulting in asymmetric
broadening of the retrieved beam pattern [17]. Third, data quality is limited by complex
observing environments. The solar radio signal received by S-band radars is intrinsically
weak, and low-elevation propagation paths are susceptible to contamination from ground
clutter, atmospheric absorption, and multipath effects [18,25]. Therefore, reliably extracting
high-quality solar samples from complex backgrounds with limited signal-to-noise ratios
and reconstructing stable main-lobe patterns through optimized scanning strategies and
robust preprocessing remain key issues for further refinement and operational application.
These three factors are strongly coupled in operational S-band radars, and direct trans-
fer of existing methods to this scenario may significantly increase systematic errors [10].
Therefore, high-precision absolute calibration of antenna parameters for operational S-band
radars requires a systematic treatment of data preprocessing, propagation-path effects,
finite solar-source size, and scan integration effects.

In recent years, the solar method has expanded from single-site calibration to op-
erational radar network monitoring. Previous studies have applied the solar method to
operational radar networks such as Next Generation Weather Radar (NEXRAD), demon-
strating its potential for long-term, low-cost, and routine quality control [10,26]. Solar-based
pointing correction for mobile X-band weather radars has also shown that this method can
identify unintended radar attitude or pointing offsets [27]. However, existing network-
based methods often rely on solar signals incidentally captured in operational volume
scans, and they primarily serve in the monitoring of receiving-chain stability, pointing
bias, and ZDR bias. For operational S-band dual-polarization weather radars, it remains
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an open question whether dedicated high-density solar scans combined with a complete
physical correction framework can achieve high-precision in situ retrieval of beam point-
ing, beamwidth, and antenna gain; a related question is whether these results can be
quantitatively validated against independent far-field tests.

Existing network-based solar calibration methods primarily rely on incidental solar sig-
nals (e.g., sun spikes or box scans) for relative monitoring of antenna pointing and receiver
stability, rather than dedicated scans designed for absolute parameter retrieval. These
methods provide qualitative trending information but lack the precision and independent
validation required for S-band absolute calibration of reflectivity, beamwidth, and gain.
In contrast, our method employs a dedicated high-density VCPSun scan with midpoint time
alignment, a physical main-lobe deconvolution model, and independent far-field validation,
enabling robust in situ retrieval of all three key antenna parameters simultaneously.

Compared with previous solar interference monitoring methods based on routine
operational volume scans, our proposed VCPSun method uses a dedicated high-density
sector volume scan designed specifically for solar calibration. Therefore, the solar samples
are not passively extracted from incidental solar signatures in precipitation surveillance
scans but are actively acquired within a controlled two-dimensional angular domain cen-
tered on the predicted solar position. In contrast to conventional state or one-dimensional
cross-scan strategies, VCPSun provides dense two-dimensional sampling of the solar main-
lobe response and incorporates midpoint-time alignment and feed-forward control of
solar apparent motion during the scan. In addition, the method combines robust solar
sample identification, two-dimensional Gaussian surface fitting, atmospheric propagation
correction, and deconvolution of finite solar-source and scan-smearing effects. These fea-
tures enable simultaneous retrieval of antenna pointing error, beamwidth, and antenna
gain, thereby extending the solar method from routine monitoring of receiver stability or
pointing bias toward quantitative in situ assessment of key antenna parameters.

To address the challenges described earlier, this study aims to develop a antenna
parameter reliability calibration method for S-band CINRAD/SA-D weather radars. The
main contributions and innovations are as follows: (1) a dedicated Volume Coverage
Pattern for Sun calibration, referred to as VCPSun, is designed based on midpoint time
alignment and feed-forward control of solar apparent motion, which reduces geometric
errors caused by the mismatch between the time-varying solar position and radar pointing
during scanning; (2) a rigorous physical retrieval framework is established by incorporating
full-path atmospheric propagation correction, deconvolution of the finite solar source size,
and compensation for scan motion effects, thereby enabling reliable recovery from ob-
served “apparent parameters” to intrinsic antenna parameters; (3) a calibration experiment
is conducted using an S-band CINRAD/SA-D weather radar and the retrieved results
are quantitatively validated against independent far-field test data, with the validation
interpreted by explicitly distinguishing the uncertainty sources of the solar retrieval from
the finite uncertainty of the far-field reference system; (4) compared with conventional one-
dimensional operational SunCheck procedures, which mainly provide azimuth/elevation
pointing checks and directional beamwidth estimates, VCPSun is designed to sample the so-
lar main-lobe power surface in two dimensions and to retrieve beam pointing, beamwidth,
and antenna gain within a unified correction framework. This study provides a reliable
technical pathway for in situ antenna calibration of operational weather radar networks
under conditions where far-field testing is not feasible.

The remainder of this paper is organized as follows: Section 2 introduces the experi-
mental radar system, the technical specifications of the far-field test system, the source of
solar flux reference data, the design of the scanning strategy, and the data preprocessing
and fitting methods; Section 3 presents the main experimental results, including the recon-
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structed antenna pattern, the calibrated beam-pointing accuracy, beamwidth, and antenna
gain, as well as quantitative comparisons between the proposed method and far-field test
results; Section 4 discusses the major error sources and the applicability of the proposed
method; finally, Section 5 summarizes the study and presents the main conclusions.

2. Materials and Methods
2.1. Experimental Radar and Observation Conditions

This study used an S-band CINRAD/SA-D dual-polarization Doppler weather radar
deployed at the Changsha Meteorological Radar Calibration Center as the experimental plat-
form (Figure 1). The radar antenna feed has an altitude of 359.278 m. The radar is equipped
with an 8.5-m parabolic antenna and H/V dual-polarization capability, and represents a
typical operational system in China’s new-generation weather radar (CINRAD) network.

Figure 1. Experimental radar site at the Changsha Meteorological Radar Calibration Center. The radar
under test, indicated by the white box and arrow, is the S-band CINRAD/SA-D dual-polarization
weather radar used for the VCPSun solar scan experiment.

The main system parameters relevant to the solar retrieval, categorized by subsystem,
include: (1) Transmitter: Operating frequency of 2845 MHz, pulse width of 1.57 µs, range
resolution of 250 m, and peak transmitter power of no less than 650 kW; (2) Antenna: H-
and V-polarization antenna gains of 45.53 dB and 45.82 dB. H-polarization beamwidths
of 0.908° (azimuth) and 0.874° (elevation), V-polarization beamwidths of 0.871° (azimuth)
and 0.905° (elevation); (3) Receiver: Dynamic range greater than 95 dB and noise figure
better than 3 dB; (4) Servo: Pointing accuracy better than 0.05◦. It should be noted that the
aforementioned antenna gain and beamwidth values were obtained from the independent
far-field antenna pattern measurements conducted in this study. All other system parame-
ters (transmitter power, pulse width, receiver dynamic range, noise figure, servo pointing
accuracy, and range resolution) were based on historical operational records. During the
experiment, the transmitter power, pulse width, receiver gain, and servo operating status
were monitored synchronously to reduce the influence of equipment state variations on the
solar retrieval results.

The dedicated solar scan data were obtained from a continuous high-frequency inten-
sive observation experiment conducted from 22:00 UTC on 18 April 2026 to 11:00 UTC on
19 April 2026. During this period, the radar collected solar scan data every 5 min using the
preset VCPSun scan mode. The apparent solar elevation angle varied from approximately
−0.87◦ to 73.04◦ during the observation period, with relatively low solar elevations occur-
ring during the initial and final boundary intervals. These data were used to evaluate the
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continuous retrieval capability of the proposed method for key parameters, including beam
pointing, beamwidth, and antenna gain, as well as to assess its consistency with far-field
test results.

2.2. Antenna Far-Field Test System and Reference Value Acquisition

To evaluate the consistency of the solar retrieval results with an independent refer-
ence, this study used measurements from an independent far-field antenna test system as
external reference data. The far-field test system is located approximately 18.1 km from
the experimental radar, with a feed-source altitude of 384.65 m. It mainly consists of a
transmitting source, a receiving measurement unit, and a turntable control system. Dur-
ing the test, the transmitting end used a high-stability signal source and a narrow-beam
high-gain antenna. The receiving end recorded the power response of the antenna under
test at different pointing directions, while the turntable system drove the radar antenna to
perform fine azimuth and elevation scans, thereby obtaining the antenna radiation pattern
and related parameters.

The far-field test system has high measurement accuracy, with an antenna gain un-
certainty of approximately 0.5 dB, beamwidth and beam pointing uncertainties of ±0.05◦,
cross-polarization isolation uncertainty of ±3 dB, a dynamic range of 65 dB, and a power
level measurement accuracy of 0.2 dB. Based on these measurements, reference param-
eters including main-lobe beamwidth, main-lobe center position, and absolute gain can
be obtained to evaluate the accuracy of the solar retrieval results. Therefore, the far-field
results were used as independent reference values with finite measurement uncertainty
rather than as error-free true values. In particular, because the antenna gain uncertainty
of the far-field test system is approximately 0.5 dB, the gain comparison with the solar
retrievals should be interpreted as agreement relative to this reference system rather than
as an absolute deviation from the unknown true antenna gain.

The far-field antenna tests and calibration measurements were completed on
27 March 2026 using an independent test system with instruments traceable to CNAS-
accredited laboratories. The solar-based VCPSun observations were conducted indepen-
dently from 18 to 19 April 2026. No hardware alignment adjustments, calibration parameter
updates, or receiver-gain corrections were applied to the radar between these two separate
experimental periods. Consequently, the far-field test results and the solar retrieval datasets
remain entirely independent in terms of both data source and processing methodology.
The far-field measurements serve solely as an external validation benchmark to quantita-
tively evaluate the accuracy of the solar-retrieved pointing, beamwidth, and antenna gain,
and played no role in the solar fitting or parameter-retrieval procedures.

2.3. Solar Radio Flux Data

Solar radio flux provides the radiometric reference for solar-based radar calibration.
In this study, we used the daily F10.7 values published by the National Space Science
Center (NSSC), Chinese Academy of Sciences (CAS) as the external flux reference; F10.7
represents the solar radio flux at 2800 MHz (10.7 cm), and is a long-term and widely used
indicator of solar microwave radiation intensity. Its observations are highly consistent with
the standard flux records from the Dominion Radio Astrophysical Observatory (DRAO),
making it suitable as a reference for solar-based calibration of operational weather radars
in China. For the experiment dates, the adopted F10.7 values were further checked against
the corresponding DRAO records, and the resulting equivalent gain differences of 0.033
and 0.042 dB were included in the discussion of antenna gain uncertainty.

Because the experimental radar operates at 2845 MHz, directly using the 2800 MHz
F10.7 value would introduce a systematic bias into the antenna parameter retrieval be-
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cause of the frequency dependence of solar radio flux. Therefore, the F10.7 value was
converted to the radar operating frequency of 2845 MHz using the following frequency
conversion relationship:

S f = (0.0002F10.7 − 0.01)( f − 2800) + F10.7 (1)

where S f is the solar flux converted to the radar operating frequency (in sfu), F10.7 is the
published F10.7 value (also in sfu), and f is the radar operating frequency (in MHz). The un-
certainty of the solar radio flux reference and the frequency conversion from 2800 MHz
to the radar operating frequency were considered as uncertainty sources affecting the
theoretical solar power used in the antenna gain retrieval.

Together, the radar system parameters, far-field test results, and solar radio flux
reference data form the observational inputs and validation benchmarks for the solar
calibration method developed in this study. The following sections describe the VCPSun
scanning strategy, solar sample preprocessing, propagation path correction, and retrieval
models for beam pointing, beamwidth, and antenna gain.

2.4. Design of a Solar Scanning Strategy Based on Sector Volume Scans
2.4.1. Solar Calibration Scan Mode

To obtain solar main-lobe samples with complete coverage and good geometric match-
ing, this study designed a high-density sector volume scan mode, referred to as VCPSun,
for solar calibration. Unlike the conventional operational SunCheck mode, which samples
two independent one-dimensional profiles in azimuth and elevation, the proposed VCPSun
mode samples the solar main-lobe region as a two-dimensional sector around the predicted
solar position. In addition, midpoint-time alignment and feed-forward tracking of the
apparent solar motion are introduced to reduce the geometric mismatch between the radar
beam direction and the moving solar position during scanning. This design improves
the stability of main-lobe pattern reconstruction and supports the joint retrieval of beam
pointing, beamwidth, and antenna gain.

In this mode, the theoretical solar position (ϕsun, θsun) is used as the scan center,
and a high-density two-dimensional sampling grid is constructed within the local angular
domain. The azimuthal coverage is set to ±5◦ around the central azimuth, with an angular
resolution of 0.25◦. The elevation coverage is set to ±1.0◦ around the central elevation,
using an oversampling step finer than that of conventional operational volume scans to
ensure sufficient main-lobe samples in the elevation direction. In the implementation
used in this study, each VCPSun scan consists of 14 elevation cuts, with an elevation
step of (0.15◦) between adjacent cuts. For each elevation cut, the radar performs a sector
scan over the predefined azimuthal range. The duration of one complete VCPSun scan is
approximately 56 s.

Because the Sun undergoes continuous apparent motion during a single sector scan,
this study adopts a midpoint-time alignment and feed-forward control strategy. Specifically,
the theoretical solar position at the midpoint of each scan is used as the target center, so
that the main-lobe sensitive region is aligned as closely as possible with the instantaneous
solar position. This strategy reduces geometric mismatch caused by solar apparent mo-
tion and servo lag. After the scan design is completed, the radar obtains raw radial data
containing solar signals, background noise, and possible clutter contamination. The ac-
quired radial data are stored in the standard radar base-data format and then used for solar
sample identification, power reconstruction, propagation path correction, and antenna
parameter retrieval.

For potential routine operation, the VCPSun scan can be embedded as an auxiliary
calibration task rather than replacing the standard weather surveillance volume scan. In the
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operational implementation, the control program first evaluates the echo coverage and echo
intensity in the most recent radar volume data. If no significant weather process is detected,
the program calls the radar scanning interface and controls the radar to execute multiple
VCPSun scan continuously per day at a scheduled time for solar calibration. This design
reduces the impact on routine weather monitoring while allowing for regular solar-based
antenna-parameter assessment.

2.4.2. Basis for Radar Scan Parameter Design

The solar radio signal received by S-band operational radars is typically weak, with in-
dividual radial samples being easily affected by background noise, ground clutter, and ran-
dom system fluctuations. Therefore, a sufficient number of effective independent samples
is required in order to improve statistical stability and reduce the uncertainty of parameter
retrieval. According to the relationship between weather radar measurement uncertainty
and the number of effective independent samples, the measurement uncertainty of the
reflectivity factor generally decreases as the number of effective independent samples
increases, approximately following a 1/

√
Me f f dependence. To estimate the constraint

imposed by solar-scan sample size on statistical stability, this study adopts the following
engineering approximation:

SD(ZH) ≈ 10 log10(1 +
1√

Me f f

) (2)

where Me f f denotes the number of effective independent samples. For a broadband
incoherent radio source such as the Sun, Me f f is mainly determined by the number of
integrated pulses. Therefore, a constraint can be established among the antenna angular
velocity ω, the pulse repetition frequency fPRF, and the required number of integrated
pulses Mreq:

ω ≤ ∆θaz · fPRF

Mreq
(3)

where ∆θaz denotes the azimuthal angular resolution between adjacent radials. To meet
the required calibration accuracy, the number of integrated pulses per radial was set to
128, the value of fPRF to 1280 Hz, the antenna rotation speed to 2.5◦/s, and the azimuthal
angular spacing to 0.25◦. These settings ensure sufficient sampling density within the radar
main-lobe region and provide the statistical stability required for subsequent power fitting.

2.5. Data Preprocessing and Propagation Path Correction
2.5.1. Solar Sample Identification, Power Reconstruction, and Radial Data Statistics

In PPI displays, solar signals typically appear as a continuous radial band extending
along a specific azimuth. These signals can be automatically identified through spatiotem-
poral matching between the solar ephemeris and the radar scanning geometry together
with their spatial continuity characteristics. In this study, each radial beam is first used as
the basic identification unit to determine whether its pointing direction falls within the
neighborhood of the solar main-lobe region. Within each selected radial, range bin samples
are then screened according to the fraction of valid data.

The state vector of the n-th radar beam at time t is defined as

Vn = [θn, ϕn]
T , (4)

and the theoretical solar position is given by

Vs = [θs, ϕs]
T . (5)
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The solar sample identification function is then defined as follows:

Isun(n) =

1, (η > τ1) ∩ (|θn − θs| < τ2) ∩ (|ϕn − ϕs| < τ3)

0, otherwise
(6)

where η = m/N denotes the fraction of valid data within a radial, τ1 is the valid data
fraction threshold, and τ2 and τ3 are the tolerance thresholds for elevation and azimuth
deviations, respectively. In this study, the threshold (τ1) was set to 0.8 to ensure a sufficiently
high fraction of valid samples for each candidate solar radial. The spatial thresholds
(τ2) and (τ3) were selected based on the nominal half-power beamwidth of the antenna.
A sensitivity test with different beamwidth-scale factors showed that the retrieval statistics
were stable once the factor exceeded 2.5; a factor of 3.0 retained 93.79% of the valid samples
while maintaining nearly unchanged fitting RMSE, peak power stability, and pointing bias
dispersion. Therefore, this setting was adopted as a compromise between retaining solar
main-lobe samples and suppressing non-solar clutter.

Because radar intensity data are typically stored in dBZ, whereas subsequent H/V
polarization modeling requires received power, the reflectivity factor is converted into
power form. The received power for horizontal polarization is calculated using the weather
radar equation as follows:

Ph(r) = ZH(r)− 20 log10(r)− 2αr − Ch (7)

where Ph is the received power for horizontal polarization, α is the one-way gaseous atten-
uation coefficient, and Ch is the horizontal polarization system constant, which includes
transmitter power, system gain, waveguide losses, and other polarization-specific constant
terms. To reduce contamination from near-range clutter and sidelobes, samples at close
ranges are excluded from the solar power estimation. An iterative 3σ statistical filter is then
applied to remove outliers, and the mean of the cleaned samples is taken as the effective
radial solar power.

2.5.2. Atmospheric Refraction and Gaseous Absorption Correction

Because the Sun is an extraterrestrial radiation source, the propagation path of the
solar signal traverses the entire atmosphere. Therefore, the elevation-angle geometry of
solar observations differs from that of conventional precipitation targets. To improve
the physical consistency of beam-pointing retrieval, the apparent solar elevation angle is
corrected for atmospheric refraction [28]:

θt = θa − τ(θa) (8)

where θa and θt denote the apparent and true elevation angles, respectively, and τ(θa)

is the atmospheric refraction angle. For moderate-to-high elevation angles (θa > 5◦),
the refraction angle is approximated as follows:

τ(θa) = (k − 1) cos θa

(
sin2 θa +

2
k − 1

(n0 − 1)− sin θa

)
(9)

where n0 is the near-surface atmospheric refractive index at the radar site and k is the
effective Earth radius factor. The refraction correction in Equation (9) is an approximate
analytical expression that is mainly applicable to moderate-to-high apparent elevation
angles. A sensitivity comparison with a more detailed numerical propagation correction
indicates that within the main stable observation window of this experiment, the residual
difference introduced by this approximation is on the order of 10−2 degrees and is much
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smaller than the antenna beamwidth; therefore, its influence on the retrieved beam point-
ing and main-lobe fitting is limited under the present observation conditions. However,
the approximation error increases at low solar elevation angles because the propagation
path becomes longer and more sensitive to the vertical refractivity structure. Therefore,
low-elevation boundary intervals, such as the initial and final parts of the observation
period, may have larger residual refraction-related uncertainties and should be screened or
interpreted with caution in routine applications.

Solar microwave radiation is also attenuated by gaseous absorption as it propagates
through the atmosphere to the radar antenna, mainly due to oxygen and water vapor. Fol-
lowing the line-by-line integration framework recommended by ITU-R P.676, the one-way
gaseous absorption loss can be expressed using an equivalent path-length approximation,
as follows:

Agas(θa) = a · Le f f (θa) (10)

where a is the equivalent gaseous specific attenuation coefficient (usually in dB/km)
and Le f f is the effective slant-path length of the solar ray from the radar to the top of
the equivalent atmosphere (in km). Considering the Earth’s curvature, Le f f is calculated as

Le f f (θa) =
√
(Rk sin θa)2 + 2Rkz0 + z2

0,−Rk sin θa (11)

where z0 is the equivalent height of gaseous absorption (in km) and Rk is the effective
Earth radius. This correction is mainly used in the subsequent calculation of theoretical
solar power and antenna gain. Although the above corrections reduce the systematic
influence of propagation path effects, residual uncertainties may still remain, especially
during low-elevation boundary intervals. Therefore, residual uncertainties in gaseous atten-
uation, atmospheric refraction, and effective path length approximation were included as
propagation correction uncertainty sources affecting the solar-based antenna gain retrieval.

2.5.3. Calculation of Theoretical Solar Power

Based on the solar flux density calculated in Section 2.3 for the radar’s central frequency
f , the theoretical solar power received by the radar can be expressed as follows [14]:

P0(S f ) = 10 log10

(
1
2

S f
λ2

4π
Bn

)
+ 30 (12)

where S f is the corrected solar flux density, λ is the radar operating wavelength, and Bn

is the equivalent receiver noise bandwidth. Under matched-filter conditions, Bn can be
approximated as follows:

Bn ≈ 1
τp

(13)

where τp is the pulse width. Equation (12) gives the solar reference power under a unified
reference plane. After data preprocessing and propagation path correction, the raw weather
radar data are converted into standardized inputs that can be directly used for the pattern
fitting and key parameter retrieval described in Section 2.6.

2.6. Key Parameter Retrieval and Model Fitting
2.6.1. Two-Dimensional Gaussian Main-Lobe Model

According to radar meteorology theory, the power distribution near the center of the
main lobe of a parabolic-reflector weather radar antenna can generally be approximated by
a two-dimensional Gaussian function [1]. When the radar beam scans across an incoherent
source such as the Sun, the received power in the azimuth–elevation plane exhibits a
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single-peaked, smooth, and approximately elliptical response. In the logarithmic power
domain, this response can be represented by a local quadratic surface, as follows:

P(x, y) = a1x2 + a2y2 + b1x + b2y + c (14)

where P(x, y) denotes the fitted smoothed power and where x and y are the azimuthal and
elevation deviations relative to the theoretical solar center, respectively, defined as follows:

x = (ϕmeas − ϕsun) cos θsun (15)

y = θmeas − θsun (16)

where (ϕmeas, θmeas) are the actual radar readings and (ϕsun, θsun) denotes the theoretical
solar position.

For dual-polarization weather radars, operational radar base data typically do not
directly provide the vertical polarization reflectivity factor and received power required for
solar main-lobe fitting. To achieve unified modeling of the H- and V-polarization main-lobe
responses, this study reconstructs the equivalent received power for vertical polarization Pv

based on the dual-polarization radar equation, using the retrieved horizontal polarization
received power Ph, differential reflectivity ZDR, and difference between the H- and V-
polarization radar constants:

Pv(r) = Ph(r) + (Ch − Cv)− ZDR(r) (17)

where Ch and Cv denote the radar constants for horizontal and vertical polarizations,
respectively. The reconstructed Pv and the horizontal power Ph are then processed using
the same two-dimensional Gaussian surface fitting and parameter extraction procedure.
This enables unified analysis of the H- and V-polarization main-lobe characteristics and
supports the retrieval of beam pointing, beamwidth, and antenna gain within a consistent
dual-polarization modeling framework. Because the Sun can be regarded as an unpolarized
microwave radiation source, the expected solar differential reflectivity should be close to
0 dB after ZDR calibration. Before the solar experiment, the radar ZDR system bias had
been calibrated using routine polarimetric calibration procedures, including birdbath
calibration. To further check this assumption for the present dataset, the spatial distribution
of |ZDR| for the solar samples collected during the experimental period was examined.
The results show that most solar samples were concentrated in the low |ZDR| range,
and no evident systematic ZDR offset was observed in the solar main-lobe region. Since
a residual systematic ZDR bias would be directly propagated into the reconstructed V-
polarization power, the ZDR calibration state and solar sample |ZDR| distribution were
used as consistency checks for the Pv reconstruction.

Although the preceding spatiotemporal matching and power reconstruction steps
provide an initial screening of solar samples, discrete outliers may still remain in the raw
scan data because of radio frequency interference, ground clutter, sidelobe contamina-
tion, and echoes from aircraft or birds. If these outliers are included directly in the fitting
process, they may significantly affect the estimated surface curvature, vertex position,
and peak power, thereby degrading the stability of subsequent parameter retrieval. There-
fore, a residual-based robust iterative filtering procedure is introduced before the final
fitting step.

2.6.2. Residual Analysis and Outlier Removal

To reduce the influence of outlier samples on main-lobe power surface fitting, this
study adopts an iterative residual-based robust filtering method for the quadratic surface.
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First, an initial fit is performed using all candidate samples, and the fitting residual of the
i-th observation is calculated as follows:

ϵi = Pobs,i − P̂i (18)

where Pobs,i is the observed power of the i-th sample and P̂i is the fitted value from
Equation (14). Let the standard deviation of all sample residuals be σres. The retained
sample set is then defined as

Ωvalid = {i | |ϵi| ≤ k · σres}, (19)

where k is the rejection factor. In this study, k was set to 3.0 following the commonly
used three-sigma residual screening criterion. Under an approximately Gaussian residual
distribution, this threshold retains most normally distributed main-lobe samples while
removing localized outliers caused by clutter contamination, radio frequency interference,
or random spikes. The samples in Ωvalid are used for the next quadratic surface fitting,
and σres is updated iteratively. This process continues until the change in residual standard
deviation between two successive iterations falls below a predefined threshold. The proce-
dure removes high-frequency anomalies and localized spikes superimposed on the smooth
solar main-lobe response while preserving the overall geometric structure of the main lobe.

After this processing, the H- and V-polarization samples form two-dimensional so-
lar power surfaces that are used for main-lobe vertex localization, apparent beamwidth
estimation, and peak power retrieval.

2.6.3. Analytical Retrieval of Key Parameters

After the stable fitting coefficients {a1, a2, b1, b2, c} of the two-dimensional power
surface are obtained in Section 2.6.1, the vertex of the quadratic surface is used to retrieve
the beam-pointing bias. The second-order coefficients are used to estimate the apparent
beamwidth, which is then corrected by deconvolving the contributions from the finite solar
disk and scan smearing effects to obtain the intrinsic antenna beamwidth. The fitted peak
power is then used together with the theoretical solar power and receiver chain corrections
to retrieve the antenna gain.

Beam-Pointing Bias

The vertex of the quadratic surface corresponds to the center of the main lobe. There-
fore, the beam-pointing biases in the azimuth and elevation directions can be directly
derived by setting the first-order derivatives of the fitted surface to zero:

∆Az = − b1

2a1
, (20)

∆El = − b2

2a2
. (21)

This method determines the beam center using the overall information contained
in the two-dimensional main-lobe surface. Compared with single-profile peak search
methods, it is less sensitive to sparse sampling and local outliers.

Beamwidth

The main-lobe width obtained from solar observations is not the intrinsic half-power
beamwidth of the antenna; instead, it is an apparent width resulting from the convolution of
the antenna main lobe, the finite solar disk, and the continuous scanning integration effect.
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From the second-order coefficients in Equation (14), the apparent half-power beamwidths
in the azimuth and elevation directions can be retrieved as follows:

θobs,az =

√
−

40 log10 2
|a1|

, (22)

θobs,el =

√
−

40 log10 2
|a2|

. (23)

For S-band weather radars, the angular diameter of the solar radio disk is of the same
order as the antenna main-lobe beamwidth, and as such cannot be neglected. To maintain
consistency with the Gaussian main-lobe model, the solar radio disk is approximated as
a two-dimensional uniform disk and converted into an equivalent Gaussian half-power
beamwidth. If the effective solar radio diameter is D⊙, its equivalent Gaussian half-power
beamwidth is

θ⊙,eq =

√
2 ln 2
2

D⊙ ≈ 0.589D⊙. (24)

In addition to the finite solar disk, continuous scanning introduces additional broad-
ening in the scan direction. Let the antenna angular velocity be ω, the pulse repetition
frequency be fPRF, and each radial sample be integrated over M pulses. The integration
time and the corresponding angular displacement during one radial sampling interval are

Tint =
M

fPRF
, (25)

∆scan = ωTint = ω
M

fPRF
. (26)

If the scan-smearing kernel is approximated by an equivalent Gaussian distribution,
its equivalent half-power beamwidth can be expressed as

θscan,eq =

√
8 ln 2

12
∆scan ≈ 0.68∆scan. (27)

It should be noted that the finite solar disk and scan smearing effects are not assumed
to be strictly Gaussian in their physical forms; in Equation (27), they are represented as
equivalent Gaussian broadening terms based on their second-moment contribution to the
fitted main-lobe width. Therefore, the variance additivity approximation is valid mainly
when the antenna’s main lobe can be locally approximated by a Gaussian function, the fit-
ting is restricted to the main-lobe region, the scan speed remains nearly constant during one
sector scan, and the equivalent scan smearing length is small compared with the angular
width of the main lobe. Under these conditions, the apparent broadening introduced by
the finite solar disk and continuous scanning can be treated as an additional symmetric
broadening term and removed through the deconvolution relationship in Equation (27).
For the sector scan mode used in this study, the azimuth direction is affected by both the
finite solar disk and scan smearing effects, whereas the elevation direction is mainly af-
fected by the finite solar disk because elevation is sampled in a stepwise manner. Therefore,
the intrinsic half-power beamwidths of the antenna are estimated as follows:

θant,az =
√

θ2
obs,az − θ2

⊙,eq − θ2
scan,eq, (28)

θant,el =
√

θ2
obs,el − θ2

⊙,eq. (29)
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If continuous scanning is also adopted in the elevation direction, the elevation scan-
smearing term should be further removed in Equation (29). In this study, all beamwidth
results are calculated using the Gaussian-equivalent deconvolution model defined by
Equations (28) and (29), ensuring consistency in the parameter definitions.

Antenna Gain

The antenna gain retrieval using the solar method is based on the observed peak
power when the antenna’s main-lobe center is aligned with the Sun. For the quadratic
surface described by Equation (14), the main-lobe peak power retrieved from the observed
solar data can be obtained from the function value at the vertex:

Ppeak = c −
b2

1
4a1

−
b2

2
4a2

. (30)

To avoid errors caused by inconsistent reference planes among the power, gain,
and loss terms, all quantities are transformed onto the same reference plane. The re-
lationship between the observed peak power and the solar reference power is then given by

Pmeas = P0(S f ) + Gant + Grecv − Lrx, (31)

where Pmeas can be taken as Ppeak, P0(S f ) is the solar reference power given by Equation (12),
Gant is the antenna gain to be retrieved, Grecv is the receiver gain, and Lrx represents the
feedline and receiving path losses. From Equation (31), the antenna gain can be obtained as

Gant = Pmeas − P0(S f )− Grecv + Lrx. (32)

Equation (32) indicates that the solar-based antenna gain retrieval is affected by the
fitted solar peak power, the theoretical solar power determined from the solar radio-flux
reference and frequency conversion, propagation path corrections, receiver chain gain/loss
terms, and sample fitting uncertainty.

In summary, the solar calibration workflow in this study consists of four steps. First,
high-density two-dimensional scan samples are acquired near the theoretical solar position
using the VCPSun mode. Second, H- and V-polarization solar power samples are obtained
through ephemeris matching, power reconstruction, outlier removal, and propagation path
correction. Third, the main-lobe power surface is reconstructed using two-dimensional
quadratic fitting. Finally, beam pointing, beamwidth, and antenna gain are retrieved
from the fitted surface vertex, second-order coefficients, and peak power, respectively.
The experimental retrieval results and their comparison with far-field test data are presented
in Section 3.

3. Results
This section validates the proposed method using 5-min resolution VCPSun solar

scan data collected from 22:00 UTC on 18 April 2026 to 11:00 UTC on 19 April 2026.
The results are presented following the retrieval workflow: first, the quality of the solar
samples and the reconstruction performance of the main-lobe power surface are eval-
uated; then, the retrieval results for beam pointing, beamwidth, and antenna gain are
analyzed; finally, the solar-retrieved parameters are comprehensively compared with the
far-field test results. Unless otherwise specified, the time series figures are based on 5-min
retrievals,whereas the hourly statistics are calculated from the corresponding 5-min re-
sults. The following subsections present the solar sample reconstruction, beam-pointing
retrieval,beamwidth correction, antenna-gain retrieval, and independent far-field com-
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parison in sequence. The corresponding statistical results are summarized in the tables
associated with each subsection.

3.1. Solar Scan Samples and Antenna Pattern Reconstruction

To evaluate the sample acquisition capability of the VCPSun solar observation mode
on the CINRAD/SA-D radar and its effectiveness in main-lobe pattern reconstruction, this
study first examines the spatial coverage of the solar scan samples, the sample retention
after quality control, and the reconstruction quality of the two-dimensional main-lobe
power surface. Figure 2 shows the main-lobe power surface fitting results after prepro-
cessing, including spatiotemporal matching, far-range sample extraction, and statistical
filtering. Figure 2a,c shows the reconstructed H- and V-polarization main-lobe patterns
before residual analysis and outlier removal, respectively, whereas Figure 2b,d shows the
corresponding results after residual-based filtering. After quality control, the samples near
the theoretical solar center become more concentrated, with outliers and localized anoma-
lies substantially reduced. The fitting residuals are consequently decreased, improving
the robustness of the estimated peak power as well as the azimuth and elevation offsets.
The retained samples form a more complete and compact two-dimensional coverage in the
azimuth–elevation plane.

Figure 2. Comparison of main-lobe power surface fitting results before and after residual filtering
of solar scan samples. The upper row shows H polarization and the lower row V polarization;
the left column shows the results before residual filtering and the right column the results after
residual filtering. The scatter points represent solar scan sample power, the semi-transparent surface
represents the two-dimensional quadratic surface fit, and the red star indicates the fitted main-lobe
peak position. N is the number of samples used for fitting, RMSE is the root mean square error of
the fitting residuals, Peak is the main-lobe peak power, and ∆Az and ∆El are the beam-pointing
biases in azimuth and elevation, respectively. Power is given in dBm and angle in degrees (◦). (a) H-
polarization before residual filtering; (b) H-polarization after residual filtering; (c) V-polarization
before residual filtering; (d) V-polarization after residual filtering.
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The statistical results in Table 1 show that the experiment includes 13 hourly intervals
and 26 H/V-polarization cases. The raw sample count in each hourly interval ranges from
1101 to 4048, and the number of valid samples after quality control ranges from 964 to
3568. In total, the number of samples decreases from 56,148 to 48,118 after quality control,
corresponding to an overall retention rate of 85.70%. By polarization, the mean retention
rates are 87.54% for H polarization and 83.85% for V polarization, with the H-polarization
retention rate being approximately 3.70 percentage points higher than that of V polarization.
This indicates that the quality-control procedure removes abnormal samples while retaining
most of the effective main-lobe samples. In addition, the total number of quality-controlled
dual-polarization samples increases from 1976 during 22:00–23:00 UTC to a peak of 6933
during 04:00–05:00 UTC, then decreases to 2008 during 10:00–11:00 UTC. These results
indicate that the proposed scanning mode can continuously acquire a sufficient number
of solar samples throughout the observation window and maintain a relatively high data
density during most periods.

Figure 3 presents the two-dimensional distributions and two-dimensional quadratic
surface fitting results of the H/V-polarization solar main-lobe power surfaces. Figure 3a,c
shows the H- and V-polarization power distributions in the azimuth–elevation bias coordi-
nate system, respectively, whereas Figure 3b,d shows the corresponding two-dimensional
surface fitting results. The main-lobe power distributions for both polarizations exhibit
clear, continuous, and single-peaked structures. The central main-lobe regions are smooth
and without evident double peaks, discontinuities, or localized spurious peaks, indicat-
ing that the quality-controlled samples effectively represent the two-dimensional spatial
structure of the antenna main lobe.

Correspondingly, the fitting residuals in Table 1 remain low throughout the observation
period. The RMSE ranges from 0.085 to 0.147 dB, with an overall mean of 0.107 dB. The mean
RMSE is 0.100 dB for H-polarization with a standard deviation of 0.013 dB, and 0.113 dB for
V-polarization with the same standard deviation of 0.013 dB; thus, the H-polarization RMSE
is approximately 0.013 dB lower than that of V-polarization. Except for the initial and final
boundary intervals, most cases maintain RMSE values within 0.09–0.12 dB, demonstrating
that the two-dimensional Gaussian surface model provides stable and repeatable fitting of
the solar main-lobe response.

From the peak power statistics, the mean peak power of the 26 cases is −103.55 dBm,
with a limited variation range from −104.154 to −103.292 dBm. By polarization, the mean
H-polarization peak power is −103.65 dBm with a standard deviation of 0.19 dBm, whereas
the mean V-polarization peak power is −103.44 dBm with a standard deviation of 0.18 dBm.
Therefore, the V-polarization mean is approximately 0.21 dB higher than the H-polarization
mean. When the initial and final boundary intervals are excluded, the standard deviations
of the H- and V-polarization peak powers during the main observation period are only
0.059 dB and 0.053 dB, respectively. This further indicates that the main-lobe reconstruc-
tion results have good temporal stability during the stable observation window. There-
fore, the proposed sample screening and fitting procedure can not only recover the main-
lobe geometry in a stable manner but also provide consistent estimates of the main-lobe
peak response.
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Table 1. Hourly statistics of solar scan sample and main-lobe pattern reconstruction quality.

Time Slot (UTC) Pol. Raw Sample Count Filtered Sample Count Mean Peak Power (dBm) Mean RMSE (dB)

18 Apr 2026
22:00–23:00 H 1114 1012 −104.154 0.085

V 1118 964 −103.931 0.110
18 Apr 2026
23:00–00:00 H 1505 1312 −103.560 0.094

V 1505 1260 −103.368 0.108
19 Apr 2026
00:00–01:00 H 1571 1376 −103.586 0.095

V 1546 1287 −103.434 0.101
19 Apr 2026
01:00–02:00 H 1861 1619 −103.558 0.091

V 1843 1544 −103.342 0.103
19 Apr 2026
02:00–03:00 H 2694 2315 −103.582 0.091

V 2694 2223 −103.385 0.099
19 Apr 2026
03:00–04:00 H 3476 3027 −103.608 0.102

V 3476 2918 −103.405 0.116
19 Apr 2026
04:00–05:00 H 4048 3568 −103.656 0.097

V 4048 3365 −103.433 0.111
19 Apr 2026
05:00–06:00 H 3293 2865 −103.684 0.106

V 3293 2715 −103.443 0.116
19 Apr 2026
06:00–07:00 H 2475 2121 −103.612 0.093

V 2475 2061 −103.365 0.102
19 Apr 2026
07:00–08:00 H 1909 1672 −103.520 0.095

V 1909 1622 −103.292 0.107
19 Apr 2026
08:00–09:00 H 1717 1502 −103.490 0.109

V 1690 1426 −103.303 0.120
19 Apr 2026
09:00–10:00 H 1343 1188 −103.520 0.114

V 1343 1148 −103.323 0.129
19 Apr 2026
10:00–11:00 H 1101 1029 −103.943 0.133

V 1101 979 −103.734 0.147

Note: Each time slot represents the statistical results within a corresponding 1-h observation window. The raw
and filtered sample counts are the cumulative numbers of samples from all 5-min solar scans within that hour
before and after quality control, respectively. The mean peak power and mean RMSE are the arithmetic means of
the main-lobe fitting results from the 5-min solar scans within that hour. RMSE denotes the root mean square
error of the two-dimensional Gaussian surface fitting residuals.

To further quantify the effectiveness of the quality control procedure, the sample
statistics before and after QC were compared using Signal-to-noise ratio (SNR), main-lobe
fitting RMSE, and peak power stability. As summarized in Table 2, the QC procedure
increased the mean SNR from 8.49 to 9.74 dB for H-polarization and from 8.83 to 10.10 dB
for V-polarization. At the same time, the fitting RMSE decreased from 0.118 to 0.100 dB for
H-polarization and from 0.192 to 0.113 dB for V-polarization. The standard deviation of the
fitted peak power was also substantially reduced, from 0.838 to 0.290 dB for H-polarization
and from 0.769 to 0.283 dB for V-polarization. These quantitative results indicate that
the QC procedure not only removes invalid or contaminated samples but also improves
the signal quality, main-lobe fitting stability, and peak power consistency of the retained
solar samples.
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Figure 3. Two-dimensional distributions and two-dimensional quadratic surface fitting results of the
H/V-polarization solar main-lobe power surfaces. The upper row shows H-polarization and the lower
row V-polarization; the left column shows the two-dimensional power distribution in the azimuth–
elevation bias coordinate system and the right column shows the corresponding two-dimensional
surface-fitting result. The black dot denotes the theoretical solar center, the red star indicates the fitted
main-lobe peak position, and the color scale represents received power in dBm. (a) H-polarization
power distribution; (b) H-polarization surface-fitting result; (c) V-polarization power distribution;
(d) V-polarization surface-fitting result.

Table 2. Quantitative comparison of sample statistics before and after quality control.

Pol. Stage SNR (dB) Fitting RMSE (dB) Peak Power STD (dB)

H Before QC 8.49 0.118 0.838
H After QC 9.74 0.100 0.290
V Before QC 8.83 0.192 0.769
V After QC 10.10 0.113 0.283

Note: The SNR, fitting RMSE, and peak power STD were calculated from the solar samples within the main-lobe
analysis region before and after QC.

To further define the stable observation window used in the subsequent retrieval
analysis, we examined the co-variation of solar elevation angle, filtered sample number,
and fitting RMSE, as shown in Figure 4. The stable window was selected using three
objective criteria: solar elevation angle higher than 10◦, filtered sample number not less
than 1200 samples per hour for each polarization channel, and mean H/V fitting RMSE not
exceeding 0.12 dB. Based on these criteria, the period from 23:00 to 09:00 UTC was selected
as the primary stable observation window.

Although the 22:00–23:00 UTC interval shows relatively low fitting RMSE after QC, it
was not included in the primary stable window because the solar elevation and filtered
sample number do not continuously satisfy the criteria for a stable window. This indicates
that fitting RMSE alone is not sufficient to define the stable observation window; instead,
solar elevation, sample density, and fitting quality should be considered jointly.

Overall, Figures 2 and 3 and Tables 1 and 2 demonstrate that the designed VCPSun
solar scanning mode can stably acquire spatially complete and relatively high-quality
solar main-lobe samples on the S-band CINRAD/SA-D weather radar. After quality
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control, most effective samples are retained and the fitting residuals remain consistently
low, indicating that the proposed method can reliably reconstruct the two-dimensional
main-lobe power surface.

Figure 4. Co-variation of solar elevation angle, filtered sample count, and main-lobe fitting RMSE
during the observation period. The shaded region denotes the selected stable observation window
from 23:00 to 09:00 UTC. The stable window was selected using three criteria: solar elevation angle
higher than 10◦, filtered sample number not less than 1200 samples per hour for each polarization
channel, and mean H/V fitting RMSE not exceeding 0.12 dB. The figure shows that the stable window
corresponds to a period with sufficient sample density and relatively low fitting residuals, whereas
the initial and final boundary intervals are more affected by low-elevation geometry and/or reduced
sample availability.

3.2. Beam-Pointing Calibration Results

After obtaining a stable two-dimensional main-lobe power surface, the beam-pointing
bias was retrieved from the vertex position of the fitted surface. The retrieved bias repre-
sents the offset of the antenna main-lobe center relative to the theoretical solar position in
the azimuth and elevation directions. Figure 5 shows the temporal evolution of the azimuth
and elevation beam-pointing biases during the observation period. Overall, the azimuth
bias exhibits a smooth and continuous variation: it gradually converges from a nega-
tive value at 22:00 UTC toward zero, becomes slightly positive around 03:00–05:00 UTC,
and then returns to a weakly negative state. No abrupt jumps or discontinuities are ob-
served. In comparison, the elevation bias has a smaller overall amplitude and remains
close to zero for most of the observation period, except at the beginning and end of the
observation window. This indicates that the beam center derived from the two-dimensional
main-lobe fitting has good temporal continuity and physically consistent retrieval behavior.

The statistical results in Table 3 show that, among the 26 H/V-polarization cases,
the azimuth beam-pointing bias ranges from −0.108◦ to 0.036◦, with an overall mean
of −0.0365◦. The elevation beam-pointing bias ranges from −0.029◦ to 0.064◦, with an
overall mean of −0.0047◦. By polarization, the mean azimuth biases are −0.038◦ for H-
polarization and −0.035◦ for V-polarization, with standard deviations of 0.046◦ for both
channels. For elevation, the mean biases are −0.008◦ for H-polarization and −0.001◦ for
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V-polarization, with standard deviations of 0.022◦ and 0.024◦, respectively. These results
indicate that the pointing bias of the experimental radar remains small throughout the
observation period. The azimuth direction shows a stable weak negative bias, whereas
the elevation direction is closer to zero. Consistent with the overall statistics shown in
Figure 5, the mean azimuth bias is approximately −0.04◦ with a standard deviation of 0.04◦,
and the mean elevation bias is approximately −0.01◦ with a standard deviation of 0.03◦,
demonstrating good repeatability of the beam-pointing retrieval.

Figure 5. Time series of 5-min azimuth and elevation beam-pointing biases retrieved from the solar
scans. Panel (a) shows H-polarization and panel (b) shows V-polarization. Blue circles represent the
azimuth bias, corresponding to the left axis, and red squares represent the elevation bias, correspond-
ing to the right axis. The observation period is from 22:00 UTC on 18 April 2026 to 11:00 UTC on
19 April 2026. The shaded region denotes the stable observation window, and the gray dashed lines
indicate representative boundary times. The angle unit is degrees (◦).

The within-hour standard deviation of the azimuth beam-pointing bias ranges from
0.002◦ to 0.011◦, with a mean of 0.0064◦. The corresponding standard deviation for elevation
ranges from 0.001◦ to 0.067◦, with a mean of 0.0145◦ and a median of 0.004◦. These results
show that in most cases the beam center retrieved from individual scans is highly consistent.
The elevation standard deviation increases slightly at several time slots, such as 22:00, 00:00,
and 10:00 UTC, reaching 0.027◦–0.067◦. However, these local increases do not change the
overall statistical feature of small bias and low dispersion during the observation period.
Because the apparent solar elevation has already been corrected for atmospheric refraction,
the elevation biases listed in Table 3 mainly represent the residual differences between
radar pointing and the theoretical solar position. Their weak temporal variations may be
associated with solar elevation angle, scan center geometry, and servo operating status.

From the perspective of dual-polarization consistency, Figure 6 shows that the H-
and V-polarization azimuth and elevation beam-pointing biases have highly consistent
temporal variations. Based on the hourly statistics in Table 3, the difference between the
mean H- and V-polarization azimuth biases ranges from 0.001◦ to 0.004◦, with an average
absolute difference of 0.0027◦. The difference between the mean elevation biases ranges
from 0.001◦ to 0.015◦, with an average absolute difference of 0.0077◦. The differences
in within-hour standard deviation are also small, with average absolute differences of
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0.0006◦ for azimuth and 0.0050◦ for elevation. These results indicate that the proposed
method provides stable single-polarization pointing estimates and good H/V-polarization
repeatability. No persistent systematic separation between the two polarization channels is
observed, suggesting that the H- and V-polarization main-lobe centers are generally well
co-registered and that no obvious polarization-dependent pointing mismatch exists.

Figure 6. Time series of 5-min H- and V-polarization beam-pointing biases. Panel (a) shows the
azimuth bias and panel (b) the elevation bias. The two channels exhibit highly consistent temporal
variations. The shaded region denotes the stable observation window, and the gray dashed lines
indicate representative boundary times. The observation period is from 22:00 UTC on 18 April 2026
to 11:00 UTC on 19 April 2026. The angle unit is degrees (◦).

Overall, Figures 5 and 6 and Table 3 show that the beam-pointing results retrieved
from the solar-based two-dimensional main-lobe power surface remain stable throughout
the observation period. The azimuth beam-pointing bias is maintained at approximately
−0.04◦, and the elevation bias remains close to zero. Meanwhile, the within-scan dispersion
is low and the H/V-polarization consistency is high. These results demonstrate that the
proposed method can reliably identify small pointing errors in the S-band CINRAD/SA-D
weather radar.

Table 3. Hourly averaged statistics of beam-pointing biases.

Time Slot (UTC) Pol. Mean ∆Az (◦) Mean ∆El (◦) Std. Dev. ∆Az (◦) Std. Dev. ∆El (◦)

18 Apr 2026 22:00–23:00 H −0.108 0.049 0.005 0.050
V −0.105 0.064 0.005 0.059

18 Apr 2026 23:00–00:00 H −0.101 0.003 0.005 0.004
V −0.099 0.008 0.005 0.004

19 Apr 2026 00:00–01:00 H −0.084 −0.011 0.007 0.049
V −0.082 −0.012 0.006 0.067

19 Apr 2026 01:00–02:00 H −0.066 −0.016 0.009 0.029
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Table 3. Cont.

Time Slot (UTC) Pol. Mean ∆Az (◦) Mean ∆El (◦) Std. Dev. ∆Az (◦) Std. Dev. ∆El (◦)

V −0.064 −0.002 0.007 0.004
19 Apr 2026 02:00–03:00 H −0.040 −0.020 0.011 0.003

V −0.036 −0.013 0.010 0.004
19 Apr 2026 03:00–04:00 H −0.005 −0.023 0.010 0.002

V −0.004 −0.017 0.009 0.002
19 Apr 2026 04:00–05:00 H 0.023 −0.023 0.008 0.001

V 0.024 −0.018 0.008 0.002
19 Apr 2026 05:00–06:00 H 0.034 −0.029 0.003 0.002

V 0.036 −0.022 0.002 0.002
19 Apr 2026 06:00–07:00 H 0.013 −0.023 0.008 0.003

V 0.017 −0.015 0.008 0.003
19 Apr 2026 07:00–08:00 H −0.016 −0.018 0.008 0.003

V −0.012 −0.010 0.009 0.004
19 Apr 2026 08:00–09:00 H −0.037 −0.015 0.007 0.012

V −0.034 −0.005 0.006 0.003
19 Apr 2026 09:00–10:00 H −0.049 −0.008 0.003 0.005

V −0.046 0.000 0.003 0.005
19 Apr 2026 10:00–11:00 H −0.056 0.024 0.002 0.028

V −0.052 0.030 0.002 0.027

Note: ∆Az and ∆El are defined as the azimuth and elevation offsets of the fitted main-lobe center relative to
the theoretical solar position, respectively. A positive value indicates that the fitted main-lobe center is located
at a larger azimuth or elevation angle than the theoretical solar position, whereas a negative value indicates
the opposite. The means and standard deviations are calculated from the 5-min retrieval results within each
corresponding hour.

3.3. Beamwidth Retrieval and Correction

After the solar main-lobe pattern was reconstructed, the half-power beamwidths
of the antenna in the azimuth and elevation directions were retrieved from the second-
order curvature coefficients of the fitted surface. Figure 7 presents the hourly box-and-
whisker statistics of the apparent beamwidths during the observation period. Overall,
the apparent beamwidths of both H and V polarizations exhibit good temporal stability
and relatively small fluctuations. According to Table 4, the mean apparent azimuth and
elevation beamwidths are 1.011◦ and 0.949◦ for H-polarization and 0.966◦ and 0.981◦

for V-polarization, respectively. These values are consistently larger than the far-field
test reference values, indicating that the apparent beamwidths contain the combined
broadening contributions from the finite solar disk and scan smearing, and as such cannot
be directly interpreted as the intrinsic antenna main-lobe beamwidths.

Figure 8 shows that after deconvolution correction the beamwidths in both azimuth
and elevation are systematically smaller than the apparent beamwidths for both polariza-
tions, while the temporal variations before and after correction remain generally consis-
tent. This indicates that the correction model mainly removes the systematic broadening
caused by the solar disk and scan integration without introducing evident nonphysical
temporal fluctuations.

The quantitative results in Table 4 show that for H-polarization the apparent azimuth
beamwidth ranges from 0.992◦ to 1.031◦, with a mean of 1.011◦; after correction, this de-
creases to 0.918◦–0.960◦ with a mean of 0.938◦. The apparent elevation beamwidth ranges
from 0.931◦ to 0.968◦, with a mean of 0.949◦, and is corrected to 0.868◦–0.908◦ with a mean
of 0.887◦. For V-polarization, the apparent azimuth beamwidth ranges from 0.946◦ to
0.984◦, with a mean of 0.966◦, and is corrected to 0.868◦–0.909◦ with a mean of 0.889◦.
The apparent elevation beamwidth ranges from 0.954◦ to 1.003◦, with a mean of 0.981◦,
and is corrected to 0.897◦–0.945◦ with a mean of 0.922◦. Overall, the mean reductions in
the azimuth and elevation beamwidths are 0.075◦ and 0.060◦, respectively, confirming that
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the solar extended-source effect and scan smearing effect have non-negligible systematic
impacts on beamwidth retrieval for the S-band CINRAD/SA-D radar.

Figure 7. Hourly box-and-whisker statistics of the apparent beamwidths for H/V polarizations. Panel
(a) shows H-polarization and panel (b) shows V-polarization. Blue boxes represent the apparent
azimuth beamwidth, red boxes represent the apparent elevation beamwidth, and the red line inside
each box denotes the median. Each box is constructed from the 5-min retrieval results within
the corresponding hour. The triangular markers indicate the corresponding hourly mean values,
with different directions used to distinguish azimuth and elevation. The angle unit is degrees (◦).

Table 4. Hourly averaged beamwidth correction results and relative differences with respect to
far-field test values.

Time Slot (UTC) Pol. Apparent Az. (◦) Corrected Az. (◦) Apparent El. (◦) Corrected El. (◦) Rel. Diff. Az. (%) Rel. Diff. El. (%)

18 Apr 2026 22:00–23:00 H 1.031 0.960 0.933 0.870 5.71 0.40
V 0.982 0.907 0.958 0.897 4.16 0.85

18 Apr 2026 23:00–00:00 H 1.022 0.950 0.942 0.881 4.67 0.75
V 0.984 0.909 0.971 0.911 4.37 0.66

19 Apr 2026 00:00–01:00 H 1.021 0.949 0.931 0.868 4.52 0.65
V 0.979 0.904 0.954 0.892 3.74 1.45

19 Apr 2026 01:00–02:00 H 1.017 0.944 0.931 0.868 3.99 0.68
V 0.976 0.900 0.974 0.914 3.34 1.00

19 Apr 2026 02:00–03:00 H 1.012 0.939 0.944 0.882 3.40 0.89
V 0.965 0.889 0.980 0.920 2.06 1.70

19 Apr 2026 03:00–04:00 H 1.014 0.941 0.940 0.878 3.63 0.49
V 0.966 0.890 0.975 0.916 2.16 1.17

19 Apr 2026 04:00–05:00 H 1.007 0.934 0.944 0.882 2.85 0.91
V 0.956 0.878 0.977 0.918 0.84 1.40

19 Apr 2026 05:00–06:00 H 0.997 0.923 0.962 0.902 1.69 3.19
V 0.946 0.868 0.999 0.941 0.37 3.99

19 Apr 2026 06:00–07:00 H 0.992 0.918 0.968 0.908 1.08 3.86
V 0.946 0.868 1.003 0.945 0.31 4.42

19 Apr 2026 07:00–08:00 H 0.993 0.919 0.963 0.903 1.25 3.32
V 0.951 0.874 0.995 0.937 0.29 3.51

19 Apr 2026 08:00–09:00 H 1.004 0.930 0.963 0.903 2.45 3.30
V 0.962 0.886 0.993 0.934 1.67 3.20

19 Apr 2026 09:00–10:00 H 1.008 0.935 0.958 0.897 3.00 2.65
V 0.968 0.891 0.992 0.934 2.34 3.16

19 Apr 2026 10:00–11:00 H 1.019 0.946 0.955 0.894 4.23 2.27
V 0.971 0.896 0.982 0.923 2.82 2.00

Note: Relative difference = (solar-corrected beamwidth − far-field test beamwidth) ÷ far-field test beamwidth × 100%.
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Figure 8. Hourly box-and-whisker statistics of the deconvolution-corrected beamwidths for H/V po-
larizations. Panel (a) shows H-polarization and panel (b) shows V-polarization. Blue boxes represent
the azimuth beamwidth, red boxes represent the elevation beamwidth, and the red line inside each
box denotes the median. The correction includes deconvolution of the solar extended-source effect
and the azimuthal scan-smearing effect. The triangular markers indicate the corresponding hourly
mean values, with different directions used to distinguish azimuth and elevation. The angle unit is
degrees (◦).

Compared with the far-field test reference values, the relative difference of the cor-
rected azimuth beamwidth ranges from 0.29% to 5.71%, with a mean of 2.73%, whereas that
of the corrected elevation beamwidth ranges from 0.40% to 4.42%, with a mean of 2.00%.
By polarization, the mean relative differences for H-polarization azimuth and elevation
beamwidths are 3.27% and 1.80%, respectively, while those for V-polarization are 2.19%
and 2.19%, respectively. Among the 26 cases, 8 azimuth beamwidth results have relative
differences not exceeding 2%, accounting for 30.8% of all cases; for elevation beamwidth,
15 cases have relative differences not exceeding 2%, accounting for 57.7%.

The correction performance also shows a dependence on the observation time. During
05:00–08:00 UTC, the azimuth beamwidth correction performs better, with the mean relative
difference decreasing to 1.14% and the minimum difference reaching 0.29%. In contrast,
the mean relative difference for elevation beamwidth increases to 3.60% during the same
period, with several hourly intervals exceeding 3.5%. This suggests that the azimuth
beamwidth is more stably recovered during this period, whereas the elevation beamwidth
remains more sensitive to observation geometry, solar elevation angle, and the influence of
the finite solar disk.

In summary, the apparent beamwidth retrieved from solar scans can stably charac-
terize the main-lobe pattern, but contains systematic broadening relative to the intrinsic
antenna beamwidth. After correction for the finite solar disk and scan smearing effects,
the H/V-polarization beamwidths clearly converge toward the far-field reference values,
and the temporal series remain continuous and stable. These results indicate that the
proposed method can reliably recover the intrinsic main-lobe beamwidth characteristics of
the operational S-band CINRAD/SA-D weather radar antenna.

3.4. Antenna Gain Calibration

Based on the fitted peak power from the solar scans, the solar radio flux reference,
and the propagation path corrections, the antenna gain was further retrieved. Figure 9
shows the temporal evolution of the 5-min H- and V-polarization antenna gains during the
observation period. Overall, the retrieved gain series varies smoothly, consistent with the
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stability of the fitted main-lobe peak power discussed in Section 3.1. Except for the initial
and final boundary intervals and a few locally unstable time slots, no evident nonphysical
fluctuations are observed. This indicates that the antenna gain retrieval based on solar
scans and physical corrections has good temporal stability.

Figure 9. Time series of 5-min H- and V-polarization antenna gains retrieved using the solar method.
Blue circles represent H-polarization and green squares represent V-polarization. The horizontal
axis is UTC observation time and the vertical axis is antenna gain in dB. The inset text shows
the mean ± standard deviation of the H/V gain during the observation period. The shaded re-
gion denotes the stable observation window, and the gray dashed lines indicate representative
boundary times.

Table 5 presents the hourly averaged antenna gain calibration results. The retrieved
H-polarization gain ranges from 44.957 to 45.622 dB, with a mean of 45.460 dB and a
standard deviation of 0.189 dB. The retrieved V-polarization gain ranges from 45.181 to
45.819 dB, with a mean of 45.669 dB and a standard deviation of 0.184 dB. When the initial
and final boundary intervals are excluded, the H- and V-polarization gain series become
more stable, with means of 45.532 dB and 45.739 dB and standard deviations of 0.059 dB
and 0.053 dB, respectively. These results indicate that the retrieved antenna gain has good
repeatability during the primary observation period.

Table 5. Hourly averaged statistics of the antenna gain calibration results.

Time Slot (UTC) Pol. Mean Peak Power (dBm) Mean Antenna Gain (dB) Max. Abs. Gain Dev. (dB) Std. Dev. Gain (dB)

18 Apr 2026 22:00 H −104.154 44.957 2.294 0.649
V −103.931 45.181 2.266 0.613

18 Apr 2026 23:00 H −103.560 45.552 0.087 0.038
V −103.368 45.744 0.145 0.037

19 Apr 2026 00:00 H −103.586 45.525 1.103 0.293
V −103.434 45.677 1.594 0.341

19 Apr 2026 01:00 H −103.558 45.554 0.666 0.148
V −103.342 45.770 0.104 0.023

19 Apr 2026 02:00 H −103.582 45.529 0.113 0.052
V −103.385 45.726 0.230 0.058

19 Apr 2026 03:00 H −103.608 45.503 0.071 0.028
V −103.405 45.706 0.164 0.025

19 Apr 2026 04:00 H −103.656 45.456 0.106 0.024
V −103.433 45.679 0.185 0.024

19 Apr 2026 05:00 H −103.684 45.427 0.134 0.021
V −103.443 45.668 0.206 0.028

19 Apr 2026 06:00 H −103.612 45.499 0.114 0.053
V −103.365 45.746 0.147 0.044

19 Apr 2026 07:00 H −103.520 45.591 0.110 0.030
V −103.292 45.819 0.047 0.025

19 Apr 2026 08:00 H −103.490 45.622 0.286 0.049
V −103.303 45.809 0.067 0.026

19 Apr 2026 09:00 H −103.520 45.592 0.169 0.059
V −103.323 45.788 0.148 0.061

19 Apr 2026 10:00 H −103.943 45.168 2.100 0.493
V −103.734 45.378 2.226 0.490

Note: The maximum absolute antenna gain deviation is defined as the largest absolute difference between any
5-min gain retrieval and the corresponding mean gain.
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Consistent with the antenna gain results, the fitted solar main-lobe peak pow-
ers in Table 5 also exhibit high stability. The H-polarization peak power ranges from
−104.154 to −103.490 dBm, while the V-polarization peak power ranges from −103.931
to −103.303 dBm. During the primary observation period, the corresponding standard
deviations are only 0.059 dB and 0.053 dB, respectively. Because the antenna gain is jointly
constrained by the fitted peak power, solar radio flux reference, and propagation path
corrections, the stability of the peak power further supports the reliability of the retrieved
antenna gain results.

From the perspective of dual-polarization consistency, the retrieved V-polarization an-
tenna gain is consistently higher than the H-polarization gain, with an H/V gain difference
ranging from 0.152 to 0.247 dB and a mean difference of 0.209 dB. The corresponding peak
power difference exhibits similar behavior, indicating that the dual-polarization gain differ-
ence is not only temporally stable but also consistent with the observed H/V difference in
received power.

The internal dispersion of individual hourly cases further confirms the stability of
the retrieval. As shown in Table 5, the standard deviation of the antenna gain ranges
from 0.021 to 0.649 dB, with an average of 0.144 dB, and 18 of the 26 cases have standard
deviations not exceeding 0.06 dB. Larger dispersions are mainly concentrated in boundary
or locally unstable intervals, including 22:00, 00:00, and 10:00 UTC. In contrast, during the
primary observation window, most hourly cases show dispersions of only 0.02–0.06 dB,
indicating that the proposed method can provide stable antenna gain estimates under
favorable observation conditions. It should be noted that the standard deviation of the
5-min gain retrievals describes the short-term repeatability of the solar-based estimates, but
does not represent the absolute accuracy of the antenna gain. The absolute interpretation of
the gain retrieval is further discussed together with the uncertainty sources and the far-field
reference uncertainty in Section 4.1.

Overall, Figure 9 and Table 5 show that the antenna gain results derived from the
solar scan peak power and physical correction model exhibit good temporal stability and
H/V-polarization consistency for the S-band CINRAD/SA-D weather radar. These results
demonstrate that the proposed method can achieve quantitative antenna gain calibration
under continuous observation conditions and can provide an effective means for monitoring
antenna gain stability in operational radars.

3.5. Comparative Validation with Far-Field Test Results

To further evaluate the accuracy of the proposed solar calibration method, the retrieved
beam pointing, beamwidth, and antenna gain were compared with the independent far-
field antenna test results. To ensure consistency in the statistical basis, the solar method val-
ues in this section were derived from the 5-min retrieval results over the observation period,
while the far-field test results were used as independent reference values. Figures 10–12
show the statistical distributions of the three parameter categories, while Table 6 summa-
rizes the relative differences between the solar-retrieved results and the far-field reference
values for beamwidth and antenna gain.

For beam pointing, Figure 10 shows that the solar-retrieved results for both H and V
polarizations are concentrated around the far-field reference values, with small deviations
between the medians and the corresponding references. Quantitatively, the mean H-
polarization azimuth and elevation pointing biases are −0.04◦ and −0.01◦, with standard
deviations of 0.04◦ and 0.03◦, respectively. For V-polarization, the corresponding mean
biases are −0.04◦ and −0.00◦, with standard deviations of 0.04◦ and 0.03◦, respectively.
These results indicate that the overall dual-polarization beam-pointing bias is controlled
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within 0.05◦, demonstrating that the solar method can stably recover the antenna main-lobe
center and is in good agreement with the far-field test results.

Figure 10. Comparison of solar-retrieved beam-pointing biases with far-field test reference values.
Panel (a) shows H-polarization and panel (b) shows V-polarization. Each boxplot represents the
distribution of 5-min solar retrieval results during the observation period. The red line denotes the
median and the red square denotes the far-field test reference value. The horizontal axis represents
the azimuth and elevation directions, while the vertical axis represents the beam-pointing bias in
degrees (◦).

Figure 11. Comparison of solar-corrected beamwidths with far-field test reference values.
Panel (a) shows H-polarization and panel (b) shows V-polarization. Each boxplot represents the
distribution of 5-min solar retrieval results during the observation period. The red line denotes the
median and the red square denotes the far-field test reference value. The horizontal axis represents
the azimuth and elevation beamwidths, while the vertical axis represents beamwidth in degrees (◦).

Figure 12. Comparison of solar-retrieved antenna gain with far-field test reference values. Each
boxplot represents the distribution of 5-min solar retrieval results during the observation period.
The red line denotes the median and the red square denotes the far-field test gain reference value.
The horizontal axis represents the H- and V-polarization channels, and the vertical axis represents
antenna gain in dB.
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Table 6. Summary of differences between solar-retrieved beamwidth and antenna gain results and
far-field test reference values.

Parameter Type Pol. Far-Field Value Solar Method Mean Difference Relative Diff. (%)

Azimuth Beamwidth (◦) H 0.908 0.938 +0.030 3.26%
V 0.871 0.889 +0.018 2.09%

Elevation Beamwidth (◦) H 0.874 0.887 +0.013 1.52%
V 0.905 0.922 +0.017 1.84%

Antenna Gain (dB) H 45.530 45.468 −0.062 −1.42%
V 45.820 45.676 −0.144 −3.26%

For beamwidth, Figure 11 and Table 6 show that after correction for the finite solar-
source size and scan smearing effects, the solar-retrieved beamwidths are close to the
far-field test reference values. The relative differences of the H-polarization azimuth and
elevation beamwidths are 3.26% and 1.52%, respectively, while those of the V-polarization
azimuth and elevation beamwidths are 2.09% and 1.84%, respectively. The relative dif-
ferences in all four directions are less than 3.5%. This demonstrates that the proposed
deconvolution correction effectively reduces the systematic broadening contained in the
apparent beamwidth and brings the solar-retrieved beamwidths closer to the intrinsic
antenna main-lobe beamwidths.

Figure 12 presents the statistical distribution of the solar-retrieved H- and V-
polarization antenna gains. The retrieved gain distributions are relatively concentrated
and close to the far-field reference values. As further quantified in Table 6, the far-field
reference value for H-polarization is 45.530 dB, whereas the solar-method mean is 45.468 dB,
corresponding to a difference of −0.062 dB. For V-polarization, the far-field reference value
is 45.820 dB and the mean of the solar method is 45.676 dB; the difference between the
solar-retrieved gains and the independent far-field reference values is −0.062 dB for the
H channel and −0.144 dB for the V channel. Considering that the far-field antenna-gain
measurement has an uncertainty of approximately ±0.5 dB (see Section 2.2) and that the
solar retrieval uncertainty is estimated at 0.14 dB (see the uncertainty budget in Section 4.1),
these differences fall well within the combined uncertainty range of the two indepen-
dent methods. Therefore, the comparison demonstrates mutual consistency rather than
establishing the absolute systematic error of the solar method.

It should also be noted that the corrected azimuth beamwidths show slightly larger
relative differences than the corrected elevation beamwidths. This directional difference
is physically consistent with the asymmetric correction model used in this study. In VCP-
Sun’s scan mode, each elevation cut is sampled through continuous azimuthal scanning;
therefore, the apparent azimuthal beamwidth contains broadening contributions from both
the finite solar disk and scan smearing. By contrast, the elevation direction is sampled in a
step-wise manner and is mainly affected by the finite broadening of the solar disk, with-
out an equivalent continuous-scan smearing term. As a result, the azimuthal beamwidth
correction is more sensitive to uncertainties in antenna angular velocity, integration time,
scan timing, and servo synchronization, which may lead to slightly larger residual errors
after deconvolution. In addition, the far-field measurements show small but non-negligible
differences between the H- and V-polarization main-lobe widths, suggesting that inherent
polarization-dependent differences in beam pattern may also contribute to the remaining
discrepancies. Because the tendency toward larger azimuthal errors appears in both po-
larization channels, the scan direction-dependent correction uncertainty is considered the
dominant factor, while polarization-dependent differences in beam shape are regarded as a
secondary contributor.
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Overall, Figures 10–12 and Table 6 show that the three key parameters retrieved by
the solar method—beam pointing, beamwidth, and antenna gain—are in good agreement
with the independent far-field test results. The overall beam-pointing bias is within 0.05◦,
the mean relative beamwidth differences are all less than 3.5%, and the antenna gain
differences are less than 0.2 dB. These results verify that the proposed method can reliably
retrieve key antenna parameters of an operational S-band CINRAD/SA-D weather radar
under continuous observation conditions, demonstrating its potential for in situ calibration
and operational status monitoring.

3.6. Comparative and Ablation Analysis

To further demonstrate the contribution of the proposed VCPSun scan strategy and
the physical correction framework, a comparative and ablation analysis was conducted.
Comparison with historical operational SunCheck records was used to evaluate the im-
provement in scan geometry, sample density, and retrieval capability, while a beamwidth
ablation analysis was used to quantify the contribution of the finite solar source correction
and scan smearing correction.

3.6.1. Comparison with Historical One-Dimensional SunCheck Mode

The conventional operational SunCheck mode historically used on the same CINRAD/SA-
D radar was selected as a representative one-dimensional solar checking method for
comparison. It should be noted that the historical SunCheck records and the VCPSun
experimental data were not acquired simultaneously; therefore, this comparison is intended
to illustrate differences in scan geometry, sample density, and retrieval capability rather
than to serve as an independent accuracy validation benchmark.

The SunCheck mode performs two independent one-dimensional scans across the
predicted solar position, one in azimuth and the other in elevation, and mainly provides
azimuth/elevation pointing offsets and directional beamwidth estimates for routine opera-
tional maintenance. In contrast, the proposed VCPSun mode samples the solar main-lobe
region as a two-dimensional azimuth–elevation sector centered on the predicted solar
position, thereby supporting the joint retrieval of beam pointing, beamwidth, antenna gain,
and H/V channel consistency.

Table 7 provides a compact comparison between the historical operational SunCheck
mode and the high-density VCPSun sector scan used in this study. The historical SunCheck
records were obtained from the same CINRAD/SA-D radar during January–April 2026,
with 65 valid records. The comparison focuses on scan geometry, treatment of solar appar-
ent motion, main-lobe sampling, sample size, retrieved parameters, and fitting stability.

As shown in Table 7, the conventional SunCheck mode provides approximately
19 filtered samples for each one-dimensional azimuth or elevation scan, whereas VCPSun
provides approximately 54 filtered samples for each two-dimensional retrieval. More impor-
tantly, SunCheck samples only two independent one-dimensional profiles, while VCPSun
reconstructs a two-dimensional solar main-lobe power surface. This two-dimensional
sampling geometry provides stronger constraints on the main-lobe center, beam shape,
and fitting residuals, thereby improving the stability of main-lobe reconstruction.

The pointing-offset statistics also indicate that VCPSun provides more stable pointing-
offset retrievals. For the H-polarization channel, the historical SunCheck azimuth and
elevation pointing offsets are −0.041◦ ± 0.045◦ and 0.004◦ ± 0.074◦, respectively. In com-
parison, the VCPSun-derived H-polarization azimuth and elevation pointing offsets are
−0.04◦ ± 0.04◦ and −0.01◦ ± 0.03◦, while the corresponding V-polarization offsets are
−0.04◦ ± 0.04◦ and 0.00◦ ± 0.03◦. These results suggest that the two-dimensional fitting
used in VCPSun provides more stable pointing-offset estimates.
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Table 7. Comparison between the conventional operational 1D SunCheck mode and the proposed 2D
VCPSun sector scan used in this study.

Item Operational 1D SunCheck Proposed 2D VCPSun

Data source Operational SunCheck logs (65 records) Dedicated experimental scans (18–19 April
2026)

Scan geometry Independent 1D scans (Az and El) High-density 2D Az-El sector scans

Solar tracking Standard tracking (per scan sequence) Midpoint-time alignment &
feed-forward control

Lobe sampling Separate 1D profiles (Az/El) 2D main-lobe power surface

Samples/retrieval ∼19 valid samples per Az/El scan ∼54 valid samples per 2D surface

Retrieved parameters H-pol Az/El pointing & beamwidth H/V pointing, beamwidth, gain & consistency

Fitting model Peak/beamwidth profiling from 1-D data Global 2D Gaussian/quadratic fitting

Pointing bias & stability H-pol (Az/El): −0.041◦ ± 0.045◦/
0.004◦ ± 0.074◦

H-pol (Az/El): −0.04◦ ± 0.04◦/−0.01◦ ± 0.03◦

V-pol (Az/El): −0.04◦ ± 0.04◦/0.00◦ ± 0.03◦

Beamwidth (diff. vs. far-field) H-pol (Az/El): 1.041◦ ± 0.107◦

(+14.65%)/0.919◦ ± 0.094◦ (+5.15%)

H-pol (Az/El): 0.938◦ ± 0.014◦

(+3.26%)/0.887◦ ± 0.027◦ (+1.52%)
V-pol (Az/El): 0.889◦ ± 0.017◦

(+2.09%)/0.922◦ ± 0.034◦ (+1.84%)

Note: SunCheck records were extracted from historical logs of the same radar, and serve as a representative
operational comparison rather than a simultaneous validation benchmark. The sample size of SunCheck represents
the count per 1D scan, whereas that of VCPSun represents the total samples used for 2D main-lobe fitting.

The improvement is more evident for beamwidth retrieval. The historical SunCheck
statistics give H-polarization azimuth and elevation beamwidths of 1.041◦ ± 0.107◦ and
0.919◦ ± 0.094◦, corresponding to relative differences of +14.65% and +5.15% from the
far-field reference values. In contrast, after applying the VCPSun retrieval and physical
corrections, the H-polarization azimuth and elevation beamwidths are 0.938◦ ± 0.014◦

and 0.887◦ ± 0.027◦, with relative differences of +3.26% and +1.52%, respectively. The V-
polarization azimuth and elevation beamwidths are 0.889◦ ± 0.017◦ and 0.922◦ ± 0.034◦,
with relative differences of +2.09% and +1.84%, respectively. These results indicate
that VCPSun extends the conventional operational SunCheck mode from routine one-
dimensional solar checking to quantitative two-dimensional antenna parameter retrieval.

3.6.2. Ablation Analysis of Beamwidth Correction Chain

To quantify the contribution of the physical correction framework to beamwidth
retrieval, an ablation analysis was performed for the beamwidth correction chain. This anal-
ysis was designed to separate three effects: the apparent broadening directly observed from
the solar main-lobe fitting, the reduction associated with the finite solar source correction,
and the additional correction associated with scan smearing during continuous azimuthal
scanning. Three solar processing stages were compared: A0, the apparent solar-derived
beamwidth directly obtained from the two-dimensional main-lobe fitting without physical
deconvolution; A1, the result after correcting only for the equivalent broadening caused
by the finite solar radio disk; and A2, the final result after considering both the finite
solar source effect and the scan smearing effect. The independent far-field measurements,
denoted as A3, were used as reference values for comparison.

As shown in Table 8, the apparent beamwidths before physical correction are system-
atically larger than the far-field reference values. In stage A0, the H-polarization azimuth
and elevation beamwidths are 1.011◦ and 0.949◦, respectively, and the V-polarization az-
imuth and elevation beamwidths are 0.966◦ and 0.981◦, respectively. The mean absolute
relative difference of these apparent beamwidths reaches 9.78%, indicating that the solar-
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derived beamwidths are substantially broadened by the finite solar radio disk and scan
smearing effects.

After correcting only for the finite solar-source effect, the mean absolute relative
difference decreases from 9.78% to 3.06%. The corrected beamwidths in stage A1 are
0.953◦ and 0.887◦ for H-polarization azimuth and elevation and 0.905◦ and 0.922◦ for V-
polarization azimuth and elevation. This result demonstrates that the finite solar source disk
is the dominant contributor to the apparent broadening of the solar-derived beamwidths.

After both the finite solar source and scan smearing corrections are applied, the mean
absolute relative difference further decreases to 2.17%. In stage A2, the final corrected
beamwidths are 0.938◦ and 0.887◦ for H-polarization azimuth and elevation and 0.889◦

and 0.922◦ for V-polarization azimuth and elevation. The relative differences of the four
beamwidth components are +3.26%, +1.52%, +2.09%, and +1.84%, respectively, all of
which are below 3.5% relative to the far-field reference values.

Table 8. Ablation analysis of the physical correction chain for beamwidth retrieval.

Stage/Desc. Solar
Corr.

Scan
Corr.

H Az
(◦)

H El
(◦)

V Az
(◦)

V El
(◦)

MARE
(%)

Interpretation/
Key Takeaway

A0: Apparent No No 1.011 0.949 0.966 0.981 9.78% A0: Apparent broadened beamwidth
before correction.

A1: Solar-corrected Yes No 0.953 0.887 0.905 0.922 3.06% A1: Contribution of finite
solar-source correction.

A2: Fully corrected Yes Yes 0.938 0.887 0.889 0.922 2.17% A2: Final corrected beamwidth used in
this study.

A3: Far-field reference — — 0.908 0.871 0.871 0.905 — A3: Independent far-field reference.

Relative difference (A2 vs. A3) — — 3.26% 1.52% 2.09% 1.84% 2.17% All parameters agree within 3.5%
of reference.

Note: A0 is the uncorrected apparent beamwidth. A1 and A2 are sequentially corrected for solar disk broadening
and scan smearing, respectively. Relative difference is calculated as (θsolar − θFF)/θFF × 100%, where θFF is the
far-field reference (A3).

This ablation analysis demonstrates that the physical correction chain is necessary for
converting the apparent solar-derived beamwidth into a quantitatively reliable antenna
beamwidth estimate. The finite solar source correction accounts for most of the reduc-
tion in beamwidth difference, while the scan smearing correction provides an additional
improvement, especially in the azimuth direction where the radar performs continuous
scanning. Therefore, the final beamwidth accuracy is achieved through the combined
effect of high-density two-dimensional VCPSun sampling and physically constrained
deconvolution corrections.

4. Discussion
4.1. Analysis of Major Error Sources

Although the results in Section 3 show that the proposed solar method agrees well
with the far-field test results for beam pointing, beamwidth, and antenna gain, its retrieval
accuracy is still jointly constrained by observation geometry, propagation path effects,
and solar sample quality. For the S-band CINRAD/SA-D weather radar, the major error
sources include the finite solar source effect, scan smearing induced by continuous scanning,
residual uncertainties in atmospheric refraction and gaseous absorption corrections at low
elevation angles, and the uncertainty associated with extracting weak solar signals from
complex backgrounds. In this study, the high-density VCPSun scanning strategy, full-
path propagation correction, and robust surface fitting procedure reduce the influence
of these factors to some extent, but they cannot completely eliminate all geometry- and
sample-dependent errors. More specifically, the high-density sector scan improves the
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solar-sample density and provides more complete two-dimensional main-lobe coverage;
the midpoint-time alignment and feed-forward control of apparent solar motion reduce
the geometric mismatch between the moving solar position and the radar beam direction
during scanning; and the physical deconvolution procedure reduces the systematic beam
broadening caused by the finite solar source and scan smearing effects.

From the perspective of the observation window, the retrieval accuracy of the solar
method shows a clear time dependence. The period from 23:00 to 09:00 UTC generally
represents the most stable observation window, during which the number of solar samples
is sufficient, the main-lobe fitting residuals remain low, and the beam-pointing and an-
tenna gain time series are relatively smooth. By contrast, boundary intervals such as 22:00
and 10:00 UTC are more prone to increased retrieval uncertainty. This increase is mainly
associated with two factors: incomplete coverage of the solar main lobe within the scan
window, which reduces the number of effective samples, and longer propagation paths at
low elevation angles, which amplify uncertainties related to background contamination,
gaseous absorption, and atmospheric refraction correction. In addition, the residual error
of the analytical refraction correction is expected to be small during the main stable obser-
vation window but may become more pronounced at low solar elevations. This is one of
the reasons why the initial and final boundary intervals show larger retrieval dispersion
and are less suitable for solar-based antenna parameter assessment.

Figure 13 further illustrates the time window dependence from the perspective of the
Sun’s apparent position and angular velocity. During the observation period, the solar
azimuth, elevation, and their rates of change vary continuously rather than remaining con-
stant. The middle part of the observation window is characterized by faster apparent solar
motion, whereas the beginning and ending intervals correspond to lower solar elevation
angles. For an operational mechanically scanning radar, the apparent angular velocity
of the Sun affects scan geometry matching and servo tracking requirements, while low
elevation angles increase propagation path length and background interference. Therefore,
the optimal observation window is not determined solely by the slowest apparent solar
motion; instead, it results from the combined effects of solar elevation, main-lobe coverage
completeness, sample density, and propagation stability. The relative differences reported
in Table 6 are consistent with these dominant uncertainty sources: the larger deviations
during boundary periods mainly result from the combined effects of low-elevation propa-
gation uncertainty, reduced solar sample coverage, and decreased fitting stability rather
than from a single systematic bias.

The sensitivity to these error sources differs among the retrieved parameters. Beam
pointing is generally the most stable parameter. The H- and V-polarization azimuth and
elevation pointing biases remain within a narrow range, indicating that the fitted main-lobe
center is mainly controlled by the overall quality of the two-dimensional surface fit and
is relatively robust when the sample coverage is sufficient. During boundary intervals,
however, incomplete main-lobe coverage and a reduced number of effective samples can
increase the dispersion of the retrieved pointing biases.

Beamwidth is more sensitive to external conditions. Although the deconvolution
model effectively reduces the systematic broadening caused by the finite solar disk and
scan smearing effects, the correction performance is not identical in the azimuth and
elevation directions. The ablation analysis shows that this correction reduces the mean
beamwidth relative difference from 9.78% to 2.17%, indicating that the residual error
introduced by the Gaussian-equivalent approximation is much smaller than the systematic
broadening removed by the correction. The azimuth beamwidth is recovered more stably
during the main observation window, whereas the elevation beamwidth remains more
sensitive to solar elevation angle, elevation sampling coverage, and the completeness of
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main-lobe truncation. This indicates that beamwidth retrieval depends not only on the
deconvolution model itself but also on observation geometry and the spatial coverage
quality of the solar samples.

Figure 13. Apparent solar position and angular velocity variation during the observation period.
The apparent solar elevation varied from approximately −0.87◦ to 73.04◦ over the observation period.
The upper panel shows the temporal variations in solar azimuth and elevation, with the left axis
representing azimuth and the right axis representing elevation. The lower panel shows the rates of
change in solar azimuth and elevation and the combined angular velocity, in ◦/s; the black dashed
lines indicate representative observation times, and the horizontal axis denotes UTC time.

The uncertainty in antenna gain is primarily propagated from the stability of the
fitted peak power. Since the gain retrieval simultaneously depends on the solar radio flux,
propagation path correction, and main-lobe peak power estimation, a decrease in sample
quality or changes in propagation conditions during boundary periods directly affects
the absolute gain result. To further interpret the gain comparison, an engineering-level
uncertainty budget was constructed for the solar-based antenna gain retrieval and its
comparison with the independent far-field reference values. As summarized in Table 9,
the major uncertainty contributions include fitted solar peak power, solar flux reference,
frequency conversion of solar flux, gaseous attenuation correction, atmospheric propaga-
tion correction, receiver-chain correction, and main-lobe fitting. The combined standard
uncertainty of the solar-retrieved gain is estimated to be approximately 0.14 dB, whereas
the far-field antenna gain reference has an uncertainty of approximately 0.50 dB. Therefore,
the combined validation uncertainty is approximately 0.52 dB, dominated by the far-field
reference uncertainty.

During the main observation period, the H/V-polarization peak power and retrieved
gain both maintain low fluctuations, indicating that the proposed method can provide
a more reliable antenna gain estimate under stable observation conditions. However,
the larger dispersion during boundary periods suggests that quality control in future
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operational applications should be performed by considering the number of samples,
fitting residuals, and observation geometry.

Overall, the retrieval uncertainties of the solar method are not controlled by a single
factor but arise from the combined effects of solar apparent motion, scan geometry, propaga-
tion path, and sample quality. The results of this study indicate that within an observation
window characterized by moderate solar elevation, complete main-lobe coverage, suffi-
cient sample density, and relatively stable propagation conditions, the solar method can
reliably retrieve beam pointing, beamwidth, and antenna gain for an operational S-band
CINRAD/SA-D weather radar. During low-elevation or boundary periods, the retrieval
results should be screened and interpreted together with quality control indicators.

Table 9. Estimated uncertainty budget for solar-based antenna-gain retrieval and comparison with
far-field reference values.

Uncertainty Source Symbol Evaluation Basis Estimated Std.
Unc. (dB)

Fitted solar peak power u(Ppeak) Repeatability of 5-min fitted peak-power retrievals 0.060

Solar flux reference u(Ssun) 1% relative uncertainty of solar radio flux reference 0.043

Frequency conversion of
solar flux u(Sf,conv)

Sensitivity of the 2800-MHz-to-radar-frequency solar
flux conversion 0.035

Gaseous attenuation
correction u(Agas)

20% residual uncertainty of gaseous attenuation
correction 0.020

Atmospheric propagation
correction u(Aprop)

Residual propagation-induced pointing error
translated into equivalent main-lobe loss 0.030

Receiver-chain correction u(Grx, Lrx)
RSS combination of receiver gain, radome loss,
and receiving-path loss uncertainties 0.100

Main-lobe fitting u(Pfit)
Main-lobe fitting residuals and sample-screening
sensitivity 0.050

Combined solar-retrieved usolar
√

∑ u2
i

0.14

Far-field reference uFF Manufacturer/calibration specs 0.50

Combined validation uval
√

u2
solar + u2

FF
0.52

Note: The values listed in this table represent an engineering-level estimated uncertainty budget based on
retrieval repeatability, correction-model sensitivity, and system calibration information available in this experiment.
The combined solar-retrieved uncertainty is calculated by the root-sum-square combination of the individual
solar retrieval terms. The far-field antenna gain uncertainty (0.5 dB) is treated as the uncertainty of the validation
reference, not as an uncertainty source of the solar retrieval itself. Therefore, the differences between solar and
far-field gain should be interpreted as differences relative to the independent far-field reference values within the
combined validation uncertainty rather than as absolute deviations from the unknown true antenna gain.

4.2. Analysis of Method Applicability

It should be noted that the proposed method still has certain limitations in applicability.
First, the present validation is based primarily on a single S-band CINRAD/SA-D weather
radar. Although the results demonstrate the feasibility of the method for this radar type,
its applicability to different radar architectures, frequency bands, and site environments
still needs to be evaluated using a larger and more diverse dataset. For application to other
frequency bands, the scan density should be selected according to the actual antenna half-
power beamwidth so that the solar main-lobe region is sufficiently sampled in both azimuth
and elevation. For X-band or other higher-frequency systems, the finite solar source term,
scan smearing term, and angular sampling interval should be recalculated using the actual
operating frequency, antenna beamwidth, integration time, and antenna angular velocity
rather than assuming a fixed beamwidth relationship. For C-band radars, the same frame-
work can generally be retained, but the solar source equivalent width, gaseous attenuation,
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propagation correction, and scan smearing terms should be re-parameterized according to
the actual radar frequency, beamwidth, and scan strategy. For lower-frequency systems
such as L-band radars or wind profilers, the scan spacing should also be determined from
the measured or designed beamwidth. In addition, background sky noise, radio frequency
interference, and temporal variation of the noise baseline may become more important at
lower frequencies, requiring stronger noise baseline estimation, RFI screening, temporal
averaging, and sample quality control prior to main-lobe fitting and gain retrieval. Second,
although this study considers the major physical factors affecting solar retrieval, including
the finite solar source effect, scan smearing, atmospheric refraction, and gaseous absorption,
additional uncertainties may still affect solar sample extraction and main-lobe fitting under
extremely low elevation angles, complex weather backgrounds, or strong electromagnetic
interference. Third, the present analysis of dual polarization consistency mainly focuses on
main-lobe parameters and antenna gain. Future work should further extend the method to
more detailed operational issues such as ZDR system bias monitoring, polarization beam
matching, and long-term drift diagnosis. It should also be noted that the comparison
with the conventional SunCheck mode is based on historical operational records rather
than simultaneous measurements; this comparison is used to demonstrate differences in
sampling geometry, sample density, and retrieval capability rather than to serve as an
independent accuracy benchmark. Because several uncertainty components depend on
system-specific calibration records and assumptions on the part of the correction model,
the numerical values in the uncertainty budget provide an engineering-level estimate of
the dominant uncertainty contributions and are intended to support the interpretation of
the solar–far-field comparison.

Under the conditions of this experiment, our results indicate that the solar method
supported by an improved sector volume scan and a complete physical correction chain
can provide relatively stable in situ estimates of key antenna parameters, including beam
pointing, beamwidth, and antenna gain. Therefore, the proposed method can serve as
an important supplement to traditional far-field testing and has potential applications in
network-wide radar consistency assessment, long-term performance tracking, and verifying
the effectiveness of maintenance. For radar sites located in complex terrain or lacking far-
field test facilities, this method provides a relatively convenient and cost-effective pathway
for in situ antenna parameter calibration.

The present experiment was conducted using a single S-band CINRAD/SA-D radar
during one continuous solar-observation period. Therefore, the results mainly demon-
strate the feasibility and consistency of the proposed method for this specific radar, site,
and observation period. The robustness of the method under different radar types, an-
tenna systems, climatic conditions, solar activity levels, and site environments still requires
further evaluation.

Future work will include multi-period experiments and inter-comparison studies
using additional operational radars to evaluate the transferability of the proposed method
and to determine its applicability for routine network-level radar performance monitoring.

5. Conclusions
This study has proposed and validated a VCPSun-based in situ calibration method

for retrieving the beam pointing, beamwidth, and antenna gain of an operational S-band
dual-polarization weather radar. The proposed method integrates a high-density solar
sector scan with midpoint-time alignment, two-dimensional main-lobe fitting, physical
deconvolution of finite solar source and scan smearing effects, and independent far-field
validation. The results demonstrate that the proposed framework can provide stable
solar samples, retrieve antenna pointing and beamwidth with good agreement to far-field
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measurements, estimate antenna gain with sub-0.2 dB consistency relative to the far-field
reference, and maintain good H/V polarization consistency during the selected observation
period. The main conclusions are as follows.

(1) The improved VCPSun sector volume scan mode can stably acquire solar main-
lobe samples and increase the spatial sampling density around the theoretical solar
position. By applying midpoint-time alignment and feed-forward control of solar ap-
parent motion, the scan geometry is better matched to the solar trajectory. Combined
with spatiotemporal matching, far-range sample screening, and statistical quality con-
trol, the proposed strategy enables reliable extraction of solar main-lobe samples and
provides a robust data basis for subsequent retrieval of beam pointing, beamwidth,
and antenna gain.

(2) The two-dimensional main-lobe surface fitting method can stably retrieve antenna
beam-pointing biases and identify small pointing errors. The retrieved azimuth
pointing biases of the H and V channels are both approximately −0.04◦, while the
elevation biases are close to zero. The H- and V-polarization beam centers show
highly consistent temporal variations, with no evident systematic separation. These
results indicate that the proposed method can identify pointing errors at the ±0.05◦

level for operational S-band CINRAD/SA-D weather radars and can support in situ
assessment of antenna pointing accuracy.

(3) The finite solar source effect and scan smearing effect are major sources of systematic
broadening in solar-based beamwidth retrieval, and must be physically corrected.
For the S-band CINRAD/SA-D radar, the effective angular diameter of the solar
radio disk is comparable to the antenna main-lobe beamwidth, and continuous
azimuthal scanning further introduces scan smearing. Therefore, the directly fitted
solar beamwidth represents an apparent beamwidth rather than the intrinsic antenna
beamwidth. After Gaussian-equivalent deconvolution of the finite solar source and
scan smearing effects, the mean beamwidth reductions in the azimuth and elevation
directions are 0.075◦ and 0.060◦, respectively. Compared with the far-field test values,
the relative differences of the corrected beamwidths are 3.26% and 1.52% for H-
polarization azimuth and elevation and 2.09% and 1.84% for V-polarization azimuth
and elevation, respectively, with all mean differences being below 3.5%. These results
demonstrate that deconvolution correction is essential for improving the accuracy of
solar-based beamwidth retrieval for S-band weather radars.

(4) The solar-retrieved antenna gain shows good repeatability and close agreement
with the far-field test results. The standard deviations of the retrieved antenna gain
during the main observation period are generally small, with most hourly cases
showing values of 0.02–0.06 dB. The gain differences relative to the independent
far-field reference values are −0.062 dB for H-polarization and −0.144 dB for V-
polarization. These differences indicate consistency between the solar-derived gains
and the independent far-field reference values within the validation uncertainty
rather than absolute deviations from the unknown true antenna gain. This suggests
that the proposed method can provide stable solar-based antenna gain estimates and
may support subsequent monitoring of dual-polarization channel consistency.

(5) The comparative and ablation analyses further show that VCPSun extends the conven-
tional one-dimensional SunCheck mode by providing denser two-dimensional main-
lobe sampling, while the physical deconvolution chain reduces the mean beamwidth
difference from 9.78% to 2.17%.

Overall, the proposed solar calibration method can retrieve key antenna parameters of
operational S-band CINRAD/SA-D weather radars using dedicated solar scan observations
and physical corrections during the selected observation period. The proposed method
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can reduce the dependence of operational radars on frequent far-field beacon tests and
serve as a practical supplement to conventional far-field calibration, especially at radar
sites where routine far-field testing is difficult because of complex terrain, site limitations,
or high implementation costs. In addition, the validation results clearly link the main
methodological elements to the retrieved parameters: the high-density VCPSun scan
supports stable solar sampling, the deconvolution model improves beamwidth retrieval,
and the far-field comparison confirms the consistency of the pointing, beamwidth, and
gain results. Together with the stable H/V-polarization behavior, these results strengthen
the overall validation of the proposed method. Future work should expand the validation
dataset to include different frequency bands, radar architectures, and site environments
as well as extend the evaluation period and further refine quality-control strategies for
low-elevation observations, complex weather backgrounds, and strong electromagnetic
interference. The method should also be extended to more detailed dual-polarization
applications, including ZDR system bias monitoring, polarization beam matching, and long-
term drift diagnosis.
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