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Abstract. Polarimetric radio occultation (PRO) extends the
capability of standard radio occultation (RO) by providing
not only the conventional thermodynamic profiles but also in-
formation on clouds and precipitation. The differential phase
(A®) is the cumulative phase shift between horizontal and
vertical polarizations observed from PRO caused by aspheri-
cal hydrometeors along the propagation path, typically mea-
sured in millimeters. In early 2025, Yunyao Aerospace Tech-
nology Co., Ltd. successfully launched the first Chinese low
Earth orbit satellite equipped with a PRO payload, generat-
ing over 500 measurements per day. Based on this mission,
we established an end-to-end PRO data processing chain in-
corporating on-orbit calibration and tailored for operational
applications. We analysed approximately 53 000 events col-
lected between March and June 2025, in conjunction with
the Integrated Multi-satellite Retrievals for Global Precipi-
tation Measurement (GPM) precipitation product (IMERG).
The results show that A® remains close to zero under non-
precipitating conditions but exhibits distinct peaks at 3—-5 km
altitude when traversing precipitation layers, with amplitudes
strongly correlated with path-averaged rainfall rates. Thresh-
olds of 1, 2, and Smmh~! are proposed as indicators of pre-
cipitation sensitivity, detection confidence, and heavy-rain
events, respectively, and a A ®-to-rainfall intensity mapping
table is derived to quantify this relationship. Yunyao PRO
data preserve the thermodynamic retrieval quality of conven-
tional RO while enabling effective precipitation detection,
thereby providing important data support for the theoretical,
technical and data research on the transition of meteorologi-

cal observations from “temperature, humidity and pressure”
observations to new types of observations such as precipita-
tion.

1 Introduction

Precipitation events exert long-term and widespread impacts
on human society, particularly in the context of intense rain-
fall. Sudden episodes of high-intensity precipitation and per-
sistent extreme wet spells pose substantial threats to human
health and critical infrastructure, while also triggering sec-
ondary hazards such as flash floods, landslides, and urban
waterlogging. The mesoscale processes that govern the for-
mation and evolution of precipitation are fundamentally con-
trolled by atmospheric convection: upward motions transport
near-surface water vapor into the upper troposphere, where
decreasing temperatures induce condensation, freezing, and
coalescence. These microphysical transformations ultimately
manifest as various hydrometeors (e.g., liquid raindrops, su-
percooled droplets, ice crystals, graupel, and snow), under-
going phase changes and sedimentation that result in precip-
itation at the surface. Despite notable advances in convec-
tive theory and numerical modeling over the past decades,
significant uncertainties remain regarding convective initia-
tion, organizational patterns, microphysical processes, and
land—atmosphere interactions. These uncertainties continue
to constrain the ability of operational forecasting systems and
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climate models to accurately characterize the spatiotemporal
distribution, intensity, and persistence of precipitation.

Standard radio occultation (RO) retrieves scalar refrac-
tivity profiles for temperature, pressure, and water vapor,
with the advantages of all-weather capability, high verti-
cal resolution, and global coverage (Spilker et al., 1996;
Jin et al., 2014; Teunissen and Montenbruck, 2017). Polari-
metric radio occultation (PRO) enhances the standard RO
by receiving the GNSS (Global Navigation Satellite Sys-
tem) signals in two orthogonal linear (horizontal and verti-
cal (H/V)) polarizations. The induced cross polarization (de-
noted by A®) represents a cumulative phase delay between
the horizontal and vertical measurements, arising from the
presence of aspherical hydrometeors such as oblate-shaped
raindrops and complex ice crystal shapes along each ray
path (Turk et al., 2024), as shown in Fig. 1. Operational
techniques capable of systematically resolving the vertical
structure of convection remain lacking, limiting our under-
standing of the three-dimensional evolution of water va-
por and hydrometeors during precipitation (Cardellach et
al., 2010). Passive microwave radiometers (e.g., the Ad-
vanced Technology Microwave Sounder, ATMS) are sensi-
tive to upper-level ice clouds and provide clues to cloud—ice
processes, while imaging radiometers (e.g., the Global Pre-
cipitation Measurement Microwave Imager, GMI) retrieve
column-integrated quantities such as total precipitable wa-
ter and cloud liquid water. Yet, passive observations suffer
from weak vertical resolution, strong dependence on prior in-
formation, and non-unique emission—scattering signals. Ac-
tive precipitation radars (e.g., the Dual-frequency Precipita-
tion Radar, DPR) infer microphysical profiles from backscat-
tering, but cannot separate water vapor from hydrometeors
and are strongly affected by absorption and attenuation (An
et al., 2019). Furthermore, the limited spatiotemporal cover-
age of low Earth orbit sensors restricts continuous monitor-
ing of rapidly evolving convection. The PRO extends GNSS
RO for precipitation-sensitive sensing by measuring the A®
(Cardellach et al., 2018). This polarization-resolved informa-
tion enhances sensitivity to cloud—precipitation microphysics
and convective organization.

With respect to instrumentation and methodology, Cardel-
lach al. (2018) and Padullés et al. (2018) have systemat-
ically documented PRO antenna designs, receiver chains,
calibration strategies, and retrieval algorithms, and clarified
how signal-to-noise ratio, geometric configuration, and fre-
quency plan govern A® detection sensitivity (Padullés et al.,
2018). Theoretical analyses and early in-orbit experiments
show that A® during precipitation markedly exceeds the
expected noise floor, and that the differential-measurement
design helps suppress certain systematic errors and iono-
spheric common-mode residuals. The Spanish PAZ satellite,
launched on 22 February 2018, began radio-occultation and
heavy-precipitation experiments on 10 May 2018, acquiring
on the order of ~ 300 GPS (Global Positioning System) pro-
files per day and confirming PRO’s pronounced sensitivity
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to precipitation (Cardellach et al., 2019). At the mechanis-
tic and application levels, Turk et al. (2022) revealed correla-
tions between the vertical structure of A ® profiles in convec-
tive systems and lower-tropospheric moisture profiles — im-
plying diagnostic value for moisture-hydrometeor coupling
in deep convection (Turk et al., 2019) — while Padullés et al.
(2023) attributed strong A ® peaks to electromagnetic waves
traversing layers of oriented frozen hydrometeors (e.g., ice
crystals and aggregates). Paz et al. (2024a) used Next Gener-
ation Weather Radars (NEXRAD) data to compare the spe-
cific differential phase with A® from PRO observations, and
found good agreement on the PRO A® and collocated with
ground-based NEXRAD radars. Retrieving Level-2 variables
along the rays remains challenging due to geometric effects
— long path integration and vertical superposition — which
induce non-uniqueness: different configurations of particle
location, amount, and type along the ray path can produce
the same observable (integrated polarimetric phase shift).
Lookup-table retrievals were proposed and validated with
synthetic experiments (Cardellach et al., 2018). It is worth
noting that PRO does not degrade traditional thermodynam-
ics measurements (Paz et al., 2024b).

To fully exploit PRO’s spatiotemporal sampling and mi-
crophysical sensitivity, Turk et al. (2024) proposed deploying
small, tightly clustered PRO constellations to retrieve quasi-
simultaneous water-vapor fields for diagnosing inter-model
differences in the precipitation—moisture relationship, and
they further examined synergistic retrieval frameworks that
combine PRO with microwave imagers/sounders to quantify
PRO’s marginal contribution to cloud-ice characterization
and forecast gain. Because PRO entails only limited hard-
ware and processing-chain modifications to conventional RO
payloads, it represents a cost-effective, technically continu-
ous, and scalable evolution of GNSS radio occultation (Turk
et al., 2024). Recent demonstrations include the ESA—Spire—
Spanish research team integration of a novel triplet polari-
metric antenna on the LEMUR-2 platform, validated on or-
bit in 2023 (Talpe et al., 2025), and PlanetiQ’s launch of its
first PRO satellite on 16 August 2024 (Kursinski et al., 2023;
Padullés et al., 2025). The Chinese government is similarly
promoting the adoption of GNSS polarimetric radio occulta-
tion payloads on the Fengyun series, thereby driving payload
development and data-processing capability advances at the
China Commercial Meteorological Satellite Corporation.

At present, Chinese commercial aerospace enterprises are
actively laying out in this field. Yunyao Aerospace Technol-
ogy Co., Ltd. is committed to integrating polarized occulta-
tion technology into its high-timeliness meteorological con-
stellation. The point is to make up for the deficiency of tra-
ditional occultation observations in detecting the microphys-
ical processes of water vapor and precipitation. By capturing
A ® caused by aspherical hydrometeors within the cloud and
rain area, PRO can significantly enhance the constraints on
water vapor condensation and phase transition paths during
severe convective weather processes, thereby improving the
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Figure 1. Illustration of the PRO concept.

accuracy of numerical models in short-term and imminent
precipitation prediction.

Yunyao Aerospace Technology Co., Ltd., established in
March 2019, is developing the “Yunyao Meteorological Con-
stellation” comprising 90 high—temporal-resolution meteo-
rological satellites (Xu et al., 2025). The constellation’s
core payloads include GNSS radio occultation and GNSS-
Reflectometry instruments. The initiative is designed to de-
liver an end-to-end capability — spanning spaceborne obser-
vation, data processing, and service provision — to furnish in-
dustry users with high-cadence, reliable, and scalable meteo-
rological space-data products. The schematic in Fig. 2 illus-
trates the planned network topology, highlighting on-orbit re-
gional redundancy and enhanced temporal sampling that to-
gether support monitoring and nowcasting of rapidly evolv-
ing meso- and small-scale weather systems.

On 21 March 2025, Yunyao launched its first radio-
occultation satellite carrying a GNSS Polarimetric Ra-
dio Occultation Instrument (GPROI) payload into a sun-
synchronous, polar orbit (inclination 97.71°, nominal alti-
tude &~ 540 km). The satellite’s sub-satellite ground track on
the launch date is shown in Fig. 3. From initial insertion, the
spacecraft has continuously acquired and downlinked occul-
tation measurements, and the Yunyao Data Processing Cen-
ter promptly established the “Yunyao PRO” dataset. Follow-
ing geometric and polarimetric calibration and quality con-
trol, the center initiated a GNSS-PRO heavy-precipitation ex-
periment and a suite of sensitivity analyses. To date, nearly
three months of observations have been used to evaluate PRO
sensitivity to precipitation, including: statistical characteri-
zation of A® profiles across distinct weather regimes; co-
consistency tests between AP and independent ground/s-
paceborne references (reanalyses, ground-based radar reflec-
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Figure 2. The 90-satellite Yunyao Meteorological Constellation.

tivity, and passive-microwave retrievals); and assessment of
A® as an indicator of near-tropospheric moisture stratifi-
cation and layers of oriented frozen hydrometeors. With
the feasibility and cost-effectiveness assessments, Yunyao
is considering expansion of the PRO constellation and op-
timization of orbital configurations to enhance the spa-
tiotemporal coverage and robustness of near-real-time hydro-
meteorological profiling.

This paper systematically presents the technical back-
ground of the Yunyao meteorological constellation and
its PRO payload, the polarimetric radio occultation data-
processing workflow and its key elements, and the sensitivity
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Figure 3. The ground track of Yunyao polarimetric radio occultation satellite on 21 March 2025.

tests and experimental results assessing PRO’s response to
precipitation. Section 2 describes the Yunyao occultation and
polarimetric-occultation data sources, the end-to-end pro-
cessing chain and retrieval methods, and the reference prod-
ucts and co-registration strategies used for cross-validation.
Section 3 details the heavy-precipitation experiment design
and case-selection criteria, presents detection performance
results and integrated analyses, and discusses sources of un-
certainty, methodological limitations, and potential pathways
for subsequent assimilation studies.

2 Data and Method
2.1 Data collection

The satellite mission was conducted as a technology demon-
stration payload. Building upon our existing, standardized
occultation platform, we implemented a moderate upgrade to
validate our capability in tracking and processing polarized
radio occultation signals. Accordingly, the forward-facing
antenna, signal channels, and processing methods retained
the conventional occultation configuration. In contrast, the
backward-facing antenna, channels, and data processing pro-
cedures were specifically designed to accommodate the char-
acteristics of polarimetric occultation. Between 21 March
and 21 June 2025, we acquired approximately 53 000 PRO
events from Yunyao PRO payload. The global distribution
of these events collocated with Integrated Multi-satellitE Re-
trievals for GPM (IMERG) is shown in Fig. 4, with overall
spatial coverage that is relatively balanced due to the limb-
grazing geometry of GNSS radio occultation. However, parts
of Eastern Europe and the Middle East exhibit pronounced
data sparsity and gaps. These localized deficiencies arise not
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only from complex radio-frequency environments (including
elevated radio frequency interference, RFI) but also from the
inherently lower signal-to-noise ratio of the polarimetric RO
configuration relative to conventional RO, which increases
PRO’s vulnerability to such adverse radio conditions. Fig-
ure 5a shows the two-dimensional coverage of latitude and
local time. Events exhibit a typical dual peak at dawn and
dusk (approximately 04:00-06:00 and 17:00-19:00 UTC),
with near symmetry across the northern and southern hemi-
spheres. This suggests that orbital/geometric factors, rather
than regional quality issues, are the primary controlling fac-
tor. Figure 5b shows that the daily counts for the three major
constellations are generally stable, but with a natural fluctu-
ation of approximately 10 %. The BDS (BeiDou Navigation
Satellite System) averages approximately 330 daily counts,
GPS approximately 230, and GLONASS (Global Naviga-
tion Satellite System) approximately 110. Data reception was
suspended in early April and mid-June due to a combina-
tion of constellation maintenance and receive link status.
Because channel resources were not initially allocated per-
fectly evenly across the constellations, the actual distribution
is consistent with expectations, as shown in Fig. Sc.

2.2 Standard RO data-processing workflow

Figure 6 summarizes the standard RO processing workflow
at the Yunyao Data Processing Center. The workflow takes
the “synthesized signal” — the complex baseband signal ob-
tained by coherently combining the horizontal and vertical
polarizations — as the scalar-channel input, sequentially de-
riving the excess phase, bending angle, and refractivity, and
then inverting these to produce high-quality profiles of tem-
perature, humidity, and pressure.
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Figure 4. Geographic distribution of Yunyao polarimetric radio occultation events from 21 March to 21 June 2025. Events are collocated
with the IMERG precipitation product. Black dots denote non-precipitating events. Colored markers (blue to dark red) indicate events where
IMERG precipitation > 0 mm h~!; warmer colors and larger sizes indicate heavier rain.
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2.2.1 Precise Orbit Determination

Precise orbit determination (POD) for low Earth orbit (LEO)
satellites is a key driver of the accuracy of radio occulta-
tion retrievals — including excess phase, bending angle, and
refractivity. Accordingly, the Yunyao Data Processing Cen-
ter, in collaboration with Wuhan University, devised a POD
scheme tailored to Yunyao LEO meteorological satellites
(Shi et al., 2008), accounting for orbital altitude, refined force
models, and spacecraft characteristics such as area-to-mass
ratio, volume, and solar-array design (see Table 1). Over the
experimental period (21 March-21 June 2025), the orbit of
POD was evaluated via the overlapping-arc method in the
radial (R), transverse (7T'), and normal (N) components, as
summarized in Table 2. Because the Yunyao PRO receiver

https://doi.org/10.5194/amt-18-7787-2025

hosts both GPS and GLONASS tracking on the same re-
ceiver board, the POD accuracies for the two constellations
are identical (Yue et al., 2025).

2.2.2 Atmospheric Excess Phase Processing

The observed GNSS carrier phase measurement on fre-
quency can be expressed as follows:

Ly=p+c(8t—8)+T+Is+rsNp+ey

p= \/(xs —x0)? 4+ (05 = y0)* + (@ = 20)?

6]
2

where p denotes the geometric range between the satellite
and the receiver antennas; (x*, y*, z%) and (x;, y;, z;) are the
Earth-centered inertial (ECI) coordinate of the GNSS satel-
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Table 1. Precision orbit determination strategy for Yunyao LEO satellite.

Item

Strategies

Observation
Signal selection

Data and products

Undifferenced ionosphere-free phase and code (interval 10 s)
GPS: L1/L2; GLONASS: L1/L.2; BDS: B1/B3

Elevation cut-off 10°
GPS phase center offset igs20.atx
Item Strategies

GNSS orbit and clock products

‘Wuhan University ultra products (interval of 5 min)

Dynamic model Arc length for orbit determination
Earth gravity field model

N-body

Solid Earth tides

Earth radiation

Ocean tides

Atmospheric drag

Relativity

Solar radiation pressure coefficients

12h

EIGEN_6s, 150 x 150 (Forste et al., 2010)

JPL DE421 (Folkner et al., 2014)

IERS2010 (Petit and Luzum, 2010)

CERES Earth radiation data (Priestley et al., 2011)
FES2004 (30 x 30) (Lyard et al., 2006)

DTM94 (Berger et al., 1998)

IERS2010

Box-Wing (Rodriguez-Solano et al., 2012)

LEO initial state
Receiver clock
Ambiguities

Drag coefficients
Empirical coefficients

Estimated
parameters

Position and velocity

Random Walk (RW)

Floated solution

One per 1.5h

(Piecewise periodical estimation of the sin and cos coefficients
in the track and normal directions)

Table 2. Root Mean Square (RMS) difference for the overlap com-
parison in radial, transverse, normal and 3D directions for GPS
GLONASS and BDS.

GNSS system RMS (cm)

R T N 3D
BDS 424 456 179 648
GPS 293 582 356 742
GLONASS 293 582 356 742

lite and LEO receiver in the True of Date (TOD) frame, re-
spectively; ¢ denotes the speed of light in vacuum; 8¢, and §¢°
are the receiver clock offset and satellite clock offset, respec-
tively; T denotes the neutral-atmosphere tropospheric delay;
I denotes the ionospheric delay at frequency f; Ay and Ny
are the carrier wavelength and the integer carrier-phase am-
biguity at frequency f, respectively; & ¢ contains other errors
(multipath, phase center variations, etc.).

The atmospheric excess phase is then defined as
Pam=Ls—p—c(8t;—8t°)—AfNr—ep=T+15 (3)
The single-difference phase at frequency f is used by tak-
ing the phase measured to the occulting GNSS satellite and
subtracting the ionosphere-free phase in Eq. (4) measured
from a high-elevation, non-occulting reference satellite, both
tracked by the same receiver. This subtraction cancels the
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common receiver clock error and leaves only the differen-
tial contributions from geometric range and satellite clocks,
together with the neutral-atmosphere and ionospheric delays,
the integer phase ambiguity, and residual errors.

2 2
fl ref f2

J e

Thus, ALy=Ly— Lr’?fpreserves the atmospheric/iono-
spheric information along the occulting path while remov-
ing the receiver clock term, providing the starting point for
excess-phase processing. We obtain the final excess phase
for each frequency as:

ref __ ref
Ly = L

“4)

ref

Pam, f =Ly — Lig
— I:Ap—i-CA(Sts—i-)quf—)qFNlrgf“r Agf], (5)

where L is the occulting-satellite carrier phase; LI is
ionosphere-free combination from the reference satellite; Ap
and Adt* are geometric-range and satellite-clock differences.

In the lower troposphere, GNSS receivers often switch
between closed-loop and open-loop tracking to maintain
lock under severe multipath. Specifically, closed-loop track-
ing employs a feedback-controlled architecture where the
receiver continuously adjusts its carrier and code replicas
based on discriminator outputs from received signals. This
phase-locked loop mechanism enables real-time compensa-
tion for Doppler shifts and dynamic trajectory variations,

https://doi.org/10.5194/amt-18-7787-2025
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Figure 6. Standard GNSS radio occultation processing workflow.

providing optimal tracking precision under stable signal con-
ditions. In contrast, open-loop tracking operates without
phase feedback, instead utilizing predicted ephemeris, atmo-
spheric models, and pre-calibrated trajectory data to directly
generate local signal replicas at anticipated signal phases.
This forward-prediction approach eliminates loop latency to
rapid signal dynamics, making it particularly robust in the
lower troposphere where refraction and intense multipath
frequently cause deep signal fades and phase discontinuities.

Processing coherently integrates In-phase and Quad-phase
(1/Q) over defined intervals, extracts phase via arctan(Q/I)
and amplitude via /12 + Q2, unwraps the phase to form
a continuous time series, and then merges it with closed-
loop data using dedicated transition logic (Chuang et al.,
2013; Sokolovskiy et al., 2006). By performing independent
or combined phase reconstruction on the open-loop observa-
tions 1/ Q of vertical and horizontal polarization signals, we
can obtain the vertical-/horizontal-polarization excess phases
or the combined ones. The former is used to obtain polariza-
tion phase differences or polarization observation occultation
profiles based on the traditional RO retrieval algorithm, and
the latter is processed similarly to standard RO.

https://doi.org/10.5194/amt-18-7787-2025
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2.2.3 Atmospheric Profile Inversion

Our atmospheric-profile inversion adopts a dual-method
strategy tailored to altitude. Above 20 km, bending angles are
retrieved with geometric optics (GO) from Doppler-derived
excess phase; below 20km, full-spectrum inversion (FSI)
transforms the complex RO signal into impact-parameter
space (Gorbunov and Lauritsen, 2004), resolves multipath,
and outputs Local Spectral Width (LSW) sequences used for
quality control.

Ionospheric correction is altitude dependent. For regions
above 20 km, the first-order ionosphere is removed with the
ionosphere-free combination.

fi
— 3 (Li(@) —a2(a)), (6
fi=7
where op1(a) and o12(a) are bending angles derived from

L1 and L2 frequencies. For regions below 20 km, we employ
a fixed correction application strategy.

Qcorrected (@) = ap1(a) +

Qcorrected (@) = ap1(a) + Adcorrected (@ = @20km) @)

where Adcorrected (@ = @20xm) 1S the ionospheric correction at
the 20 km impact parameter.

To obtain a physically consistent bending-angle profile, we
merge GO- and FSl-retrieved bending angles from the geo-
metric optics method (upper/middle atmosphere) based on
Doppler shift analysis and the Full Spectrum Inversion (FSI)
method (lower atmosphere) with a smooth window around
20km. The weight formula is:

Qcombined (@) = W(a)ago(a) + (1 — W(a))agsi(a), (®)

where a is the impact parameter; W (a) is a smooth window
increasing from O to 1 near ~20km; ago(a), apsi(a) are
the GO- and FSI-retrieved bending angles; ¢combined (@) is the
fused bending.

LSW from FSI is used for threshold-based quality con-
trol to flag multipath. The merged profile is statistically opti-
mized against a background using covariance weighting.

-1
Qopt = Wobs + Cobs (Cobs + Cbg) (abg — Olobs)s )]

where ops is the observation; ap, is the background bending;
Cobs» Cpg are the corresponding error covariances; tp, is the
optimized bending used for inversion.

The optimized bending angle is converted into refractive
index by top-down integration of the inverse Abel transfor-
mation corrected for Earth ellipticity. The optimized bending
angles are inverted to refractivity via the Abel transform with
top-down integration and Earth-ellipticity correction:

Ny =+ [ @

- \/ﬁdd, X =nr, (10)
X
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where N (x) is refractivity multiplied by radius; n is refrac-
tive index; r is geocentric radius. Dry temperature and pres-
sure profiles are derived from refractivity using the Smith-
Weintraub relation in combination with the hydrostatic bal-
ance and the ideal gas law, integrated downward from a
prescribed top-of-atmosphere boundary condition. To ob-
tain full profiles of temperature, pressure, and humidity,
we apply a one-dimensional variational (1D-Var) retrieval,
in which GNSS-RO refractivity serves as the observation
constraint and the Yunyao Meteorological Numerical Fore-
cast Model provides the background state. The minimum-
variance (optimal-estimation) solution yields vertically re-
solved fields of temperature, pressure, and humidity.

2.3 PRO data-processing workflow

YunYao in-house GNSS-RO receiver onboard the satellite
continuously acquires RO data at 100 Hz. In the YunYao con-
figuration, only the occulting link is tracked, with closed-
loop and open-loop channels running in parallel to allow flex-
ible handover control in post-processing. Each RO event is
tracked independently by two polarization ports (H and V),
which operate independently yet are time-synchronized and
output in parallel. The processing strategy and product con-
vention for PRO follow PAZ (Padullés et al., 2024), and the
overall workflow is illustrated in Fig. 7.

The processing chain comprises four stages: (i) //Q syn-
chronization and geometric co-registration; (ii) generation of
standard RO L1B products; (iii) construction and calibration
of the polarimetric differential phase; (iv) cycle-slip removal,
smoothing, and detrending to produce L2 products.

The H- and V-channel I/Q streams are time- and
frequency-aligned and coherently combined into a complex
baseband as follows:

In+jOnp-conjly +j0Ov)=Ug-v+jQu-v), (1)
Aoy =LUu_—v+jOH-V), (12)
Scombined = (Iir +jOQu) + (Iv + jQy) -e 2%, (13)

where Iy and Iy represents horizontal and vertical polar-
ization in-phase component, respectively; Qg and Qy rep-
resents horizontal and vertical polarization orthogonal com-
ponent, respectively; Agpy_y represents the relative phase
difference between horizontal and vertical polarized signals;
Scombined represents the combined complex signal. Signal-to-
noise ratio (SNR) is computed and harmonized, and epochs
and sampling rates are unified to ensure strict consistency
for differencing and parallel processing. Standard RO pro-
cessing is then applied independently to the H, V, and “syn-
thesized” branches to produce the L1B atmospheric excess
phases HatmPhs, VatmPhs, and atmPhs, as well as the po-
larimetric differential phase defined as the A® between the
atmospheric excess phases from the two polarization ports:

Ap =on — v, (14)
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This includes single differencing against a reference link
to remove receiver clock and hardware delays, the dual-
frequency ionosphere-free combination to suppress first-
order ionospheric effects, and detection/repair of carrier cy-
cle slips with lock-loss detection and phase reconstruction.

The PRO observable is defined as the AP between the at-
mospheric excess phases from the two polarization ports: In
the absence of polarizing media along the path, A® should
remain constant in time. Under ideal RHCP illumination the
absolute H-V phase offset is 77 /2; however, because H and
V are tracked independently, only a random constant remains
in the measurements. We estimate this constant over a stable
stratospheric segment and remove it to align the zero level of
A®. Even after conventional per-port cycle-slip repair, form-
ing A® can expose residual jumps. We therefore adopt the
polarimetric phase calibration scheme from Padullés (Padul-
Iés et al., 2020; Ao et al., 2009): half-cycle slips are corrected
during CL using Eq. (15) and full-cycle slips during OL us-
ing Eq. (16):

A®(t) = arctan (tan(AD(¢))) (15)
AD(t) = arctan2 (sin(AP (1)) cos(AD(2))). (16)

This procedure removes remaining half- and full-cycle
slips. Figure 8 shows an example for a GPS event (PRN-31)
on 29 April 2025: Fig. 8a presents calibrated L1 SNR for H
and V, decreasing as the tangent point descends and showing
stronger jitter at the CL—OL transition (dashed lines); Fig. 8b
compares the raw and de-slipped A®, where the corrected
series becomes continuous and nearly constant aloft; Fig. 8c
plots the corrected A ® converted to path length together with
a 1 s moving average.

Afterwards, A® is smoothed with a 1s moving win-
dow to suppress high-frequency noise and linearly detrended
along the full profile to produce the polPhs file (Padullés
et al., 2024). In parallel, the excess phase from the synthe-
sized signal undergoes standard RO retrieval to derive dry
and wet profiles, which are interpolated to a 0.1 km grid to
form the resPrf file (Padullés et al., 2024) for collocation
of A® with thermodynamic fields. For calibration, IMERG-
identified rain-free events are used to derive the in-orbit an-
tenna pattern and to remove any residual ionospheric im-
print on A® (Padullés et al., 2020). Because the A® orig-
inates from hydrometeors, we set AP to zero at 30 km un-
der water-free conditions to remove a profile-wide offset;
all subsequent A® values are referenced to this level. The
calibrated phase is again smoothed with a 1 s filter and lin-
early detrended; the resulting calibrated and smoothed A®
is the primary PRO observable. After these steps, remain-
ing A® variability can be attributed to differences in H- and
V-component propagation induced by non-spherical, prefer-
entially oriented hydrometeors along the path. Figure 9 il-
lustrates the smoothing and detrending: in Fig. 9a the light-
blue curve is AP after de-slipping, the blue curve is the 1s
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Figure 7. GNSS Polarimetric radio occultation processing workflow.

smoothed A®, and the red dashed line is the linear trend; in
Fig. 9b the detrended A® after smoothing is shown.

2.4 Global Precipitation Measurement (GPM)

In the calibration and validation of PRO, the correlation be-
tween polarimetric occultation data and precipitation prod-
ucts provides an independent assessment of rainfall in-
fluence. Rain-free events serve as references to calibrate
systematic biases, while rainy events test Ad sensitivity.
IMERG, which fuses multi-satellite passive microwave and
infrared observations, offers reliable, global precipitation es-
timates at ~0.1° x 0.1° spatial and 30 min temporal resolu-
tion, with both near-real-time and final products (Katona et
al., 2025; Watters et al., 2024). Its coverage and resolution
make it suitable for independent co-location and sample se-
lection.

Unlike prior approaches that fixed circular regions (Ka-
tona et al., 2025), we project the actual occultation ray paths
— tilted elongated bands due to GNSS-LEO relative mo-
tion — onto the surface, considering only the troposphere
below 6 km where precipitation primarily affects propaga-
tion. Polygonal footprints thus reflect both along-ray elon-
gation and lateral extent, reducing geometric misclassifica-
tion. Each occultation event is temporally matched to the
nearest IMERG 30 min interval, and the surface-projected
ray points are weighted to obtain an event-level mean pre-
cipitation. Rain-free events are used for calibration of the
differential phase baseline, while rainy events assess PRO
sensitivity and discriminative capability. Although only the
lower-troposphere projection is used, the long-term dataset
provides sufficient statistics for robust validation.

https://doi.org/10.5194/amt-18-7787-2025
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2.5 ERAS

ERAS is the fifth-generation global atmospheric reanalysis
dataset developed and maintained by the European Centre for
Medium-Range Weather Forecasts (ECMWF), with a hori-
zontal resolution of approximately 30km and 137 vertical
levels spanning the surface to 80km. Covering the period
from 1979 to the present, ERAS undergoes rigorous qual-
ity control, with near-real-time products released within three
months and reanalysis updates available with a 6 d lag. ERAS
data can be accessed and downloaded via the Copernicus Cli-
mate Data Store (https://cds.climate.copernicus.eu/datasets,
last access: 10 September 2025) (Hersbach et al., 2020). For
this study, the dataset corresponding to the temporal span of
the polarimetric occultation observations (21 March—22 June
2025) was retrieved and stored on the servers of Yunyao in
netCDF format.

3 The correlation experiment of PRO profile and
precipitation

3.1 Quality evaluation of PRO profile

H -polarized, V -polarized, and their combined circularly po-
larized observation data can all be used to retrieve meteoro-
logical elements, and the retrieved profiles are nearly iden-
tical. Compared to H- and V-polarized observations, the
synthesized data exhibit a higher signal-to-noise ratio and a
greater success rate in retrieval. Therefore, the accuracy of
the profiles derived from the synthesized observations is rep-
resentative of the performance of polarimetric occultation.

Atmos. Meas. Tech., 18, 7787-7804, 2025
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Using ERAS as a reference, a comparative evaluation was
performed on the profiles of bending angle, refractivity, tem-
perature and pressure retrieved from the polarimetric occul-
tation.

The formula for calculating refractivity is given:

P—e
T

N:klx

9

= )

-}-kzx;—‘rlq X

where N is the refractivity (in N-units), P is pressure (in
hPa), T is the temperature (in K), and e is the water vapor
pressure (in hPa). The coefficients are k1 = 77.604 KhPa—!,
ky = 64.79KhPa~!, and k3 = 377600.0 K> hPa~!.

The profile data corresponding to PRO profile is calculated
by applying logarithmic cubic spline interpolation in the ver-
tical dimension and bilinear interpolation in the horizontal
plane to the ERAS5 data. The relative deviations of the re-
trieved profiles (including bending angle, refractivity, tem-
perature, and pressure) and the ERAS values are then com-
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puted using Eq. (10), as shown below.

_0-B

R x 100 %, (18)

where R represents the relative deviation, O denotes the ob-
served value, and B represents the reference value.

Figure 10 shows the accuracy of PRO profile between 21
March and 21 June 2025. Statistical analyses were performed
on the deviations and standard deviations of bending angle,
refractivity, temperature, and pressure profiles at various alti-
tudes for the BDS, GPS, and GLONASS systems (solid lines
and dashed lines represent the deviations and standard de-
viations of each system respectively). Overall, all three sys-
tems exhibit minimal bias and stable errors from the mid-
upper troposphere to the lower stratosphere (approximately
2-30km). In contrast, the uncertainty increases significantly
in the boundary layer below 1 km and the upper stratosphere
above 30km, which is generally consistent with the char-
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Figure 10. Comparison between PRO profile and ERAS5 data.

acteristic error profile of conventional radio occultation re-

trievals.

The accuracy of bending angle and refractivity profiles is
shown in Fig. 10a and b, respectively. Both exhibit similar
error variation characteristics. Taking the impact height as

https://doi.org/10.5194/amt-18-7787-2025

the y-axis in Fig. 10a, the bending angle accuracy shows its
most pronounced negative bias at 2—4 km, where the mean
reaches about —2.9 % and the standard deviation peaks near
9.6 %, consistent with multipath and super-refraction. From
4 to 30km the bias is slightly positive and generally de-
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creases with height; above 30km both the mean and the
spread increase modestly and the curves begin to diverge.
In Fig. 10b, which uses altitude on the y-axis, refractivity
exhibits a modest positive near-surface bias and large vari-
ability due to sharp boundary-layer moisture gradients and
residual multipath; between 2 and 10 km, absolute mean dif-
ferences are typically below 0.5 % and decrease with height;
from 10 to 30 km, means remain within 0 %-0.2 % with a
spread of about 1 %, followed by slight increases and diver-
gence above 30 km.

Figure 10c shows the temperature profile accuracy. A
slight negative bias appears between 2-3 km, transitions to
a positive bias at 10-18km, and stabilizes near zero from
20-30 km. This pattern reflects the propagation of multipath
and humidity-induced errors from the lower troposphere into
the retrieval. Above 30 km, the negative bias is dominated
by higher-order ionospheric residuals. Figure 10d presents
the pressure profile accuracy. A small negative bias persists
throughout the column, reaching about —0.07 % near the
tropopause. The bias increases slightly between 30—40km
due to error amplification from sequential integration, but re-
mains small (2-30 km).

In summary, the thermodynamic elements retrieved from
the synthesized PRO data demonstrate robust performance
between 2-30km, with both bias and dispersion remaining
small.

3.2 Rainfall detection capability of PRO profile

This section presents the differential phase observed by the
PRO payload in relation to precipitation. The detection capa-
bilities are similar across different GNSS constellations.

To evaluate the precipitation detection capability of the
Yunyao PRO profile, we matched the A® along the ray
path with the IMERG precipitation rate product from GPM.
The geometric relationship was constrained using the tangent
point trajectory in the longitude-latitude plane. Figures 11
and 12 present two representative cases, illustrating scenar-
ios “A® without precipitation” and “A ® with precipitation”,
respectively, to verify the correlation between precipitation
and A®. Meanwhile, we used 4 km pixel-resolution infrared
brightness temperature data to match the PRO, so as to be
able to observe the difference between ice and liquid water
on the ray path.

In the non-precipitation case, Fig. 11a shows that the ray
path remains entirely within the IMERG zero-precipitation
region. Figure 11b shows that the infrared brightness temper-
ature along the ray path. The corresponding vertical profile
of A® in Fig. 11c exhibits minor fluctuations around zero
across all altitude layers, with mean A® values of —0.05
and —0.09 mm for the 0-6 and 0—12 km ranges, respectively.
These magnitudes are consistent with the slight negative bias
observed in the profile and can be attributed to noise and
residual correction errors rather than hydrometeor signals.
Under the same processing chain and geometric conditions,
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the sub-millimeter mean A® can be regarded as the noise
background of the instrument and retrieval system. There is
no significant systematic deviation, indicating that the cali-
bration is accurate.

In contrast, as shown in Fig. 12a, the ray path traverses
multiple intense precipitation regions starting from the near-
surface layer. Figure 12b shows that the infrared brightness
temperature along the ray path. Figure 12c reveals a signifi-
cant increase in A® within the troposphere, with rapid atten-
uation observed near the ground. A peak value of 15-16 mm
occurs around 3—4 km, decreasing to approximately 6—8 mm
at 6 km, further declining to 1-2 mm between 8—10 km, and
approaching zero at 14—-18 km. The mean A& values over
the 0-6 and 0-12km layers are 12.25 and 6.96 mm, re-
spectively, with the matched IMERG precipitation rates be-
ing 2.15 and 1.13 mm h~!. This vertical structure, which is
characterized by strong signals in the lower atmosphere and
rapid attenuation with height, is consistent with the distri-
bution of raindrop-dominated liquid water and its geometric
anisotropy: large, oblate, and oriented raindrops in the near-
surface layer cause significant A® accumulation at L-band,
while the liquid water content decreases rapidly with altitude
and the contribution from ice-phase particles remains weak,
leading to A® approaching zero. The correlation between
precipitation and A® is also confirmed: tangent points at
lower altitudes are closer to the main precipitation core, cor-
responding to higher A® peaks; as the tangent points move
away from the precipitation core with increasing height, A®
decreases accordingly.

It should be noted that A® is an integrated quantity along
the oblique path, influenced by factors such as the horizontal
drift of tangent points and the inhomogeneity of the precip-
itation volume. The spatiotemporal representativeness error
of IMERG may also affect the matched precipitation rate.
The consistency in geometry, vertical structure, and external
precipitation fields between these two cases clearly demon-
strates that the Yunyao PRO profile exhibits a distinct and
reproducible response characteristic to liquid precipitation.

3.3 Precipitation sensitivity experiment of PRO profile

Based on the registration statistics between A® of Yun-
yao PRO profile and precipitation of GPM IMERG, only
the segment below 6km altitude was used. The A® pro-
files smoothed with a 1s window were interpolated onto a
100 m equidistant vertical grid from 0 to 40 km. The profiles
were then grouped according to precipitation intensity: no
precipitation (0 mm h~"), light precipitation (0-0.1, 0.1-0.2,
0.2-0.3, 0.3-0.5, 0.5-0.7mmh~! ), and moderate-to-heavy
precipitation (0.7-1, 1-2, 2-3, 3-5, 57, > 7mmh~!). For
each group, the mean and standard deviation of AP were
computed at each altitude layer. Figure 13a—c show the sam-
ple size, mean A®, and the standard deviation profile un-
der non-precipitating conditions for each precipitation inter-
val. This method follows previous studies (Teunissen and
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Montenbruck, 2017; Cardellach et al., 2018; Gorbunov et al.,
2011), enabling direct comparison with published results.

Figure 13a shows the distribution of sample sizes
across altitude and precipitation intensity groups. The non-
precipitation group contains approximately 13000 samples
per layer between 6-15km, while several light precipita-
tion groups (0-0.5mmh~') maintain sample sizes on the
order of several thousand. In contrast, heavier precipita-
tion groups (27 mmh~!) exhibit an order-of-magnitude de-
crease in sample count. This sample size structure reflects
both the spatiotemporal sparsity of global precipitation and
ensures the robustness of mean and variance estimates for
each group.

Figure 13b presents the mean A® profiles for different
precipitation intensity intervals. The non-precipitation group
shows A® values close to Omm across all altitude lay-
ers, as expected, and is consistent with the results reported
by Cardellach et al. (2014). As precipitation intensifies, the
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magnitude of A® increases and exhibits significant altitude
dependence. At a representative altitude of 3 km, the mean
A® values for each group — from light to heavier precip-
itation — are 0.07, 0.48, 0.89, 1.23, 1.54, 2.07, 2.81, 4.27,
6.69, 9.54, and 9.03 mm, respectively. These results indicate
an approximately linear response of A® to path-averaged
precipitation rate, with higher sensitivity in the lower tropo-
sphere. It should be noted that the A® values of the heavier
precipitation groups peak around 3-5km and then decrease
rapidly with height, falling below 1-2 mm above 10-12km.
This vertical structure which characterized by strong signals
at lower levels and rapid attenuation aloft reflects both the op-
tical anisotropy dominated by liquid raindrops and geomet-
ric factors: in the mid-troposphere, a few kilometers in alti-
tude, certain cloud layers such as altocumulus and altostratus
are commonly present. Radio occultation rays that intersect
these layers may traverse an extended optical path through
moist/cloudy regions, potentially influencing attenuation or

Atmos. Meas. Tech., 18, 7787-7804, 2025



7800

(a)

40

L. Kan et al.: On-orbit performance of Yunyao PRO system

(b) (c)

35

30

251

20

Height (km)

15

10

)

._.
o
IMERG rain rates (mm/h)

! . .
00 2000 4000 6000 8000 10000 12000 14000
Number of Samples

8 10 12 0.0 ofs 1.|0 15 2:0 2.5
Std of A® (mm)

A® (mm)

Figure 13. Statistical analysis of results over 0—40km. (a) Sample size for each precipitation group; (b) mean A® per precipitation group,
with the black curve indicating the bias under non-precipitating conditions; (c) standard deviation of the A® for the non-precipitation

(0mmh~1) group.

refractivity retrievals depending on local water/ice content
and particle phase distribution. Such behavior of the AP re-
veals the coupling between strong liquid-phase contributions
in the lower atmosphere and weak ice-phase contributions at
higher altitudes, and is consistent with the geometric mecha-
nism of “ray path length maximization.”

Figure 13c shows the altitude-dependent standard devia-
tion of A® under the 0 mmh~' condition (non-precipitation
regions), which can be regarded as the “noise background”
of the instrument and retrieval system. This provides a sta-
tistical basis for batch quality control and threshold setting.
The standard deviation decreases with increasing altitude: it
is approximately 1.5 mm near the surface£—the result gener-
ally consistent with Padullés et al. (2020), though the near-
surface trend differs, likely due to factors such as the Yun-
yao PRO receiver performance or the open-loop tracking al-
gorithm. The value decreases to around 1.40 mm at 2 km,
0.70 mm at 5 km, and remains below 0.30 mm above 10km,
stabilizing between 0.12-0.16 mm in the 20-30km range.
This magnitude is consistent with the results reported by
Padullés et al. (2020), further validating the stability of cali-
bration and correction.

It should be noted that in this study, the precipitation-based
grouping using the IMERG product was performed based
on the path-averaged precipitation rate below 6 km altitude.
Therefore, the correspondence between A® and precipita-
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tion reflects a coupling of path-integrated and area-averaged
relationships. Inhomogeneity in the precipitation structure
and beam-filling effects may introduce a certain degree of
dispersion, particularly in the lower atmosphere. Neverthe-
less, the consistency in geometry, vertical structure, and mag-
nitude of the grouped profiles along with their good agree-
ment with previous literature collectively demonstrates that
the AP of Yunyao PRO profile exhibits a distinct, repro-
ducible, and dynamically responsive detection capability for
liquid precipitation.

To further quantify the detection performance of A® in
0-6 km, we computed

P(A® > t|R), (19)

where R is the path-averaged precipitation rate from
IMERG, and t denotes the phase difference threshold (0.5,
1, 2, and 5mm). As shown in Table 3, the threshold ex-
ceedance rate increases monotonically with R. Under non-
precipitating conditions, only 7.85% and 2.25% of the
cases exceed 1 and 2mm, respectively, while exceedance
of Smm is nearly negligible (0.09 %). However, approxi-
mately 17 % of cases still show A® exceeding 0.5 mm, in-
dicating that additional factors influencing A® correction
need to be considered. Under light precipitation, the ex-
ceedance ratio rises. When R > 1 mmh™!, the rates exceed-
ing 1 and 2 mm reach 75.40 % and 52.44 %, respectively. For
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Table 3. Statistics on some A® relative thresholds for each eleva-
tion layer.

rain rates range ~ The ratio of exceeding AP (%)

(mmh~1) 0.5 1 2 5
0 1698 785 225  0.09
0-0.1 3797 2144 781 051
0.1-1 50.10 31.84 1307  1.02
1-2 86.19 7540 5244 971
2-5 9395 89.37 7629 29.73
>5 99.07 9791 9520 77.61

Table 4. Statistics on some rain rates relative thresholds for each
elevation layer.

A® range The ratio of exceeding rain rates (%)

(mm) 0.01 0.1 1 2 5
0.1 9.18 1.85 0.04 0.00 0.00
0.1-1 7494  61.71 16.34 5.65 0.73
12 94.55 91.18 72.17 41.36 8.15
2-5 9743 96.14 87.90 74.53 20.00
>5 99.70  99.38 97.18 9434 75.63

R=2-5mmh™!, these values increase further to 89.37 %
and 76.29 %. When R >5mmh~!, the corresponding rates
are 97.91 % and 95.20 %, with 77.61 % of cases exceed-
ing 5 mm. Therefore, a threshold of 1 mm can be used as a
highly sensitive indicator for “precipitation presence”, 2 mm
as a conservative and highly specific threshold for “confi-
dent detection”, and 5 mm as an indicator for heavy precipi-
tation/deep convection.

Precipitation is assessed using inverse conditional proba-
bility:

P(R > p|AD). (20)

As shown in Table 4, when A® < (.1 mm, the probabil-
ity of R>0.1mmh~! is only 1.85%, and R>1mmh~!
is nearly zero. This indicates that small phase differences
are highly indicative of non-precipitation scenarios. For A®
in the range of 0.1-1mm, the probability of R falling
within 0.1-1mmh~! is 61.71% (with 16.34% for the
sub-interval), demonstrating moderate predictive capability.
When A® = 1-2mm, the probability for R =1-2mmh~!
increases to 72.17 % (41.36 %). For A ® = 2—5 mm, the prob-
abilities of R > 1mmh~! and R >2mmh~! reach 87.90 %
and 74.53 %, respectively. When A® > 5 mm, the probabil-
ities for R>1mmh~!, R>2mmh~!, and R >5mmh~!
are 97.18 %, 94.34 %, and 75.63 %, respectively, indicating
a high likelihood of significant heavy precipitation.

Figure 14 shows boxplots of precipitation intensity ver-
sus A®, with the path-averaged precipitation rate R along
the occultation ray path as the independent variable. The
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mean and variability of the layer-averaged A® over 0-6
and 0-10km are presented as functions of R. Both ex-
hibit pronounced monotonic and convex growth curves. Tak-
ing the 0-6 km precipitation intensity—phase difference rela-
tionship as an example, A® fluctuates slightly around zero
under near-zero precipitation conditions. When R =0.1-
0.3mmh™!, A® increases to approximately 0.3—0.8 mm.
Beyond R > I mmh™!, the curve rises sharply, with R ~ 3,
5,7,and 10mmh~! corresponding to A® values of approxi-
mately 3, 5, 7, and 9 mm, respectively. The expansion of error
bars with increasing R reflects stronger spatial inhomogene-
ity in heavy precipitation and the variability introduced by
geometric path weighting.

The difference between the 0—6 and 0-10km statistical
results reflects the influence of altitude on the correlation.
The A® values in the 0-10 km are systematically lower than
those in the 0—6 km panel at the same R, indicating that the
inclusion of higher altitudes (> 6 km) dilutes the lower-layer
polarimetric signal dominated by liquid precipitation, which
is a direct consequence of path-integration. This result is con-
sistent with the physical picture established in previous liter-
ature, where liquid water dominates and lower-layer contri-
butions prevail: the shape/orientation anisotropy of raindrops
in the near-surface layer, combined with longer cloud-path
lengths, amplifies the A® accumulation. In contrast, the de-
crease in liquid water content and the weaker contribution
from ice-phase particles at higher altitudes result in a contin-
ued yet diminishing marginal increase in the curve.

Meanwhile, we also performed binning of A® based
on the 0-6km layer average (e.g., 0-0.1, 0.5-0.7, ...,
> 18 mm). Within each A® bin, only samples whose R val-
ues fell within the range of mean 1o were retained for
quality control, thereby obtaining a conditional mapping of
R(A®) + 0 (R). This mapping provides the most probable
precipitation rate and its uncertainty when a specific A® is
observed, as shown in Table 5.

4 Conclusions

This study establishes the first end-to-end framework for
PRO observations from the Yunyao mission. Quality assess-
ment confirms that the synthesized H—V signals achieve
low noise and bias in bending angle and refractivity within
2-30km, with stable temperature and pressure retrievals;
boundary-layer and upper-stratospheric error patterns are
consistent with previous findings, demonstrating that the
conventional RO capability meets operational standards and
provides a reliable baseline for interpreting A®. For precip-
itation sensitivity, we introduce a collocation method based
on realistic ray geometry, in which only the ray segments
below 6km are matched with IMERG using temporal and
spatial weighting, effectively reducing the geometric mis-
matches of fixed circular windows. Case studies further re-
veal a distinct AP vertical structure: near-zero under rain-
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Figure 14. The IMERG precipitation intensity-phase difference statistics of the 0—6 and 0—10 km datasets.

Table 5. The relationship of Polarization phase difference and rain rate.

PRO A® mean SD PRO A® mean SD
(mm) (mmh™!1)  (mmh~1) (mm) (mmh~!) (mmh1)
0-0.1 0.03 0.05 7-8 2.94 1.03
0.1-0.2 0.04 0.06 8-9 3.12 1.03
0.2-0.3 0.04 0.06 9-10 4.19 1.12
0.3-0.5 0.05 0.10 10-11 4.26 1.14
0.5-0.7 0.07 0.15 11-12 451 0.87
0.7-1 0.10 0.21 12-13 4.83 0.98
1-2 0.16 0.24 13-14 4.99 1.00
2-3 0.20 0.56 14-15 4.66 1.28
34 0.48 0.83 15-16 7.28 0.96
45 0.78 0.88 16-17 6.87 1.65
5-6 0.93 1.33 17-18 7.67 0.74
6-7 2.40 1.15 > 18 8 0.6

free conditions, but peaking at several to over ten millime-
ters at 3—-5 km within precipitation, followed by rapid atten-
uation to 1-2mm above 10-12km. These results, together
with statistical analyses, support the use of A® as a robust
precipitation-sensitive observable and motivate further de-
velopment of forward operators, assimilation schemes, and
constellation-based applications.

Beyond precipitation detection, PRO observations have
broader potential in atmospheric science. The sensitivity of
A® to aspherical hydrometeors enables its use in discrimi-
nating precipitation types and in identifying mixed-phase and
ice-dominated cloud regions. Combined with conventional
RO profiles, PRO can constrain not only thermodynamic
structures but also microphysical processes aloft, providing a
pathway to improve cloud parameterizations in weather and
climate models. Furthermore, the high spatiotemporal sam-
pling of PRO constellations supports the analysis of moist

Atmos. Meas. Tech., 18, 7787-7804, 2025

processes in data assimilation systems, potentially enhanc-
ing the accuracy of short-term precipitation forecasts and
the representation of latent heating in tropical cyclones and
mesoscale convective systems. As a cost-effective extension
of existing RO infrastructure, PRO is poised to bridge gaps
between thermodynamic sounding and precipitation obser-
vation, advancing the integrated profiling of the moist atmo-
sphere.

Data availability. NCEP/CPC infrared brightness temperature
datasets and IMERG precipitation datasets (https://disc.gsfc.nasa.
gov/datasets/, last access: 10 September 2025) are available from
NASA Goddard Earth Sciences Data and Information Services Cen-
ter (GES DISC).
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