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Abstract. Continuous observations of cloud and precipitation structure are important for characterizing atmospheric processes
over the Tibetan Plateau, where long-term measurements remain challenging to obtain. We present a Ka/W-band dual-
frequency millimeter-wave radar—thermal infrared radiometer system (KaW-TIR), developed by the Institute of Atmospheric
Physics, Chinese Academy of Sciences, and Sun Create Electronics Co., Ltd., and deployed at the Yangbajing Atmospheric
Observatory in Tibet. The system integrates all-solid-state frequency-modulated continuous-wave (FMCW) radars, shared-
aperture dual-frequency Cassegrain antennas, separate transmit and receive assemblies, and a thermal infrared channel on a
common scanning platform. A common time reference supports synchronized observations with approximately aligned
viewing directions. We evaluated system performance using internal monitoring, UAV-suspended metal-sphere calibration,
weak cold-cloud consistency analysis, and long-term observation statistics. The metal-sphere calibration yielded mean
apparent reflectivity biases of —0.75 dB for the Ka band and +0.32 dB for the W band, which were used to correct the
corresponding radar constants. Selected weak cold-cloud samples had a median Ka—W dual-wavelength ratio of 0.34 dB. In
the routine observing mode, the nominal range resolution is 30 m, and the product update interval is approximately 0.92 s. At
10 km above radar level, the observed statistical detection boundaries are approximately —44.43 dBZ for the Ka band and
—43.20 dBZ for the W band. A representative case illustrates concurrent radar-observed cloud and precipitation structure and
thermal infrared brightness temperature. These results demonstrate the KaW-TIR system's capability for continuous,

synchronous observations of cloud and precipitation at a high-altitude site on the Tibetan Plateau.
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1 Introduction
1.1 Measurement needs for cloud and precipitation observations over the Tibetan Plateau

Cloud microphysical properties and phase govern particle growth and precipitation formation, while cloud macrophysical
structure influences the atmospheric radiation budget, hydrological cycle, and material transport between the troposphere and
stratosphere (Stephens, 2005; Bony et al., 2015; Bian et al., 2020; Morrison et al., 2020). These processes are closely coupled
with cloud dynamics and thermodynamics across a wide range of scales, making their representation a continuing challenge
in numerical weather prediction and climate models (Bony et al., 2015; Morrison et al., 2020). Continuous ground-based
millimeter-wave cloud radar observations provide measurements of equivalent radar reflectivity factor, Doppler velocity, and
spectral width within clouds at high temporal and vertical resolution. Such observations are valuable for investigating cloud
processes and evaluating numerical model representations (Kollias et al., 2007; Kollias et al., 2020).

Owing to its strong orographic and thermal forcing, the Tibetan Plateau plays an important role in the Asian monsoon, regional
moisture cycling, and troposphere—stratosphere exchange (Bian et al., 2020; Fu et al., 2020; Huang et al., 2023). The Tibetan
Plateau's high altitude, complex terrain, harsh environmental conditions, and sparse observational network make long-term,
continuous cloud and precipitation measurements at high vertical resolution particularly challenging. Consequently, ground-
based observations that can resolve internal cloud structure and rapid evolution remain scarce (Gao et al., 2016; Zhang et al.,
2020; Huo et al., 2021; Wu et al., 2024). Observing systems deployed on the Tibetan Plateau therefore require high sensitivity
to weak cloud echoes, sufficient dynamic range for stronger cloud and precipitation returns, and accurate spatial and temporal

co-registration among sensors. Continuous operation under low pressure and large temperature variations is also essential.

1.2 Existing measurement approaches and remaining instrument challenges

Millimeter-wave cloud radars provide continuous, range-resolved measurements of equivalent radar reflectivity factor (Z),
radial Doppler velocity (V,.), Doppler spectral width (ay), linear depolarization ratio (LDR), and Doppler spectra (S(v)) within
clouds (Illingworth et al., 2007; Kollias et al., 2007; Kollias et al., 2020). Vertical pointing provides time—height information,
whereas range—height indicator (RHI), plan position indicator (PPI), and volume scans describe spatial structure (Kollias et al.,
2014a; Kollias et al., 2014b). System sensitivity, hydrometeor scattering characteristics, and propagation attenuation control
the effective detection range and quantitative interpretation of radar measurements.

Hydrometeor scattering and propagation effects differ between the Ka and W bands. Ka-band signals are generally less affected
by gaseous, liquid-water, and precipitation attenuation, allowing deeper penetration when propagation attenuation is strong. In
contrast, the shorter W-band wavelength produces a stronger frequency-dependent scattering response to particle size and is
more susceptible to propagation attenuation (Lhermitte, 1990; Kollias et al., 2007).

The dual-wavelength ratio (DWR), defined as the difference between the Ka- and W-band equivalent radar reflectivity factors
expressed in dBZ, provides information on frequency-dependent scattering and attenuation. Multifrequency measurements

have been used to investigate snowfall microphysics (Kneifel et al., 2015), retrieve raindrop size distributions from dual-
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frequency Doppler spectra (Tridon and Battaglia, 2015), and estimate melting-layer attenuation (Li and Moisseev, 2019).
These approaches require relative calibration, attenuation correction, and comparable sampling volumes; DWR alone does not
uniquely determine microphysical properties.

Thermal infrared brightness temperature (Ty,;r) complements radar backscatter by responding to atmospheric and cloud
emission along the viewing direction. Radar—infrared studies demonstrate this complementarity, while accounting for cloud
emissivity, optical thickness, and atmospheric transmission (Matrosov et al., 1992, 1994; Mace et al., 1998). Radar—microwave
radiometer and radar—lidar studies further illustrate sensor synergy (Bell et al., 2022; Dias Neto et al., 2023; Vishwakarma et
al., 2023). For quantitative use of combined radar and thermal infrared observations, differences in radiometric characteristics,
sampling time, pointing, and field of view must be considered. These issues are particularly relevant for integrated systems
designed to provide coordinated observations of cloud structure and thermal emission.

Developments in scanning millimeter-wave cloud radars, W-band FMCW systems, and combined W-band radar—radiometer
instruments have enabled multi-frequency and active—passive cloud observations (Kollias et al., 2014a; Delanoé€ et al., 2016;
Kiichler et al., 2017).

Our earlier Ka/W dual-frequency radar studies on the Tibetan Plateau provided initial experience with high-altitude cloud
measurements (Huo et al., 2021). However, the complex plateau environment and operational constraints limited the duration
of valid observations. To improve long-term observing capability, the Institute of Atmospheric Physics, Chinese Academy of
Sciences, and Sun Create Electronics Co., Ltd. developed KaW-TIR. It was deployed at the Yangbajing Atmospheric
Observatory in Tibet. The system combines dual-frequency radar and thermal infrared measurements within a common
scanning and timing framework. This study therefore focuses on the system design, measurement geometry, calibration, and

performance demonstrated during high-altitude deployment.

1.3 Objectives and scope

This paper describes the integration of the radar, thermal infrared channel, and scanning platform; the signal processing used
to generate the basic observables; and the calibration and evaluation procedures for assessing measurement performance. The
study focuses on instrument design and performance evaluation, using coordinated observations to demonstrate the system's
capability.

Section 2 describes the site, environmental requirements, system architecture, instrument hardware, and operating modes.
Section 3 presents the generation of the basic observables, together with spatial and temporal alignment and quality-control
procedures. Section 4 describes internal monitoring, absolute calibration using a metal sphere, and relative consistency checks
based on natural targets. Section 5 reports detection sensitivity, operational availability, and representative simultaneous
observations. Section 6 discusses the scope and current limitations of the measurement evidence. Section 7 summarizes the

main results.
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2 Measurement site and instrument design
2.1 Site characteristics and environmental challenges

The KaW-TIR system is deployed at the Yangbajing Atmospheric Observatory in Tibet (Lu et al., 2018). The site is located
at 30.10° N, 90.52° E, approximately 4300 m above sea level, with a mean surface pressure of about 600 hPa. The site
experiences large diurnal and seasonal temperature variations, intense solar radiation, strong winds, windblown sand, snowfall,
and icing. Although atmospheric water vapor is generally low, the summer plateau monsoon and regional moisture transport
produce diverse cloud and precipitation events (Wu et al., 2022; Zhao et al., 2024). These characteristics make the site well
suited for long-term observations of cloud and precipitation processes over the Tibetan Plateau.

The high-altitude environment also places specific demands on instrument design and operation. Low pressure reduces natural
convective heat transfer, while ambient temperature variations can cause drift in transmit power, receiver gain, and frequency
references. Snow, ice, and water films can increase radome losses or contaminate infrared optics. Intense solar radiation can
also alter the equipment's thermal state and affect infrared observations. Because maintenance at the high-altitude site is
constrained by weather, transportation, and personnel availability, the system was designed for long-term reliable operation
with minimal maintenance and limited need for on-site intervention. To support this, the system incorporates thermal
management, environmental protection, and status monitoring. Their implementation is described in this section, and the

measurement characterization and operational results are presented in Sects. 4 and 5.

2.2 System architecture and observational concept

KaW-TIR comprises Ka- and W-band dual-polarization all-solid-state frequency-modulated continuous-wave (FMCW)
Doppler cloud radars, a thermal infrared radiometer, a common azimuth—elevation scanning platform, and data acquisition and
processing units (Figs. 1 and 2; Delanog et al., 2016; Kiichler et al., 2017). The transmit and receive antenna assemblies are
separate, and each uses a Ka/W dual-frequency shared-aperture Cassegrain configuration in which the Ka and W bands share
the same primary and secondary reflectors. The two antenna assemblies are mounted on the common scanning structure to
provide a consistent viewing geometry for simultaneous dual-frequency observations. The infrared radiometer is mounted on
the same platform, with mechanical alignment, pointing calibration, and a common time reference to support simultaneous,
approximately co-pointing observations. Because the infrared field of view is wider than the radar beams, the channels do not
sample identical spatial volumes.

The common scanning platform supports vertical pointing (VPT), PPI, RHI, and continuous scans through the zenith. Radar
operating modes and infrared integration times can be configured for each scan sequence. The system directly produces basic
radar observables Z,, I}, o,, LDR, and S(v) , together with thermal infrared brightness temperature (T}, g). Cloud phase,
particle size, and water content can be derived through synergistic retrievals but are not evaluated in this study.

The Ka/W radars provide range-resolved scattering, depolarization, and Doppler measurements, while the thermal infrared

channel measures brightness temperature along an approximately co-pointing line of sight. Shared scanning and time
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synchronization place the three channels in a common time—angle framework. Their beamwidths and sampling volumes differ,
125  so the observations are approximately co-viewing but not strictly beam-matched. This mismatch is considered in the quality

control and performance assessment below.
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Figure 1: System architecture and signal flow of the KaW-TIR system.

130  Figure 2: Field deployment of the KaW-TIR system at the Yangbajing Atmospheric Observatory, Tibetan Plateau. The right panel
shows the mounting position of the thermal infrared radiometer and its relative location with respect to the radar antenna.
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Table 1: Main specifications of the KaW-TIR system.

Parameter Ka-band radar W-band radar
Frequency (GHz) 34.96 94.50
Measured transmit power (W) ~ 65 ~12
Receiver noise figure (dB) 3.84 5.48
Receiver gain (dB) ~355 ~355
Primary reflector diameter (m) 1.5 1.5

3 dB beamwidth (° ) 0.40 0.16
Tx/Rx antenna gain (dBi) 53.1/53.3 58.4/59.0
First sidelobe level (dB) <=27 <24
Cross-polarization isolation (dB) > 30 >30
Tx—Rx antenna isolation (dB) > 100 > 1002
Tx—Rx center spacing (m) 1.69 1.69
Statistical boundary at 10 km (dBZ)® ~—44.43 dBZ ~—43.20 dBZ
Spectral response of thermal infrared

radiometer ( 1 m) 9-6-11.5

Temperature measurement range (°C) —100 to 200

Sensor accuracy (manufacturer

specification) (°C) +[05°C+ 0'007|Ttarget = Tinse |1

Field of view (FOV) (° ) 3

Scanning modes VPT / PPI/ RHI/ scans through zenith
Azimuth range 0-360°

Elevation range 0-180°

Ka- and W-band: Z,, V,, g,,, LDR, S(v);

Basic observables and products .
thermal infrared: Ty g, Tajr

Table notes: Tx, transmit; Rx, receive; * W-band: estimated from system design; not independently verified. ® Estimated at 10 km
for Mode 3, with a 30 m range resolution and a 0.92 s profile update interval. ° Manufacturer specification for the KT19.85
II sensor. Tpge; and Ty denote the target and instrument temperatures, respectively.

2.3 Ka/W-band antennas and co-pointing design

Separate transmit and receive Cassegrain antennas are used, with the Ka and W bands sharing the primary and secondary
reflectors within each antenna. A coaxially nested dual-frequency feed carries W-band signals through a central hollow circular
waveguide and Ka-band signals through the surrounding coaxial waveguide. Dielectric rods and metal-ring loading are used
to improve impedance matching and control the aperture illumination at both frequencies. The design is intended to provide
adequate inter-band isolation, polarization performance, and consistent beam pointing. The resulting beam characteristics, gain,

isolation, and transmission losses are evaluated below.
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To achieve a high antenna gain, both the transmit and receive antennas employ 1.5 m diameter primary reflectors. Because W-
band performance is more sensitive to reflector surface errors, different surface-accuracy requirements were applied across the
reflector. The root-mean-square (RMS) surface error is limited to 0.03 mm within the central 1.0 m-diameter region and to
0.08 mm in the outer region extending from 1.0 to 1.5 m in diameter. Microwave anechoic-chamber measurements are
summarized in Table 1. The Ka-band transmit and receive antennas have 3 dB beamwidths of approximately 0.40°, gains of
53.1 and 53.3 dBi, and first-sidelobe levels below —27 dB. The corresponding W-band beamwidths are 0.16°, the gains are
58.4 and 59.0 dBi, and the first-sidelobe levels are below —24 dB. The cross-polarization isolation of the Ka- and W-band
antenna systems is 31.5 and 30.2 dB, respectively.

Separate transmit and receive antennas suppress direct leakage of the FMCW transmit signal into the receiver. Antenna spacing
and the isolation structure were optimized together. Full-wave electromagnetic simulations at the Ka-band center frequency
gave a transmit-receive antenna center spacing of 1.69 m and an isolation-cylinder height of 0.45 m. The simulated Ka-band
isolation exceeded 120 dB; complete-system measurements at Ka band confirmed isolation greater than 100 dB, with the
measurable upper limit constrained by the test setup's dynamic range. For the W band, an isolation above 100 dB is an
engineering estimate rather than a direct complete-system measurement. Transmit-receive isolation reduces the effect of direct
leakage on receiver dynamic range. Section 5 evaluates weak-echo detection using observations. Transmit leakage, receiver
dynamic range, and antenna and waveguide losses affect the sensitivity and reflectivity calibration of millimeter-wave cloud
radars. Laboratory characterization and complete-system tests assess these contributions (Ewald et al., 2019; Toledo et al.,
2020).

The Ka- and W-band 3 dB beamwidths measured in the microwave anechoic chamber were 0.40° and 0.16°, respectively.
Relative pointing offsets between frequencies and between transmit and receive antennas affect the geometric consistency of
coordinated observations (Sekelsky and Clothiaux, 2002). During factory assembly, three-dimensional coordinate
measurements guided adjustments to the relative positions of each antenna's primary reflector, secondary reflector, and feed
to maintain the internal antenna geometry. Close-range photogrammetry was performed at the factory and repeated after
installation at Yangbajing to measure and verify the three-dimensional geometry of the transmit and receive antennas. The
relative angle between their mechanical axes was 0.028°, corresponding to approximately 17.5 % of the W-band 3 dB
beamwidth. For an ideal Gaussian power beam, an angular offset of 0.028° corresponds to a single-beam off-axis gain
reduction of approximately 0.37 dB at W band. This value is only a geometric estimate, assuming coincident mechanical and
electromagnetic boresights. The photogrammetric measurements characterize the relative mechanical alignment of the antenna
assemblies, whereas the Ka/W electrical boresights, infrared optical axis, and two-way radar gain are not directly determined
by this method.

The polarization feed network comprises orthomode transducers (OMTs), waveguide power dividers, and waveguide switches.
It supports dual-transmit, dual-receive and single-transmit, dual-receive modes. The latter mode is primarily used to measure

LDR. The Ka/W transmitters, receivers, and waveguide connections are arranged compactly to reduce losses along the
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millimeter-wave signal paths. Complete-system tests gave transmit-receive path losses of 3.03 and 3.66 dB for the W-band

horizontal (H) and vertical (V) channels, respectively. The corresponding Ka-band losses were 1.30 and 1.20 dB.

2.4 Transmitters, receivers, and frequency generation

Both the Ka- and W-band radars use all-solid-state FMCW transmitters. The Ka-band transmit chain uses initial-stage units
based on amplifier chips rated at approximately 7 W, the final power combining uses 3-dB waveguide hybrids, microstrip-to-
waveguide transitions, and a six-way rectangular-waveguide power combiner. The design output power is approximately 70
W, and the measured output under the operating configuration was about 65 W. The W-band transmitter uses approximately
2 W gallium nitride (GaN) power amplifiers and a multistage waveguide power-combining structure. Its design output is
approximately 20 W, and the measured output at initial installation was about 16 W. The typical monitored output during long-
term operation was approximately 12 W. The 65 W (Ka band) and 12 W (W band) values listed in Table 1 represent typical
operating values during the performance-evaluation period.

The radio-frequency (RF) chain in each band generates a linearly frequency-modulated drive signal of at least 10 dBm. After
solid-state power amplification, the signal is fed to the transmit antenna. Directional couplers and R&S power meters
continuously measure transmit power, and the measurements are stored synchronously with the observations. Section 4
describes the transmit-power correction method and its scope of application.

Both the Ka- and W-band receivers use a dual-channel superheterodyne architecture. Echoes undergo low-noise amplification
and two down-conversion stages to an intermediate frequency of 140 MHz before entering the digital signal-processing unit.
Complete-system measurements gave receiver noise figures of 3.84 dB at Ka band and 5.48 dB at W band. Internal test signals
and noise sources monitor receiver gain, noise, and consistency between the two channels. Section 4 describes these tests and
the relative correction methods.

An internal direct digital synthesizer (DDS) generates a test signal, frequency-converts it to RF, and injects it into the horizontal
and vertical receiver channels through switches. A digitally controlled attenuator sets the test-signal power. This interface
checks the receiver electronics' performance and supports internal relative calibration. It does not provide full end-to-end
absolute reflectivity calibration. Section 4 describes the test method and its scope.

The Ka/W receivers use closed-loop temperature control, with a set point of approximately 20 °C for key components. This
control is intended to reduce the effects of plateau temperature variations on the receiver's gain, phase, and frequency response.
Transmit power, receiver gain, noise level, and module temperatures are recorded synchronously with the observations to
identify warm-up periods, abnormal thermal drift, and long-term changes in instrument status.

The Ka/W dual-frequency radar uses a shared 120 MHz reference clock and pulse-per-second (PPS) time reference. Local
oscillators, chirp sources, and digital sampling clocks are derived from a common frequency reference to maintain timing

consistency for waveform generation, sampling, and Doppler phase processing at both frequencies.
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2.5 Thermal infrared channel

The thermal infrared channel uses a KT19.85 II narrowband radiation temperature sensor with a spectral response from 9.6 to
11.5 pm. During vertical pointing, the integration time is 0.92 s, corresponding to the routine radar product update interval.
During PPI and RHI scans, the infrared integration time is adjusted to match the angular scan speed. The effective angular
resolution therefore depends on the optical field of view, integration time, scan speed, and angular sampling interval. The finite
response time also introduces spatial smoothing and angular lag.

The sensor is mounted on the shared azimuth—elevation scanning platform. A gold-coated mirror directs its optical axis
approximately along the Ka/W radar reference axis. The S925AR optics have an effective full field of view of approximately
3°, which is wider than the Ka- and W-band 3 dB beamwidths of approximately 0.40° and 0.16°, respectively. The three
channels therefore have different angular sampling footprints and are not strictly beam matched. The system synchronously
records thermal infrared brightness temperature, near-surface air temperature, relative humidity, radar observables, azimuth,
elevation, and time. Angular registration of scan data also uses the scan speed and sensor response time.

The infrared channel reports band-equivalent thermal infrared brightness temperature in the 9.6—11.5 pm band along a given
line of sight. This radiometric observable reflects emission from clouds and the atmosphere along the optical path. It cannot
generally be interpreted as the physical temperature of the cloud at a specific geometric height. It depends on cloud temperature,
emissivity, optical thickness, subcloud atmospheric conditions, including water vapor, and viewing geometry. These
dependencies are particularly relevant for semitransparent clouds, multiple cloud layers, and slant-path observations. We
therefore use thermal infrared brightness temperature as a basic observable for comparison with the Ka/W radar observations.
Because the sensor views the sky via a gold-coated mirror, quantitative interpretation must account for the mirror's finite
reflectance and thermal emission. The system records ambient temperature and other auxiliary status parameters
simultaneously. Quality flags identify rainfall, snowfall, mirror contamination, icing, and periods when the Sun approaches

the line of sight; details are given in Sect. 3.

2.6 Scanning, timing, and environmental adaptation

The Ka/W radars and the thermal infrared channel share an azimuth—elevation platform for VPT, PPI, and RHI. In VPT mode,
the radars provide continuous time—height observations, accompanied by line-of-sight thermal infrared brightness temperature.
RHI scans include over-the-top scans through the zenith, while PPI provides azimuthal sampling. Each mode's coverage
depends on the scan sequence, dwell time, and corresponding radar and infrared settings.

The system uses zoned thermal management and forced ventilation to support operation under low pressure, diurnal
temperature variations, intense solar radiation, snowfall, icing, and windblown sand. It also monitors temperatures in key
modules, transmitter output power, and receiver noise. The radomes have heating and air-purging devices, while the infrared

channel has an optical protection assembly. Status parameters are recorded alongside the observations to identify warm-up
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periods, abnormal thermal drift, and potential environmental contamination. Their effectiveness is evaluated separately using

long-term operational records and calibration results.

2.7 Data acquisition and digital signal-processing hardware

The data acquisition system comprises separate field-programmable gate array (FPGA) processing units for the Ka and W
bands, plus a central workstation. Each FPGA unit synchronously samples the 140 MHz intermediate-frequency signal from
its respective receiver and performs front-end digital processing. The units share a reference clock and trigger signal to maintain
timing consistency between the two frequencies. After range processing, complex in-phase and quadrature (I/Q) data are
transferred to the central workstation for spectral processing and basic product generation, as detailed in Sect. 3.

Table 2 summarizes the waveform and processing parameters for the four configurable FMCW modes, including the sweep
bandwidth B, chirp duration T, chirp repetition period T;., range-FFT length N,., Doppler-processing length Ny, and averaging
number N,y,. These parameters determine the nominal range resolution, range-gate spacing, configured range coverage, native
Doppler-velocity interval, accumulation time, and product update interval. Sweep bandwidths of 30, 15, and 5 MHz correspond
to nominal range resolutions of approximately 5, 10, and 30 m, respectively, while the configured maximum range spans
approximately 10-30 km across the four modes. These configurations therefore involve trade-offs among range resolution,
range coverage, Doppler-velocity coverage, averaging, and temporal resolution. Windowing reduces spectral sidelobes but
broadens the effective spectral response, while averaging reduces statistical variability at the expense of temporal resolution.
The observed statistical boundary reported in Sect. 5 was evaluated for Mode 3 only.

Raw data and basic products retain timestamps, operating mode, scan angles, system status, and key processing parameters for
dual-frequency registration, quality control, and reprocessing. Section 3 describes the measurement chain from range
processing to spectral moments and dual-frequency products, including registration and quality control.

Table 2: FMCW operating modes and key processing parameters

Parameter Mode 1 | Mode2 | Mode 3 | Mode 4

Sweep bandwidth, B (MHz) 30 15 5 5
Chirp duration, T, (us) 245.76 | 245.76 256.0 204.8
Chirp repetition period, T} (is) 315.1 348.1 358.0 407.0
Effective 1/Q sampling rate, fs1qo(MS s 16.67 16.67 4.00 10.00
Range FFT length, N, 4096 4096 1024 2048
Doppler FFT length, N 256 256 256 256
Spectral averages, Navg 10 10 10 10
Nominal range resolution, AR (m) 5 10 30 30
Configured maximum range, R, (km) 10 15 15 30
Ka-band maximum unambiguous velocity, Vpax ka (M s71) 6.80 6.16 5.99 5.27
W-band maximum unambiguous velocity, Vpaxw (ms™1) 2.52 2.28 2.22 1.95

10
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3 FMCW operating modes and measurement processing
3.1 Range measurement and resolution

The four FMCW modes in Table 2 set the sweep bandwidth B, chirp duration T, and repetition period T,. The chirp slope is
K = B/T,, and a target at range R has a round-trip delay T = 2R /c, where c is the speed of light. With the adopted signed-

Doppler convention, the dechirped beat frequency is

fo=Kt+fo="2+f ()

Neglecting the Doppler contribution gives the range assignment

R ~ Cf_b — CTCfb (2)

2K 2B
The FPGA applies a window to each chirp and computes an N.-point range FFT. The nominal unwindowed range resolution
is

AR = é 3)

Thus, sweep bandwidths of 30, 15, and 5 MHz correspond to nominal unwindowed range resolutions of 5, 10, and 30 m,
respectively. Windowing suppresses range sidelobes but broadens the effective range response. The output range-gate spacing
is distinct from the physical range resolution; zero padding or output regridding can produce a finer range grid without
improving the physical resolution.

The range coverage and gate counts in the original design are consistent with spacings of 5, 10, 30, and 30 m for Modes 1-4,
respectively, assuming uniformly spaced output gates. The I/Q sampling rates listed in Table 2—16.67, 16.67, 4.00, and 10.00
MS s~1—are specified in the same design records. These values are consistent with fsiq = Ny/T¢ for a full-chirp FFT without
zero padding.

clfpl
2K

Equation (2) introduces a coupling bias of magnitude |§Rp| = . Its acceptability depends on the required range accuracy

relative to the gate spacing and effective resolution. Estimating Doppler frequency does not itself correct this bias; range
reassignment requires a separate correction. The configured maximum ranges in Table 2 are distinct from both the sampling-

limited ranges and the distance at which an echo is detectable.

3.2 Doppler processing and mode trade-offs

A slow-time FFT across N, = 256 chirps estimates the Doppler frequency at each range gate. Radial velocity follows
Afp

= 4)

where A is approximately 8.575 mm at Ka band (34.96 GHz) and 3.172 mm at W band (94.50 GHz). For uniformly spaced

These relations connect

chirps, the native velocity interval is [—Vpax, Vmax)s With Vypay = s and FFT-bin spacing v = T
r Dir
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the two wavelengths and T, to the band-dependent limits in Table 2; spectral windowing broadens the effective velocity
response.

Mode 1 provides the finest nominal range resolution (5 m), a configured range of 10 km, and the widest native velocity intervals
(+6.80 m s! at Ka and +2.52 m s™' at W). Mode 2 extends coverage to 15 km with 10 m resolution and slightly narrower
velocity intervals. Mode 3 retains 15 km coverage at 30 m resolution and is the configuration evaluated in Sect. 5. Mode 4
extends configured coverage to 30 km at the same nominal resolution as Mode 3. However, its longer repetition period narrows
the velocity intervals to £5.27 and £1.95 m s™! and increases the accumulation duration.

The processor averages N,yz Doppler power spectra in linear units. For each spectrum, the nominal coherent processing

duration is T, = NpT,-. Assuming consecutive, non-overlapping spectra, the corresponding nominal accumulation time is
Tace = NpNaygTr. With Np = 256 and N, = 10, the accumulation times are approximately 0.807, 0.891, 0.916, and 1.042 s
for Modes 1-4, respectively. For Mode 3, T,.. = 0.91648 s, consistent with the observed product update interval of
approximately 0.92 s. The product update interval describes the output cadence and is distinct from the accumulation time; the
effective temporal response also depends on the averaging scheme, processing overhead, and scan dwell time.

Velocity dealiasing is performed sequentially. We first unfold Ka-band velocities using continuity constraints. Because the
Ka-band measurements have a wider native velocity interval, the resulting dealiased Ka-band velocities then constrain the
integer folding number for W-band unfolding. Candidate W-band velocities separated by 2v,,, w are evaluated against the
corresponding Ka-band velocity and continuity criteria, and samples that do not satisfy the prescribed constraints are flagged.
Because the W-band unfolding uses Ka-band information, the resulting Ka/W velocity agreement is not treated as an

independent validation of dual-frequency velocity measurements.

3.3 Calibrated radar observables

After noise subtraction, the accepted echo power P, is converted to equivalent radar reflectivity through the band- and mode-

dependent calibration:
Zeap(R,t) = 101ogyo Ps(R, t) + 2010819 R + Crag + Cp,(t) + Coorr (R, t) + Cant(R) )
where R is range, t is time, and C,,q is the radar constant determined from the metal-sphere calibration experiment for the

corresponding radar band and operating mode. The transmitter-power correction is defined relative to the calibration

reference state as

p ca
Cr, (6) = 10log, |72 ©)

where P o is the transmitter power measured during the external calibration and P,(t) is the synchronously monitored
transmitter power during routine observations. The two powers in Eq. (6) are expressed in the same linear units. Thus, the
absolute transmitter power at the calibration state is already represented in C.,q4 and is not applied again separately. Ceopr

represents propagation corrections relative to the calibration reference state. The Ka- and W-band radar reflectivities are
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archived without correction for atmospheric gaseous attenuation. During post-processing, both are corrected for attenuation
due to water vapor and oxygen using ERAS reanalysis data, while C,,; accounts for the range-dependent incomplete overlap
of the transmit and receive beams associated with the 1.69 m antenna separation (Sekelsky and Clothiaux, 2002).

For horizontal transmission, the linear depolarization ratio is
LDRy, = 10logy, (P“—") (7
PHH

where Pyy and Pyy denote cross- and co-polar echo powers for the same band, mode, and gate. Its interpretation depends on
channel calibration and valid cross-polar detection. After temporal and spatial registration, the dual-wavelength ratio is
DWRka-w = Zka — Zw (®)
where both reflectivities are in dBZ. DWR depends on scattering and differential attenuation as well as calibration, beam-
volume differences, and unequal detection limits. The selected-cloud comparison in Sect. 4.3 is therefore a relative consistency

check under its stated screening conditions.

4 Calibration and measurement characterization
4.1 Internal monitoring and relative calibration

Directional couplers and R&S power meters monitor Ka- and W-band transmit power synchronously with the radar
observations. The recorded measurements are used to correct for transmitter-power changes relative to the external-calibration
reference state. This correction is subject to uncertainties in coupling factors, power-meter measurements, and signal-path
losses. External calibration with a standard metal sphere establishes the absolute reflectivity reference for the tested radar
configurations.
A DDS source injects controlled test signals into the H- and V-polarized receive channels. Measurements at several input
levels are used to monitor receiver gain and linearity and to determine the relative H/V gain correction used for LDR. These
measurements characterize only those components downstream of the corresponding injection point and are therefore used as
internal electronic checks rather than as an end-to-end radar calibration.
Both the Ka- and W-band receive chains contain solid-state noise sources. We monitor receiver noise performance by
estimating the noise figure using the Y-factor method. Here, P,, and P are the receiver output powers in dBm, measured
with the noise source switched on and off, respectively. Their difference, AP = P,,, — P, is expressed in dB. ENR is the
excess noise ratio of the calibrated noise source, expressed in dB. The noise figure is calculated as

Ng(dB) = ENR — 10log,;(10%47 — 1) )
where N is the receiver noise figure in dB. The calculation requires a traceably calibrated ENR and corrections for switch and
feedline losses between the noise source and receiver input. This test primarily monitors changes in receiver noise performance

over time. Standard laboratory measurements remain the reference for the absolute noise figure.
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Internal test signals characterize only the portions of the electronic chains downstream of their respective injection points.
They do not include the complete antenna response or external propagation path and therefore do not establish an end-to-end
absolute reflectivity reference. KaW-TIR consequently combines internal monitoring with external metal-sphere calibration.
The initial link budget was established from independently measured transmitter power, receiver gain, and path losses. The
metal-sphere measurements provide the external reflectivity reference for the tested radar configuration. The external
calibration incorporates fixed system terms into the calibrated radar constant and does not reapply them individually during
routine processing. Time-dependent transmitter-power variations are corrected relative to the calibration reference state,

whereas propagation attenuation and other range-dependent terms are treated separately when required.

4.2 External calibration with a metal sphere

A UAV-suspended metal sphere provides a target with a calculable radar cross section (RCS). Its diameter and the radar
wavelength determine the theoretical RCS, which is related to received power through the point-target radar equation.
Calibration compares this reference with the sphere return processed using the specified radar mode. The reported apparent
equivalent reflectivity is a representation of that point-target return on the radar product scale, rather than a volume-scattering
property of the sphere (Williams et al., 2013; Yin et al., 2019).

During the KaW-TIR system tests in Huainan, we conducted an absolute calibration experiment using a metallic sphere. We
suspended a standard metallic sphere with a diameter of 15.23 cm from a DJI M300 unmanned aerial vehicle (UAV) and
positioned it in the far-field region. The target was located west of the radar, at an azimuth angle of approximately 277.15°, an
elevation angle of 6°, and a horizontal distance of about 2.8 km. The metallic sphere was suspended approximately 50 m below
the UAV. At the target range, the 3 dB beamwidths correspond to beam diameters of approximately 20 m for the Ka band and
8 m for the W band. The radar pointing was kept fixed, while the UAV was moved vertically and horizontally to allow the
sphere to pass through the main beam several times. The peak response was identified using the target position time series.
Two sphere passages near 12:13 and 12:29 Beijing time on 20 March 2023 were evaluated. A centered 5 s median filter was
applied, and the band-specific peaks were selected within common strong-echo intervals at the same range gate. The Ka-band
peaks were 16.47 and 16.18 dBZ; the W-band peaks were 8.13 and 8.23 dBZ. At the nominal range of 2.88 km for gate 96,
the theoretical apparent equivalent reflectivities were 17.08 and 7.86 dBZ. With bias defined as observed minus theoretical
reflectivity, the mean biases were —0.75 dB at Ka band and +0.32 dB at W band. The between-passage sample standard
deviations were 0.21 and 0.07 dB (n = 2), and the peak differences were 0.29 and 0.10 dB, respectively. We used these biases
to adjust the radar constants for the corresponding tested configurations.

Calibration is affected by uncertainty in sphere RCS and position, range assignment, off-axis loss, suspended-target motion,
background echoes, and system gain. The W-band beamwidth of approximately 0.16° makes target displacement particularly
relevant. The repeatability of the two evaluated passages captures only part of this uncertainty and does not provide a combined

uncertainty estimate for absolute reflectivity.
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Figure 3. Selected strong-echo episodes during the metal-sphere calibration experiment on 20 March 2023. Panels (a, b) show Ka-
band equivalent radar reflectivity factors, and panels (c, d) show W-band measurements near 12:13 (left column) and 12:29 (right
column) Beijing time.

4.3 Natural-target consistency check

Weak cold-cloud echoes provide a conditional reference for comparing Ka- and W-band reflectivity. For particles sufficiently
small relative to both wavelengths, near-Rayleigh scattering gives approximately equal equivalent reflectivities when dielectric
conventions, attenuation treatment, and sampling are consistent. Hogan et al. (2000) and Ewald et al. (2019) support this
approach. The reference DWR, _y is therefore approximately 0 dB for suitable targets, rather than for ice clouds in general.
Candidate profiles were screened using ERAS temperature. We rejected profiles if any valid echo occurred at T > —38 °C or
lacked a corresponding temperature. This cold-cloud criterion reduces the likelihood of liquid-containing layers along the
detected echo column and is motivated by homogeneous-freezing conditions (Koop et al., 2000). We also rejected profiles

with reflectivity above —15 dBZ in either band. This is an empirical weak-echo filter, not a strict Rayleigh-scattering criterion,
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because reflectivity depends on particle concentration and size. The interpretation of weak targets therefore retains the
scattering and attenuation qualifications discussed by Tridon et al. (2020).

We limited each contiguous cold-cloud layer to a geometric thickness of 1 km to favor thinner layers and reduce potential in-
cloud propagation effects. A profile could contain several qualifying cold-cloud layers. We excluded regions within 150 m
of each cloud base and top to reduce the effects of strong boundary gradients and sampling-volume differences on
reflectivity comparisons. Candidate profiles required at least three cold-cloud range gates. Qualifying profiles had to form
events lasting at least 10 s, with no more than 5 s between adjacent profiles, to exclude transient, isolated echoes. These
thickness, boundary, and duration limits are operational filters for sample selection in this study. We removed invalid values
and reflectivities affected by suspected range sidelobes, isolated echoes, or near-surface clutter. We corrected two-way
gaseous attenuation by water vapor and oxygen using ERAS temperature, pressure, and specific-humidity profiles.
Transmit—receive antenna overlap losses were also corrected. Finally, comparisons used paired range gates on a common 30
m grid. Both bands had to provide valid equivalent radar reflectivity factors satisfying Z, = —45 dBZ.

The screened dataset contains 1,807,138 paired reflectivities (Fig. 4). The joint distribution is concentrated near the 1:1 line,
and DWR has a median of 0.34 dB, a mean of 0.46 dB, and an interquartile range of 3.62 dB. The near-zero center supports
relative agreement for these selected targets, while the spread includes measurement noise, sampling differences, residual

attenuation, and scattering effects.

(a) Ka-W reflectivity comparison 45 . (b) DWR distribution
0.45
Median = 0.34 dB Smoothed
0.4 41 Mean = 0.46 dB DWR=0
| IQR=3.62dB Median DWR
035% 2391 N=1807138 :
03 3 & 31 !
q 5 5 '
0 2.51 I
g 0.25 % q% 5 :
2 02 = =29 :
N .g .GEJ 1
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Figure 4: Ka—W reflectivity comparison and DWR distribution for the selected cold-cloud samples. (a) Joint relative-frequency
distribution of Ka- and W-band equivalent radar reflectivity factors. The black dashed line indicates the 1:1 relationship. (b)
Relative-frequency distribution of DW Rk, _w. The orange dashed and gray solid lines denote DWR = 0 dB and the median DWR,
respectively. The median DWR is 0.34 dB, the mean is 0.46 dB, and the IQR is 3.62 dB (N = 1807 138).
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5 Field performance and observation examples
5.1 Observed statistical boundaries and theoretical reference sensitivity

We evaluated the observed statistical boundaries using observations collected from 1 January 2024 to 31 December 2025. The
Mode 3 configuration had a nominal range resolution of 30 m, with a product update interval of approximately 0.92 s. Figures
5a and 5b show the accumulated sample counts of quality-controlled Ka- and W-band echoes on a logarithmic scale, while
Figs. 5c and 5d show the corresponding conditional relative frequencies normalized independently at each range gate before
masking and filtering. Because the analysis is based on vertically pointing observations, radar range approximately corresponds
to height above radar level.

To determine the observed statistical boundaries, we retained the native 30 m range gates and grouped valid meteorological
echoes that passed the standard quality-control procedure into 0.5 dBZ reflectivity bins. At each height, we defined the local
boundary as the center of the lowest-reflectivity bin in a sequence of three consecutive bins, each containing at least 100
samples. We fitted Z,p,5(h) = Zyps10 + 201ogi4[h/(10 km)] over 2—-12 km, with the logarithmic slope fixed at 20. The
initial intercept was the median of the height-dependent offsets after subtracting the prescribed range term. Offsets differing
from this median by more than the larger of 0.5 dB and three unscaled median absolute deviations were excluded, and the final
intercept was the median of the retained offsets. The fit used the original counts before display masking and median filtering.
For the evaluated operating configuration, the observed statistical boundaries at 10 km were —44.43 dBZ for the Ka band and
—43.20 dBZ for the W band, compared with theoretical reference sensitivities of —43.31 and —43.36 dBZ, respectively. The
observed boundary was therefore 1.13 dB lower than the theoretical reference for the Ka band and 0.16 dB higher for the W
band. The theoretical calculation used a threshold of twice the standard deviation of noise power fluctuations for integration
over the full Doppler spectrum, assuming 256 Doppler samples, 10 independent spectral averages, rectangular processing
windows, a 290 K input noise temperature, and no additional atmospheric attenuation. Both curves use the same prescribed
range dependence, so their comparison concerns the fitted and calculated reference levels.

Valid cloud and precipitation echoes occurred mainly between approximately 0 and 13 km above the radar. At lower levels,
Ka-band equivalent radar reflectivity factors reached approximately 40 dBZ, whereas retained W-band echoes reached
approximately 27 dBZ. With increasing height, both distributions shifted toward weaker reflectivity. Between approximately
8 and 12 km, most valid echoes were between —30 and —10 dBZ. These distributions reflect the combined effects of cloud and
precipitation climatology, propagation, signal detection, and range-dependent sensitivity.

The observed statistical boundaries depend on echo occurrence, sampling duration, reflectivity bin size, and quality control.
The minimum-count requirement can exclude infrequent weak echoes that have been detected, shifting the statistical boundary
toward stronger reflectivities. The count in each bin represents accumulated observations and is distinct from the number of
spectra averaged to produce an individual radar product. We report the observed statistical boundaries alongside the theoretical
reference sensitivities to distinguish the retained echo distributions from the sensitivity predicted under the specified system

and noise assumptions.

17



450

455

https://doi.org/10.5194/egusphere-2026-5816
Preprint. Discussion started: 16 October 2026
(© Author(s) 2026. CC BY 4.0 License.

Height above radar (km)

Height above radar (km)

EGUsphere®

Observed statistical boundary - - = = Theoretical reference sensitivity
(a) Ka band: sample counts (b) W band: sample counts
15 1 1 1 —1 1 15 1 1 1 1 1 55
1 1
1 1
1 1 5
121 - 121 -
4.5 .
94 3 9 3 4 +U
Q
£
£
6- s 61 . 35 o
[*)]
ke]
3
34 - 31 -
25
T T T 0 T T T T T 2
-80 -60 -40 -20 0 20 40 -80 -60 -40 -20 0 20 40
Ze,Ka (dBZ) Ze,W (dBZ)
(c) Ka band: conditional frequency (d) W band: conditional frequency
15 1 1 1 1 1 15 1 1 1 1 1 Z 3
1
I
1 —
12 124 i 2.5 é’,
>
(&)
2 5
9- 9 3 =
L
15 5
o
6 61 - 2
1z
(]
31 31 - 8
05 =
0 T T T 0 T T T T T 0
-80 -60 -40 -20 0 20 40 -80 -60 -40 -20 0 20 40
Ze,Ka (dBZ) Ze,w (dBZ)

Figure 5. Height-reflectivity distributions of Ka- and W-band equivalent radar reflectivity factors from 1 January 2024 to 31

December 2025. Panels (a, b) show the occurrence counts, and panels (c, d) show the median-filtered conditional relative

frequencies (%) for the Ka and W bands, respectively. Red solid curves indicate the observed statistical boundaries fitted over 2—

12 km, and black dashed curves indicate the theoretical Mode 3 sensitivities.

5.2 Operational availability and maintenance recovery

Monthly operational availability and system-status records from October 2023 to August 2026 were used to characterize KaW-

TIR operation (Fig. 6). Monthly operational availability was defined as the ratio of valid observation time to total calendar

time in each month. A period was counted as valid only when the Ka-band radar, W-band radar, and thermal infrared channel

were all operating normally and simultaneously providing valid observations. Interruptions due to scheduled maintenance,
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equipment repair, and unexpected shutdowns remained in the statistics, so the results describe observation coverage under
actual operating conditions.

Mean monthly operational availability was 84.0 % over the full period, including maintenance and failures. Excluding
January—April 2026, 27 of the remaining 31 months exceeded 80 %, and mean monthly availability for those 31 months was
approximately 91.4 %. The full-period value describes overall observation coverage; the restricted statistic describes the
months outside the main failure period.

Monthly operational availability from January to April 2026 was 41.9 %, 14.6 %, 43.3 %, and 7.8 %, respectively. Operating
logs and diagnostic records linked the main interruptions during this period to the Ka-band receiver failure in January 2026.
After factory repair and on-site reinstallation of the receiver, operational availability recovered to 95.5 % in May 2026 and
approached 100 % over the next two months. These records document the recovery of observation coverage after receiver

repair.

I Vort avaiabity _ _ . Overallavailability: 84.0 %

100
s | [ 1 -
60 |
a0 |

20 |

Monthly operational availability (%)

2023 2024 2025 2026

Month

Figure 6: Monthly operational availability of KaW-TIR from October 2023 to August 2026.
5.3 Representative simultaneous radar—infrared observations

Figure 7 shows coordinated observations on 13 June 2025. Both radars resolve the evolving cloud and precipitation structure,
with echoes extending to approximately 8—10 km above radar level. Enhanced reflectivity near 1.5 km is consistent with a
melting-layer bright band near the 0 °C level. DWR is generally small in weak upper-level echoes and larger in stronger echoes
and lower-level precipitation, where frequency-dependent scattering and differential attenuation may both contribute.

During approximately 02:00-05:00 UTC, when little or no radar cloud echo is detected, infrared brightness temperature

remains near —55 °C. It varies more strongly when radar echoes appear and increases during precipitation. These variations
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provide a radiometric view of the changing scene alongside the range-resolved radar observations; their interpretation also
depends on atmospheric transmission and the quality status of the infrared optical path.

Larger Doppler spectral widths and enhanced LDR occur mainly in lower-level echoes and regions of greater vertical
development. These observables indicate changes in the distribution of radial velocities and depolarizing backscatter, with
contributions from particle properties and measurement conditions. The case demonstrates simultaneous sampling of cloud

and precipitation evolution by the radar and infrared channels.
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485 TFigure 7: Time-height observations on 13 June 2025: (a, b) Ka- and W-band equivalent radar reflectivity factors; (c) thermal
infrared brightness temperature and surface air temperature; (d) Ka—W dual-wavelength ratio; (e, f) Ka- and W-band radial
Doppler velocities; (g, h) Doppler spectral widths; (i, j) linear depolarization ratios (LDR). Height is measured above the radar, and
time is in UTC.
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6 Discussion and limitations

The KaW-TIR system integrates the Ka-band radar, W-band radar, and thermal infrared channel on a common observation
platform and uses a common time reference for synchronized acquisition. The three channels are therefore temporally
synchronized and observe approximately the same direction. However, because the radar beamwidths and the infrared field of
view differ, their spatial sampling volumes are not identical. This difference becomes particularly relevant near cloud
boundaries and within spatially heterogeneous clouds, where the three channels may represent different spatial averages.
Photogrammetric measurements provide a practical and robust estimate of the relative mechanical alignment of the transmit
and receive antennas. Under the present experimental configuration, this represents the best available estimate of the relative
pointing geometry. Small differences may nevertheless remain between the mechanical axes, electromagnetic boresights, and
infrared viewing axis.

To achieve high detection sensitivity, the Ka- and W-band transmit and receive antennas employ 1.5 m diameter high-gain
reflectors. The large antenna aperture results in relatively narrow main beams. Because the transmit and receive antennas are
spatially separated, the two beams do not fully overlap at short ranges, reducing the effective two-way antenna gain relative to
longer ranges, where the beams overlap more fully. This effect decreases with increasing range and mainly influences
quantitative reflectivity estimates in the near range. As high-level ice clouds are an important target for studies of cloud—
radiation interactions over the Tibetan Plateau, the system design prioritizes sensitivity to weak cloud echoes. The associated
near-range gain reduction caused by incomplete transmit-receive beam overlap is compensated using a range-dependent beam-
overlap correction.

Thermal infrared brightness temperature is a band-equivalent radiometric observable determined by the radiance received
along the line of sight. Atmospheric transmission, cloud temperature, emissivity, optical thickness, and viewing geometry
influence it. In the installed configuration, the gold-coated mirror's finite reflectance and thermal emission may also affect the
measured radiance and must be considered in quantitative applications. The simultaneous case presented here therefore
demonstrates the radiometric complementarity between infrared observations and radar-observed cloud structure. The
measured brightness temperature is not interpreted directly as cloud-top or cloud-base temperature, cloud height, or cloud
phase.

The long-term operational record quantifies observation continuity and availability under plateau conditions, including
scheduled maintenance, equipment failure, repair, and subsequent recovery. Operational availability, however, is distinct from
the long-term stability of the measurement response. Evidence for measurement stability must instead be derived from the
corresponding system-monitoring and calibration records. Within these sampling and calibration constraints, the performance
assessment and synchronized multi-channel observations presented here provide a basis for subsequent quantitative evaluation

and independent validation of synergistic retrievals.
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7 Conclusions

This study presents the KaW-TIR system deployed at Yangbajing and its basic measurement workflow. The system integrates
all-solid-state Ka- and W-band FMCW radars and a thermal infrared channel on a common scanning platform. Internal
monitoring tracks the electronic response, metal-sphere measurements provide external reflectivity references for the two radar
bands, and natural-target observations provide an additional check on their relative consistency. The metal-sphere
measurements yielded mean apparent reflectivity biases of —0.75 dB for the Ka band and +0.32 dB for the W band relative to
the corresponding sphere references, and these measurements were used to derive band-specific corrections to the radar
constants. Separately, the near-zero center of the Ka—W DWR distribution for the screened weak cold-cloud samples supports
relative agreement between the two radar bands under the stated selection and correction conditions.

For the evaluated operating mode, the range resolution was 30 m, and the product update interval was approximately 0.92 s.
The observed statistical boundaries at 10 km were about —44.43 dBZ for the Ka band and —43.20 dBZ for the W band. This
value represents the lower boundary of valid observations for the specified waveform, processing, detection, and quality-
control configuration. Long-term height-reflectivity distributions characterize the observed echo population, while the
representative case demonstrates concurrent Ka- and W-band radar profiles and line-of-sight thermal infrared brightness-
temperature measurements.

Long-term operating records quantify operational availability under high-altitude conditions and document interruptions
associated with maintenance and receiver failure, as well as the subsequent recovery of observation coverage after repair.
Overall, the system design, external calibration results, measurement characterization, and coordinated multi-channel

observations establish an observational basis for studies of cloud and precipitation structure over the Tibetan Plateau.
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