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Highlights

What are the main findings?

e  Under both channel-specific and uniform 1 K noise, TICI21 provides more temper-
ature and water-vapor information than ICI11 while retaining comparable frozen-
hydrometeor information.

e  The small positive ensemble-mean frozen-hydrometeor DFS difference is concentrated
mainly in mean-particle-mass states rather than in frozen mass-density states.

What are the implications of the main findings?

e Equal-dimensional 11-observation tests show that the thermodynamic-information
gain is not solely attributable to TICI having more observations.

e  The six TICI spectral bands provide complementary thermodynamic and frozen-
hydrometeor constraints, while forward-model error and footprint co-registration
remain to be assessed.

Abstract

Terahertz observations are sensitive to ice-cloud scattering but require thermodynamic
context and balanced spectral sampling. This study evaluates a candidate six-band Tera-
hertz Ice Cloud Imager (TICI) configuration for next-generation Fengyun polar-orbiting
meteorological satellites. Atmospheric absorption, ice-cloud scattering, and polarization
sensitivity below 1 THz are simulated with the Atmospheric Radiative Transfer Simulator.
Information content is assessed using 12 Weather Research and Forecasting (WRF)-derived
representative composites and 200 individual midlatitude-ocean profiles. The configu-
ration combines water-vapor observations near 183 and 380 GHz, temperature-sensitive
observations near the 424 GHz oxygen band, and window observations near 243, 664,
and 874 GHz. Compared with the 11-observation Ice Cloud Imager (ICI) reference, the
21-scalar-observation TICI vector provides more temperature and water-vapor degrees
of freedom for signal (DFS) under both channel-specific and uniform 1 K noise. Under
uniform 1 K noise, the twelve-scene mean frozen-hydrometeor DFS is 4.117 for TICI and
4.034 for ICI; the small increase is concentrated mainly in mean-particle-mass states. Band-
removal and equal-dimensional tests show complementary roles for 380, 424, and 874 GHz
and indicate that the thermodynamic gain is not solely due to observation count. The
conceptual antenna architecture achieves simulated main-beam efficiencies above 95%,

Remote Sens. 2026, 18, 3355

https://doi.org/10.3390/1s18193355


https://crossmark.crossref.org/dialog?doi=10.3390/rs18193355&domain=pdf&date_stamp=2026-10-01
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/remotesensing
https://www.mdpi.com
https://orcid.org/0000-0002-6098-844X
https://orcid.org/0000-0002-8260-7003
https://doi.org/10.3390/rs18193355

Remote Sens. 2026, 18, 3355

2 of 28

while forward-model error, receiver implementation, and footprint co-registration remain
to be assessed.

Keywords: terahertz radiometry; ice clouds; polarized radiative transfer; channel configuration;
information content

1. Introduction

Clouds can be liquid, ice, or mixed-phase [1]. Ice clouds occur mainly in the upper
troposphere and lower stratosphere, typically between 6 and 15 km, and cover 20-50% of
the globe [2]. The three-dimensional structure of ice clouds complicates radiative-transfer
calculations [3]. Ice-cloud particles are generally nonspherical and span micrometers
to millimeters, with their size distributions governed by dynamical and microphysical
processes [4]. Because ice clouds affect the Earth’s radiation budget, climate, and severe
weather [5], global measurements of their microphysical properties are needed to improve
weather and climate models.

Active sensors provide vertically resolved cloud measurements. The 94 GHz CloudSat
Cloud Profiling Radar resolves cloud structure at approximately 500 m, while CALIPSO
lidar is sensitive to optically thin clouds and cloud tops [6,7]. Their combined observations
constrain ice water content and vertical structure, and EarthCARE extends this multi-
sensor approach [8,9]. However, active sensors have limited swath widths and cannot
simultaneously provide fine vertical resolution and wide-area imaging.

Passive sensors provide wide-swath coverage. Optical and infrared observations
are most sensitive to small particles and optically thin cloud tops, whereas microwave
radiometers penetrate deeper into clouds and respond to larger ice particles [5]. Space-
borne microwave imagers and sounders, including GMI, ATMS, and FY-3/MWHS, include
channels extending to approximately 183-190 GHz. Polarimetric observations from GMI,
MADRAS, and FY-3B/MWHS have shown that scattering by frozen particles and their
preferred orientation can produce measurable polarization signatures [10-12]. The sub-
millimeter band extends this sensitivity over broader particle-size and altitude ranges.
Supplementary Figure S1 illustrates the complementary sensitivity of different spectral
regions, and Section 2.2 provides a quantitative comparison under common atmospheric
and cloud conditions [13].

Evans et al. [14] proposed spaceborne THz radiometry for ice-cloud sounding, fol-
lowed by airborne and spaceborne developments from NASA and ESA [15-18]. IceCube
demonstrated observations near 883 GHz, and the Arctic Weather Satellite (AWS) includes
channels near 325 GHz [19-21]. The nominal AWS 165.5 and 325.15 GHz channels are
included in Section 2.2 for a controlled simulation comparison. MetOp-SG(B)/ICI will
provide the first operational millimeter/submillimeter radiometer dedicated to ice-cloud
observations [22]. Table 1 summarizes the main ICI and IceCube specifications.

China is conducting feasibility studies for the next-generation Fengyun-5 (FY-5) polar-
orbiting satellite series. Its planned morning-orbit mission includes cloud-microphysics
observations, providing the mission context for evaluating the Terahertz Ice Cloud Imager
(TICI) as a candidate ice-cloud imaging payload [23,24]. For ice-cloud retrieval, the pro-
posed channel configuration combines ice-scattering observations with measurements that
constrain the atmospheric temperature and humidity background. The 183 and 380 GHz
bands provide humidity sensitivity, while the 424.763 GHz oxygen band provides tem-
perature sensitivity and retains auxiliary ice-cloud sensitivity in its outer wings. The
selected bands near 380 and 424.763 GHz also share several frequency offsets with the
proposed FY-4 geostationary microwave sounder, which could support future inter-satellite
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radiance comparisons [25]. This study evaluates a candidate TICI channel configuration
through radiative-transfer sensitivity experiments, WRF-based information-content analy-
sis, and conceptual antenna assessment. Sections 2—4 present these analyses, and Section 5
summarizes the findings and limitations.

Table 1. Main specifications of ICI and IceCube.

S;::ll;::/ Centre:lGFIerzc)]uency Polarization Ba(r;\i;lv;lth NEDT (K) Feature
183.31 £2.0,34,7.0 \Y 1500, 1500, 2000 0.8K water vapor lines

2432 + 2.5 H,V 3000 0.7K windows
MetOp-SG/ICI  325.15 £ 1.5,3.5,9.5 \Y% 1600, 2400, 3000 15,13,1.2K water vapor lines
4480+14,3.0,7.2 \Y 1200, 2000, 3000 2.0,1.6,1.4K  water vapor lines

664.0 + 4.2 H,V 5000 16K windows

IceCube 883 +9 \Y 6000 03K windows

Note: For ICI channels specified with + frequency offsets, the listed bandwidth applies to each of the
two symmetric sidebands. The ICI NEDTs are specified at an integration time of 0.6 ms, whereas the
IceCube NEDT is specified at an integration time of 1 s. Where multiple bandwidth or NEDT values
are given, they correspond to the listed frequency offsets in the same order.

2. Simulating Ice-Cloud Scattering and Atmospheric Gas Absorption in
the THz Band

2.1. Model and Data
2.1.1. Atmospheric Radiative Transfer Model

The Atmospheric Radiative Transfer Simulator (ARTS, version 2.6.18) [26] is used
to perform radiative transfer simulations of atmospheric ice clouds. Previous studies
have evaluated ARTS simulations against airborne observations for cloudy-sky radiative
transfer [27] and clear-sky atmospheric absorption [28]. Water vapor, nitrogen, oxygen,
and ozone are considered in the gas-absorption calculations. The gaseous absorption by
water vapor and oxygen is represented using the ARTS predefined H20-PWR2022 and O2-
PWR2022 models [26,29]. Nitrogen absorption is represented using the N2 self-continuum
standard model, and ozone line absorption is calculated using the Perrin spectroscopic line
catalog distributed with the ARTS XML data package [30]. The single-scattering properties
of ice-cloud particles are obtained from the ARTS single-scattering database [31]. Here,
particle habit refers to the particle geometry used to define the single-scattering properties.

For the idealized single-variable sensitivity experiments, a monodisperse size dis-
tribution is used to isolate frequency and particle-size effects from variability associated
with an assumed particle-size distribution. The scalar ice-cloud experiments in Section 3
and the corresponding supplementary analysis use DISORT [32] with the model-specific
IconCloudlce habit (ARTS habit ID 27), represented by oblate-spheroidal particles following
the ICON cloud-ice mass—size relationship and assuming totally random orientation [31].
The extended-IWP frequency comparison in Figure 1 uses monodisperse, totally randomly
oriented Large Plate Aggregate particles (ARTS habit ID 20). The polarized experiment in
Figure 2 uses RT4 with azimuthally random, tilt-resolved single-scattering properties for
the same Large Plate Aggregate habit. This habit represents snow in the orientation experi-
ment, whereas cloud ice in the information-content calculations is represented separately
using spherical-ice scattering properties. RT4 supplies the vertically and horizontally polar-
ized Planck-equivalent brightness temperatures used to calculate PD in post-processing.
Idealized symmetric double-sideband channel responses are used for channels specified
by a center frequency and sideband offset; the AWS 165.5 GHz comparison channel is
represented by its 2.8 GHz wide single-sideband response.
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Figure 1. Simulated signed cloud-induced brightness-temperature responses over the extended
IWP range for (a) the tropical atmosphere and (b) the subarctic-winter atmosphere. The cloud
layer extends from 10 to 11 km and contains monodisperse Large Plate Aggregate particles with
Dyeq = 425.203 um. The AWS observations are 165.5 GHz and 325.15 = 6.6 GHz; the TICI observations
are 243.25 £ 2.5, 664 £ 4.2, and 874 + 4.2 GHz. The curves are model-to-model cloudy-sky-minus-
clear-sky comparisons, not validation against observations.
—o— |sotropic reference —o— Preferential orientation, 0 =20° —o— Fixed orientation, 3=0"
(a) 243 GHz (b) 664 GHz (c) 874 GHz
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Figure 2. RT4-simulated polarization differences at 243, 664, and 874 GHz for the isotropic reference,
the preferential-orientation case (¢ = 20°), and the fixed-orientation case (8 = 0°) over the extended
IWP range. The FASCOD Tropical background and a 10-11 km cloud layer containing monodisperse
Large Plate Aggregate particles with Dy = 269.961 pm are used.

For the idealized sensitivity experiments in Sections 2 and 3, an equal-polarization
surface emissivity of 0.6 is adopted as a controlled boundary condition. A fixed surface
emissivity of 0.6 has also been adopted in previous millimeter /submillimeter ice-cloud sim-
ulations, including the Cloudlce study of Buehler et al. [33]. In the WRF-based information-
content analysis, a different simplified surface treatment is used, with fixed emissivities of
0.9 over land and 0.6 over ocean, consistent with the ARTS-based millimeter/submillimeter
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information-content study of Birman et al. [34]. These prescribed values provide consistent
boundary conditions for the controlled simulations. More realistic ICI-oriented studies
have shown that surface effects and associated emissivity uncertainties can be important
for channels with appreciable surface sensitivity [22].

2.1.2. Weather Research and Forecasting (WRF) Model

The WRF model is a mesoscale numerical weather prediction system jointly developed
by research centers such as the National Center for Atmospheric Research (NCAR) and the
National Centers for Environmental Prediction (NCEP) [35]. In this study, WRF version
4.0 model is used to generate atmospheric profiles for the information-content analysis.

2.1.3. Atmospheric Profile Data

Three atmospheric data sources are used for different purposes in this study. The Fast
Atmospheric Signature CODE (FASCOD) provides standardized atmospheric backgrounds
for the idealized sensitivity experiments in Sections 2 and 3; ERAS5, the fifth-generation re-
analysis produced by the European Centre for Medium-Range Weather Forecasts (ECMWE),
provides the initial and boundary conditions for the WRF simulations; and WRF generates
physically covarying temperature, humidity, and hydrometeor profiles for the a priori
covariance, Jacobian, and information-content calculations.

The idealized simulations use the five standard atmospheres provided by FAS-
COD [36]: tropical, mid-latitude winter, mid-latitude summer, sub-arctic winter, and
sub-arctic summer. Based on these atmospheric backgrounds, prescribed ice-cloud profiles
with varying ice water paths (IWP), volume-equivalent particle diameters (Dveq), and cloud
heights are constructed. In Sections 2 and 3, IWP denotes the prescribed column-integrated
ice mass of the idealized single-species cloud layer; it is distinct from the combined WRF
frozen-hydrometeor categories used in Section 4. For the standard sensitivity experiments,
IWP is sampled at intervalsof 1 g m~2 from 1 to 20 g m~2,10 g m~2 from 30 to 100 g m~2,
and 20 g m~2 from 120 to 1000 g m 2, resulting in 73 IWP values. For the extended high-
IWP experiment in Section 2.2, this standard grid is supplemented with ten additional
values of 1250, 1600, 2000, 2500, 3200, 4000, 5000, 6300, 8000, and 10,000 g m~2, giving
83 IWP values in total. The Dy, values range from 10 to 2929 um (45 cases), and cloud
heights range from 7 to 15 km at 1 km intervals (9 cases). Throughout this sensitivity analy-
sis, cloud height denotes the prescribed cloud-base height of a 1 km thick idealized cloud
layer. Thus, the nominal 13 km case extends from 13 to 14 km. Throughout the particle-size
sensitivity figures, the axis label “Effective Diameter” refers to the volume-equivalent
diameter used in this study.

For the information-content analysis, ERA5 data are used to drive the WRF model.
ERADS provides hourly estimates of atmospheric, oceanic, and land variables at a horizontal
resolution of 0.25° x 0.25°, with 37 pressure levels extending to 1 hPa [37]. The resulting
WREF simulations provide the atmospheric profiles used to calculate the a priori covariance
and Jacobian matrices.

2.2. Ice-Cloud Scattering and Polarization Simulations

Ice-cloud scattering depends on hydrometeor type, particle habit, size, orientation,
and wavelength. Preferred orientation of nonspherical particles produces polarization-
dependent scattering and can therefore provide information on particle properties [38]. Po-
larized ice-cloud signals have been observed at microwave frequencies by GMI, MADRAS,
and FY-3B/MWHS [10-12], and ICI will include dual-polarization observations at 243 and
664 GHz [39].

Radiative-transfer models often assume randomly oriented particles and a macroscopi-
cally isotropic ensemble [15,38]. Natural ice particles are commonly nonspherical, however,
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and sufficiently large particles can develop preferred alignment under gravity, aerodynamic
forces, or electrification [38,40,41]. The orientation experiment below therefore compares
an isotropic reference with two idealized preferred-orientation cases.

For the RT4 calculations, the particle tilt angle § is defined as the angle between the
particle symmetry axis and the local vertical. Three orientation states are considered: a
randomly oriented isotropic reference, a preferential orientation case with a finite angular
spread characterized by ¢ = 20°, and an idealized fixed orientation case with g = 0°. These
orientation states are implemented following the oriented-particle scattering framework
described by Brath et al. [38]. Preferred alignment of nonspherical particles modifies the
polarization-dependent scattering response, thereby producing differences between the ver-
tically and horizontally polarized brightness temperatures. RT4 provides the vertically and
horizontally polarized brightness temperatures, Tg v and Tp ¢, from which the polarization
difference (PD) is calculated as

PD = Tgy — Tp H. 1)

The nonlinear brightness-temperature response at high IWP is examined using the
extended 83-point grid defined in Section 2.1.3. Figure 1 uses the FASCOD tropical
and sub-arctic winter backgrounds, a monodisperse Large Plate Aggregate particle with
Dyeq = 425.203 pm, a cloud layer extending from 10 to 11 km, a surface emissivity of 0.6,
an 820 km sensor altitude, and a 53° incidence angle. The simulated channels are AWS
165.5 GHz and 325.15 =+ 6.6 GHz; the TICI window channels are 243.25 + 2.5, 664 + 4.2,
and 874 + 4.2 GHz; the bandwidths of the three TICI window observations are 3, 4, and
4 GHz, respectively. Within each atmospheric background, the cloudy and clear calculations
otherwise use identical settings. The signed cloud-induced response is defined as

ATB = TB,cloud - TB,clear' (2)

Figure 1 shows the signed ATp as a function of IWP for the tropical and subarctic-
winter atmospheric backgrounds; negative values denote cloud-induced cooling. The
curves compare cloudy-sky and clear-sky simulations under otherwise identical model
settings. Their magnitude and ordering vary with IWP, frequency, and atmospheric back-
ground, so no single saturation threshold or fixed frequency ranking applies across all
tested conditions.

Particle-orientation effects are examined with RT4 at 243, 664, and 874 GHz using the
FASCOD tropical background, the extended 83-point IWP grid, a 10-11 km cloud layer, a
monodisperse Large Plate Aggregate particle with Dy, = 269.961 um, a surface emissivity
of 0.6, an 820 km sensor altitude, and a 53° incidence angle (Figure 2). At 243 GHz, PD
reaches 15.3 K for the preferential-orientation case and 22.1 K for the fixed-orientation
case, with maximum increments of 14.9 and 21.7 K relative to the isotropic reference. At
664 GHz, both oriented cases produce larger PD than the isotropic reference, with maximum
increments of 8.6 and 11.2 K, respectively. At 874 GHz, the preferential-orientation case
has a maximum increment of 4.1 K, whereas the difference between the fixed-orientation
case and the isotropic reference changes from positive at lower IWP to negative at higher
IWP. Particle orientation therefore changes both the magnitude and IWP dependence of the
polarization response across frequencies.

2.3. Water Vapor Absorption Bands

Supplementary Figure S2 shows the simulated clear-sky brightness temperatures for
four water vapor channels under different atmospheric profiles and frequency offsets. It
can be seen that the TB spectra at 183 GHz and 325 GHz exhibit similar shapes, while those
at 380 GHz and 448 GHz also show similar spectral characteristics. Previous studies have
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demonstrated the capability of the 183 GHz channel for ice cloud measurements [42—44].
In this paper, we adopt the same five 183 GHz frequency offsets as those used by MWHS-IL
Four of the six 380.1974 GHz offsets coincide with the candidate FY-4M geostationary
microwave channel set [25], while the full TICI set extends from the line core to the wings
to sample humidity-background and ice-cloud responses.

Table 2 compares matched 380 and 448 GHz observations, with the 380 GHz offsets
selected to minimize the absolute difference between their mean clear-sky TBs across
the five FASCOD standard atmospheres. These matched offsets are used only for the
spectral comparison. The signed paired difference is defined as TB380 GHz—TB448 GHz.
The differences are small near the line center and increase toward the wings, while the
corresponding temperature Jacobians in Figure 3 show broadly similar vertical sensitivity.
These results support 380 GHz as a candidate TICI band. Mean and STD denote the mean
and standard deviation of the signed differences across the five profiles.

Table 2. Matching results for the 380 GHz channel and the 448 GHz channel.

Channel Bandwidth Bandwidth
(GHz) (MHz) Channel (GHz) (MHz) Mean (K) STD (K)
448.00 = 1.4 1200 380.1974 + 1.4 600 0.20 0.04
448.00 &+ 3 2000 380.1974 + 3 800 0.19 0.09
448.00 = 7.2 3000 380.1974 + 5.7 4000 0.429 0.12
20 20 20

15 15

10

Height(km)
(&)
Height(km)
=)
Height(km)
o o

0 0.2 0.4 0 0.2 04 0 0.2
Jacobian Jacobian Jacobian

N
o
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-
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o w o

—_
[&)]

0 0.2 0.4 0 0.2
Jacobian Jacobian

Figure 3. Temperature Jacobians (9TB/9T, K K1) for each matched channel at 380 GHz and 448 GHz.
Red, green, and blue denote the three matched channel pairs listed in Table 2. Curves with and
without circular markers represent the 380.1974 and 448 GHz observations, respectively.

2.4. Oxygen Absorption Bands

Supplementary Figure S3 compares clear-sky TBs near the 118.75 and 424.7631 GHz
oxygen bands across atmospheric profiles and frequency offsets. At 424.7631 GHz, the
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+0.3, £0.6, 1.0, £1.5, and +4.0 GHz offsets coincide with the candidate FY-4M channel
set [25], while TICI additionally includes observations at +0.1 and £15.24 GHz. The inner
offsets provide sensitivity to the temperature background, whereas the outer offsets retain
sensitivity to ice-cloud scattering. Figure 4 shows the corresponding temperature Jacobians.
Accordingly, Section 4 includes temperature in the atmospheric-background state used for
the information-content analysis.

30 <J T
N
25 | > .
N ——— 4247631%0.1
N ——— 4247631203
20 |- - —— 424.7631%0.6 |+
. ~ <__ — 424763110
= N—" ——— 4247631%15
< |V ——— 424.7631£4.0
= 5 424.7631+15.24 | 7
o=
[}
an)
10 (/ 4
5 / |
0 1 1 1 1 1
0.00 0.05 0.10 0.15 0.20 0.25

Jacobian

Figure 4. Temperature Jacobian (0TB/JT, K K~1) for different channels at 424 GHz in the
tropical atmosphere.

3. TICI Channels and Sensitivity Analysis
3.1. TICI Channels

The candidate TICI configuration follows three principles [5,45]: absorption channels
should limit surface influence and avoid strong interfering lines; widely separated frequen-
cies should sample different ice-particle sizes; and offsets within absorption bands should
provide complementary vertical and thermodynamic sensitivity. Clear- and cloudy-sky
TBs, atmospheric transmittance, and weighting functions are used to select the center
frequencies, offsets, and bandwidths.

Based on the simulation analyses presented, the 243, 664, and 874 GHz window bands
provide complementary ice-cloud sensitivity under different IWP conditions, together with
polarization sensitivity to particle orientation. The 183 and 380 GHz water-vapor bands
provide humidity-background sensitivity, whereas the 424 GHz oxygen band provides
temperature-background sensitivity. In the candidate configuration, channels at different
frequency offsets within the absorption bands are retained to examine ice-cloud sensitivity
from near-line to quasi-window conditions. The resulting candidate channel configuration
is summarized in Table 3.

Table 3 lists 24 channel-polarization entries representing 21 distinct spectral settings
because the 243, 664, and 874 GHz settings each include a co-frequency V/H pair. For the
scalar information-content analysis, each V/H pair is represented by one Planck-equivalent
Stokes-I observation, yielding the TICI21 observation vector. Polarization differences are
evaluated separately and are not included in the present DFS calculation. Applying the
same representation to the 243 and 664 GHz pairs reduces the 13-entry ICI reference to
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ICI11. The tabulated NEDT is assigned directly to each scalar observation without a
square-root-of-two reduction.

Table 3. Candidate TICI channel configuration. H and V denote horizontal and vertical polariza-
tion, respectively.

Channel Frequency (GHz) Bandwidth (MHz) NEDT (K)  Polarization

1 183.31 £ 1 500 0.9 H
2 183.31 + 1.8 1000 0.7 H
3 183.31 + 3 1000 0.7 H
4 183.31 £4.5 1500 0.6 H
5 183.31 £7 2000 0.6 H
6 24325 £ 2.5 3000 0.8 \Y%
7 24325 £ 2.5 3000 0.8 H
8 380.1974 £ 0.045 30 6.1 H
9 380.1974 £ 0.4 200 2.5 H
10 380.1974 £ 1.5 500 1.6 H
11 380.1974 £+ 4.0 900 1.4 H
12 380.1974 £ 9.0 2000 1.2 H
13 380.1974 + 18.0 2000 1.2 H
14 4247631 £ 0.1 100 5.3 H
15 4247631 = 0.3 100 5.3 H
16 424.7631 + 0.6 200 3.7 H
17 424.7631 £ 1.0 400 2.6 H
18 4247631 £ 1.5 600 2.1 H
19 424.7631 = 4.0 2000 1.6 H
20 4247631 + 15.24 3000 1.3 H
21 664.0 £ 4.2 4000 1.5 A%
22 664.0 £ 4.2 4000 1.5 H
23 874.0 £ 4.2 4000 1.9 A%
24 874.0 £ 4.2 4000 1.9 H

3.2. Sensitivity Analysis of TB to Ice Cloud Parameters
3.2.1. Sensitivity of TB to Cloud Height

Figures 5-7 and Supplementary Figures S4-56 use positive cloud-induced TB atten-
uation, defined as the clear-sky minus cloudy-sky TB and therefore opposite in sign to
Equation (2). In Figure 5a, attenuation increases toward the outer water-vapor-band offsets
for the prescribed tropical cloud, and the 380 GHz observations retain height sensitivity
after the 183 GHz responses begin to flatten. The 380.1974 & 18 GHz observation has the
strongest height response within these bands.

For the 424 GHz band, attenuation also increases toward the outer offsets (Figure 5b).
The £15.24 GHz observation has a pronounced height response, whereas the inner ob-
servations remain dominated by temperature sensitivity. For the window observations
(Figure 5c¢), the 243 GHz response changes little above about 10 km, while the 664 and
874 GHz responses continue to vary. The outer 380 and 424 GHz observations also re-
tain strong height sensitivity, demonstrating complementary responses across the candi-
date bands.

Overall, the relative channel responses vary across the prescribed 7-15 km range,
so the multi-band configuration provides complementary rather than uniformly ordered
sensitivity to cloud height. The cloud-height experiments are limited to 7-15 km and
therefore characterize tropospheric and upper-tropospheric ice clouds; higher-altitude
polar stratospheric clouds are outside the range considered here.
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Figure 5. Positive cloud-induced brightness-temperature attenuation as a function of prescribed cloud-

base height for (a) water-vapor absorption channels, (b) oxygen-absorption channels, and (c) window

channels. Attenuation is defined as the clear-sky minus cloudy-sky brightness temperature and is

opposite in sign to the signed response in Equation (2).
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a fixed tropical cloud case with a cloud-base height of 13 km and a volume-equivalent particle

diameter of 262.4607 um: (a) water-vapor absorption channels, (b) oxygen-absorption channels, and

(c) window channels.

3.2.2. Sensitivity of TB to Volume-Equivalent Particle Diameter

Figure 6 compares positive cloud-induced brightness-temperature attenuation as a

function of volume-equivalent particle diameter under a tropical atmosphere, with IWP
fixed at 140 g m~2 and the cloud-base height fixed at 13 km. For the absorption bands,
attenuation generally increases toward the outer frequency offsets. As frequency increases,
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the response peaks generally shift toward smaller Dye;. Beyond the peak, attenuation
usually decreases with increasing particle size, although appreciable responses can persist
at larger diameters and the post-peak behavior remains channel-dependent. The peak
locations and subsequent changes are specific to the prescribed atmospheric and cloud
conditions and are not interpreted as threshold-defined sensitivity limits.

3.2.3. Sensitivity of TB to IWP

Figure 7 shows positive attenuation as a function of IWP for a fixed tropical cloud
with a 13 km cloud base and Dy, = 262.4607 pm. The three panels group the water-vapor,
oxygen, and window observations. Attenuation generally increases with IWD, but the
response is nonlinear and channel-dependent.

Supplementary Figures 54-56 show the joint dependence on IWP and Dy, at a 13 km
cloud base. Sensitivity increases toward the outer offsets of the 380 GHz band. At 424 GHz,
the +4 and +15.24 GHz observations retain ice-scattering sensitivity, whereas the inner
observations remain dominated by the temperature background. The cloud-height, particle-
size, and IWP experiments were repeated with the FASCOD subarctic-winter atmosphere
using the same cloud and radiative-transfer settings; the results are provided in Supple-
mentary Figures S7-59. The tropical and supplementary subarctic-winter results show
that atmospheric background changes both response magnitude and channel ordering;
Figures 5-7 and Supplementary Figures 54-56 therefore describe the prescribed tropical
atmosphere rather than globally invariant ranges.

4. Information Content Analysis of TICI
4.1. Calculation Method

Information content measures the reduction in state uncertainty provided by an
observation vector. This study uses degrees of freedom for signal (DFS), rather than
entropy reduction, to quantify the information supplied by TICI [46].

Assuming the state vector contains n atmospheric state parameters, the total DFS is
defined as the expected normalized reduction from the a priori state to the posterior state:

DFS = E| (¥ — ) 87" (¥ — xa) | = trace (I - 5,5;"), 3)

where x,; and Xp denote the a priori and posterior state estimates, respectively; I denotes
the identity matrix, S, represents the a priori error covariance matrix, and S, is the poste-
rior error covariance matrix. According to optimal estimation theory, the posterior error
covariance matrix is given by

Sp= (st +17s:) 7 4)

where S, represents the adopted observation-error covariance matrix. J denotes the Jacobian
matrix, reflecting the sensitivity of channels to retrieval parameters. The averaging-kernel
matrix is defined as A = I — s,,s;l. For a specified group of state variables, its DFS is
obtained by summing the corresponding diagonal elements of the averaging-kernel matrix.

DEFS depends on the a priori covariance S,, the observation-error covariance S,, and
the Jacobian J. Here, S; is estimated from ERA5-driven WREF profiles, | is calculated with
ARTS, and S; is specified from the adopted channel-noise assumptions.

4.2. Information Content Analysis Setup
4.2.1. Simulation Construction

ERA5-driven WRF simulations for January and July 2014 are sampled over high-,
mid-, and low-latitude ocean and land regions, defining 12 atmospheric scene classes.
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Table 4 lists the domain centers and grid dimensions, and Figure 8 shows their locations.
WREF uses 10 km horizontal resolution, 29 vertical levels, a 50 hPa model top, and a 60 s
time step; the profiles are mapped to a 55-level computational grid for radiative-transfer
and information-content calculations. RRTMG radiation [47], the YSU boundary-layer
scheme [48], Milbrandt two-moment microphysics [49,50], and Kain—Fritsch convection [51]
are used. WRF supplies mass and number mixing ratios for cloud liquid water, rain, cloud
ice, snow, graupel, and hail.

Table 4. The study regions.

Region Center

Surface Type Latitude No. (Latitude, Longitude; °) Grids
High 1 [70.269, —0.64] 109 x 112
Ocean Mid 2 [42.538, —30.326] 86 x 98
Low 3 [3.342, —116.006] 100 x 100
High 4 [73.557, —41.792] 67 x 93
Land Mid 5 [50.004, —104.896] 94 x 103
Low 6 [2.453, 25.757] 92 x 105
75°N 4 50°N
{ T‘% 10°N
70°N kg}‘? 45°N
o s 5°N
65°N % : 40°N - "
60°N i {;\ - 35°N o
20°W 00 40°W  30°W  20°W 120°W 110°W
(a) High-latitude ocean (b) Midlatitude ocean (c) Low-latitude ocean
s, NV 10°N
75°N >N /R
S 5°N
50°N
70°N o i~ o
45°N \ 0
- T o
65°N 40°N 23
- TR 1107w 100°W 20°E 30°E
(d) High-latitude land (e) Midlatitude land (f) Low-latitude land

Figure 8. Geographical locations of the six WRF study regions. Panels (a—f) correspond to regions
1-6 listed in Table 4, respectively. Red outlines indicate the WRF domains; beige and blue denote
land and water, respectively.

For each hydrometeor species, mean particle mass is the ratio of WRF mass to number
mixing ratio where mass exceeds 1071 kg kg ~! and number is positive. Profiles with incon-
sistent mass and number mixing ratios are excluded. Numerical floors of 10712 kg m 3 and
10718 kg are applied to hydrometeor mass density and mean particle mass, respectively,
before the log,, transformation.

One WRF-statistical representative composite was constructed for each of the 12 scene
classes. Two additional 100-profile ensembles from the January and July midlatitude-ocean
scenes were selected deterministically to evaluate profile-level variability and seasonal
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consistency, as described in Section 4.2.5. Each representative composite uses profiles with
total frozen-hydrometeor path >0.1 kg m~2 after removal of the upper 0.5% tail. Temper-
ature and water vapor are taken from a multivariate WRF medoid. The median frozen
path is partitioned by mean species mass fraction, while cloud-liquid-water and rain paths

use occurrence-conditioned 75t

percentiles from the broader population with frozen path
>0.01 kg m~2. Hydrometeor vertical structures are robust averages of path-normalized
profiles, and mean-particle-mass profiles are density-weighted geometric means within the

scattering-property support ranges.

4.2.2. A Priori Error Covariance Matrix

The a priori error covariance matrix S, contains the variances and cross-covariances of
the state variables. For n state variables x1, x3,. . ., X, it is expressed as

cov(x1,x1) cov(xy,x2) ... cov(xy,xy)
cov(x,x1) cov(xp, x3) ...

5 — (x2,x1) (x2,x2) cov(xz, ) | 5)
cov(xy,x1)  €0v(Xp,X2) ... cov(Xy, Xy)

For a dataset containing m samples, the unregularized sample covariance is defined as

cou(y ) = s Dy (4 ) (< -), ©

where X; and X; are the sample means of x; and x;, respectively. Retaining interlevel and
intervariable correlations is important because neglecting them may alter the estimated
posterior uncertainty and DFS [52,53].

The state vector contains 14 variable blocks on the 55-level grid, giving 770 elements:
temperature, water vapor, six hydrometeor mass densities, and six corresponding mean
particle masses. Temperature is represented in linear space; all other variables are repre-
sented in log10 space. A separate S, is estimated for each scene class from WRF profiles
with total frozen-hydrometeor path >0.01 kg m~2. The high-dimensional sample covari-
ance is regularized using Oracle Approximating Shrinkage [54], and Sa and ] use the same
state-variable and vertical-level ordering.

The corresponding correlation matrix is defined as

Sa(iy j)

VSa(i,)Sa(j, )

Figure 9 shows the January high-latitude-ocean covariance and correlation structures.

Ci,j) = )

Temperature, water vapor, and frozen hydrometeors exhibit vertical and cross-variable
correlations, while sparse liquid-water, rain, and hail regions reflect limited occurrence.
Mean-particle-mass blocks are omitted from the figure but retained in the 770-element
calculation. These covariances represent the January and July 2014 WRF populations rather
than climatology; finite samples, limited temporal coverage, and WRF dependence may
affect absolute DFS.

4.2.3. Observation-Error Covariance Matrix

The observation-error covariance matrix S, can represent both instrumental noise
and forward-model error. In this study, it includes only channel noise represented by the
noise-equivalent delta temperature (NEDT). Forward-model uncertainties associated with
gas absorption, surface emissivity, particle scattering properties, particle-size distributions,
and cloud structure are not explicitly included. In particular, uncertainty associated with

https://doi.org/10.3390/1s18193355


https://doi.org/10.3390/rs18193355

Remote Sens. 2026, 18, 3355

14 of 28

State-vector block

HWC

the prescribed surface-emissivity assumptions described in Section 2.1.1 is not represented
in S;.
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Figure 9. A priori (a) covariance and (b) correlation matrices for the January high-latitude-ocean
scene. The six mean-particle-mass blocks are omitted from the visualization for clarity but remain
included in the complete state vector and DFS calculations.

Channel-noise errors are assumed to be independent among scalar observations.
Accordingly, S; is represented as a diagonal matrix:

o2, i=1],
Se,ij - { (;/ l # ;/ (8)

where ¢; is the NEDT of scalar observation i. The diagonal elements of S, are therefore
noise variances expressed in K2. The nominal radiometric sensitivity is given by

NEDT = Teys )
/BT
where Tgys is the system noise temperature, B is the observation bandwidth, and 7 is the
integration time. The nominal channel-specific NEDTs adopted as design assumptions for
the complete-configuration analysis are listed in Tables 1 and 3; they are not presented as
measured receiver performance.

Complete TICI21 and ICI11 are compared using their respective channel-specific
NEDTs: the ICI11 values are taken from Table 1 and the TICI21 values from Table 3. They
are also compared under uniform independent 1 K noise, which equalizes per-observation
noise but not vector dimension. Band-removal, channel-removal, and equal-dimensional
replacement experiments use uniform 1 K noise.

4.2.4. Jacobian Matrix J

The Jacobian matrix | = dy/dx describes the local sensitivity of the scalar brightness-
temperature observation vector y to the atmospheric state vector x. The Jacobians were
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evaluated at the twelve representative composites and at each individual profile used in
the two profile-level ensembles.

The calculations assume an 820 km orbit, a 53° incidence angle, and the channel
specifications in Table 3. Scalar information-content simulations use ARTS 2.6.18 with DIS-
ORT and randomly oriented particles. Liquid water and rain are spherical; cloud ice uses
spherical-ice properties; snow uses the Large Plate Aggregate habit; and graupel and hail
use the ICON graupel and ICON hail scattering datasets, respectively. Hydrometeor mass
density and mean particle mass determine the modified-gamma-distribution normalization
and scale, with fixed shape parameters y and <y from Table 5 [55]. TICI and ICI use identical
profiles, surfaces, hydrometeor states, absorption models, and radiative-transfer settings.

Table 5. Parameters for the size distribution function.

Hydrometeor n Y
cloud liquid water 1 1
rain 0 1/3
cloud ice 0 1/3
snow 0 1/2
graupel 1 1/3
hail 1 1/3

The Jacobian matrix is evaluated using one-sided finite differences by perturbing
one state element while holding all other elements fixed. For observation m and state
element Xj,

Fm (x + ijej) — Pm (x)

AX]'

Jj & (10)
where F, is the simulated brightness temperature of observation m, Ax; is the perturbation
applied to state element x;, and e; is the corresponding unit vector.

For temperature, an absolute perturbation of AT = 1 K is applied. Water vapor,
hydrometeor mass density, and mean particle mass are perturbed multiplicatively by 1%.
Because these variables span several orders of magnitude, their Jacobians are evaluated
consistently in logarithmic space. Let xU-t) denote the perturbed state vector, which is

identical to x except that x(j +)

S xj(1+ ). For a relative perturbation § = 0.01,

U4)) —
i) _ Fn (x ) Fy(x)
mj In(1+9)

, 6 =0.0L. (11)

Because the corresponding a priori covariance blocks are represented in log,, space,
the Jacobians are converted according to

T = In(10) 1. (12)

The Jacobian follows the same 770-element variable and vertical-level ordering as S,
before the DFS calculation.

4.2.5. DFS Partitioning and Contribution Analysis

For every paired scene or profile comparison, the TICI and ICI calculations use the
same atmospheric state, surface boundary, a priori covariance matrix, forward model, and
observation-error formulation. The paired DFS difference for state group g is defined as

Adg = dg(Or21) — dg(Om1), (13)
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where O1y1 and Op; denote the complete scalar TICI21 and ICI11 observation sets, re-
spectively, and dg¢ (O) denotes the DFS of state group g calculated using observation set O.
Here, g may denote the total state, temperature, water vapor, a hydrometeor phase group,
an individual hydrometeor species, or a specific state block.

Groupwise DFS is calculated by summing the corresponding diagonal elements of the
averaging-kernel matrix A, defined in Section 4.1. For a general state group g,

dg =) Ajj, (14)

j€ly

where I; denotes the state-element index set associated with group g. For a hydrometeor
species h, I contains both its mass-density and mean-particle-mass blocks; therefore,
dy = dp, + dm,, where p; and m;, denote the corresponding mass-density and mean-
particle-mass blocks, respectively.

Hydrometeor DFS is resolved for six species. Cloud liquid water and rain form the
liquid group; cloud ice, snow, graupel, and hail form the frozen group. Because S, includes
vertical and cross-variable correlations, blockwise DFS does not represent independent
single-species retrieval capability.

The contribution of each complete TICI spectral band is evaluated under uniform
independent 1 K observation noise by removing that band from TICI21 while retaining the
remaining observations:

Rp,g = dg(Ora1) — dg(Or21,-p), (15)

where Oty _j, denotes the TICI21 observation set after all observations in band b have
been removed. Here, b denotes one of the six TICI spectral bands centered near 183, 243,
380, 424, 664, or 874 GHz. The resulting DFS loss represents the conditional contribution
of that band in the presence of the other TICI observations. These values are not additive
across bands. Because the bands contain different numbers of scalar observations, the
band-removal values are not measures of per-observation information efficiency.

The conditional contribution of each individual TICI observation is evaluated using
an analogous leave-one-out calculation:

Leg = dg(O121) — dg(Or21,—0), (16)

where Op1,_. denotes the TICI21 observation set after scalar observation c has been
removed. A positive value is the groupwise DFS lost when that observation is removed
while all other TICI observations remain. These individual-observation leave-one-out
values are conditional on the retained observations and the full a priori covariance matrix,
including its off-diagonal correlations, and therefore are not additive across observations. A
negative value for an individual state block can arise from redistribution of the averaging-
kernel trace among correlated state variables and does not imply an increase in total DFS
after observation removal.

Four equal-dimensional experiments isolate frequency substitution at fixed observa-
tion count and 1 K noise. Three spectrally representative tests use near-line, intermediate,
and outer-wing offsets (£0.045, £1.5, and +18 GHz at 380.1974 GHz; £0.1, £1.5, and
+15.24 GHz at 424.7631 GHZz) to replace the three ICI observations at 325 GHz, the three at
448 GHz, or both groups jointly.

A fourth, contribution-informed joint test uses +0.4, 1.5, and +£4 GHz at 380.1974 GHz
and +0.6, +4, and +15.24 GHz at 424.7631 GHz. The 380 GHz subset was selected based on
the largest conditional total-DFS losses in the channel-removal analysis, while the 424 GHz
subset combines temperature and frozen-hydrometeor sensitivity. Because the selection
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(a) Temperature

used the representative-composite results, this experiment is treated as a sensitivity test
rather than an independently optimized configuration.

All ICI observations outside the replaced band or bands are retained, so each replace-
ment experiment uses an 11-element scalar observation vector. The resulting observation
vectors are used only for controlled frequency-substitution comparisons and do not repre-
sent complete TICI configurations. Band-removal, channel-removal, and the four replace-
ment experiments are conducted using the 12 composite profiles. The January and July
midlatitude-ocean ensembles each contain 100 profiles selected deterministically to span
weak-to-strong total frozen-hydrometeor-path conditions within scattering-property sup-
port. These ensembles assess profile variability rather than reproducing WRF occurrence
frequencies and provide an independent profile-level test of the contribution-informed
joint replacement.

4.3. Results of the Information-Content Analysis
4.3.1. WRF-Based Evaluation Scenes and Local Jacobian Characteristics

Figure 10 summarizes the 12 representative composites, whose total frozen-hydrometeor
paths range from 0.157 to 0.430 kg m 2. Snow is the largest frozen-path component in
every composite, while cloud ice, graupel, and hail vary across latitude, surface type, and
month. The 12 composites provide the cross-scene evaluation, while the two 100-profile
ensembles test profile-level and seasonal consistency.
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Figure 10. WRF-statistical representative composite profiles for the twelve evaluation scenes. The
panels show temperature, water vapor, and the mass densities of cloud liquid water, rain, cloud ice,
snow, graupel, and hail. Color identifies the six latitude-surface classes, and line style distinguishes
the January and July scenes. Temperature and water vapor are taken from scene-specific WRF medoid
profiles, while hydrometeor amounts and normalized vertical structures are derived from robust
statistics of the corresponding cloudy populations.
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Figure 11 shows local Jacobians for the January midlatitude-ocean composite. Their
magnitude and sign vary because perturbations alter emission, attenuation, and scattering.
Negative water-vapor Jacobians at some 380 GHz observations reflect greater opacity
shifting sensitivity toward higher, colder layers. These derivatives apply to the adopted
linearization state rather than implying globally monotonic responses.
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|
0.10 0.6
16 1 1 T 0.4
0.4
0.05
_ 0.2
€ 121 T ‘ %2 o1 z
£ X = =
o 000 2 | foo £ | 00 £
) & ‘ . =
2 s = \ g A 5
= ‘ -0.2 02
-0.05 |
-0.4
44 . 1 -0.4
-0.10 -0.6
0
(d) Snow mass density (e) Cloud-ice mean mass (f) Snow mean mass
| 0.20
0.100
] 0.75 i J 0.15
16 0.075
0.50 . 0.10
T 121 025 o ‘ 0095 T 005 g
g p g :
= 0.00 E 0.000 S 0.00 E
=) o s &
B 4 o | @
L s 1 025 & ! -0.025 5 l —0.05 &
—0.50 -0.050 —0.10
47 1 -0075 7
~0.75 -0.15
-0.100
-0.20
0 N & & o [ u o & &
RS & &% RIS & % NS & &%
TICI spectral group (GHz) TICI spectral group (GHz) TICI spectral group (GHz)

Figure 11. Local finite-difference Jacobians for the January midlatitude-ocean scene. The panels show
temperature, water vapor, cloud-ice and snow mass densities, and the corresponding mean-particle-
mass variables for the 21 scalar TICI observations.

4.3.2. Overall Information Content of the Complete Scalar TICI Observation Vector

The principal comparison evaluates TICI21 against ICI11 using paired simulations
with identical states, surfaces, priors, forward models, and numerical settings. Differences
are TICI21 minus ICI11. Because the vectors contain 21 and 11 scalar observations, the
complete-system comparison does not measure information efficiency per observation.

Under channel-specific NEDTs (Table 6), TICI21 increases the 12-scene mean total
DFS from 5.676 to 6.587. Temperature and water-vapor gains are 0.424 and 0.408, giving
+0.831 for their combined group; frozen-hydrometeor DFS increases by 0.104. These
differences are nonnegative in all 12 scenes, whereas liquid-hydrometeor DFS decreases by
0.025 on average.

Under uniform 1 K noise, TICI21 increases the 12-scene mean total, temperature-
plus-water-vapor, and frozen-hydrometeor DFS by 1.264, 1.252, and 0.083, respectively.
These differences are nonnegative in every scene; the liquid-hydrometeor difference re-
mains negative.

The 200-profile evaluation shows the same mean behavior (Figure 12): total,
temperature-plus-water-vapor, and frozen-hydrometeor differences are +1.261, +1.193,
and +0.077. Total and combined thermodynamic differences are nonnegative for all profiles,
while frozen-hydrometeor differences are nonnegative for 163 profiles (81.5%) and remain
positive in both monthly means.
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Table 6. Mean DFS for the complete ICI11 and TICI21 configurations under channel-specific and

uniform 1 K noise.

Evaluation Set and ICI11 TICI21

Noise Setting State Group prs  Drs  ADFS
Total 56761  6.5871  +0.9109
12 representative Temperature 0.4348 0.8583  +0.4235
composites Water vapor 0.9464 13541 +0.4077
channel-specific l/\TEDT Temperature + water vapor ~ 1.3812  2.2125  +0.8312
Liquid hydrometeors 0.5310  0.5064 —0.0246
Frozen hydrometeors 3.7639  3.8681  +0.1043
Total 59744 72389  +1.2645
. Temperature 0.5348 1.3122  +0.7773
12 representative Water vapor 0.8870  1.3617  +0.4747
composites, uniform o erature + water vapor 14218 26739 +1.2520
1K Liquid hydrometeors 0.5185  0.4478 —0.0708
Frozen hydrometeors 4.0341 41173  +0.0832
Total 5.0596  6.3209 +1.2613
January + July Temperature 07302  1.7862  +1.0559
midlatitude ocean, 200 Water vapor 1.6729 1.8098  +0.1369
WREF-derived profiles, Temperature + water vapor 2.4031 3.5959  +1.1928
uniform 1 K Liquid hydrometeors 0.2144 0.2063  —0.0081
Frozen hydrometeors 2.4421 2.5187  +0.0766

Note: Differences were calculated from unrounded values; independently rounded entries may
therefore differ slightly from the displayed difference.

4.3.3. Hydrometeor-Resolved Information Content

Table 7 and Figure 13 partition hydrometeor DFS by species and by mass-density and
mean-particle-mass blocks. Across the 12 composites, cloud-ice DFS is 1.437 for ICI11 and
1.558 for TICI21, while snow DFS is 2.547 and 2.510, respectively.

Table 7. Species-resolved hydrometeor DFS for ICI11 and TICI21 under uniform independent

1 K noise.
Hydrometeor 12-Scene Mean: 12-Scene Mean: A 200-Profile Mean: 200-Profile Mean: A
Species or Phase ICI11 TICI21 ICI11 TICI21

Cloud liquid water 0.5167 0.4463 —0.0704 0.2070 0.1995 —0.0075

Rain 0.0018 0.0015 ~0 0.0073 0.0068 ~0
Liquid subtotal 0.5185 0.4478 —0.0708 0.2144 0.2063 —0.0081
Cloud ice 1.4370 1.5580 +0.1210 0.6452 0.6975 +0.0523
Snow 2.5470 2.5097 —0.0372 1.7614 1.7893 +0.0278
Graupel 0.0500 0.0495 ~0 0.0355 0.0320 —0.0036

Hail ~0 ~0 ~0 ~0 ~0 ~0
Frozen subtotal 4.0341 41173 +0.0832 2.4421 2.5187 +0.0766

For the 12 composites, the +0.0832 frozen-hydrometeor difference arises mainly from
mean-particle-mass states. Frozen mass-density blocks sum to —0.0593 DFS, whereas mean-
particle-mass blocks sum to +0.1425; the largest term is the cloud-ice mean-particle-mass
gain (+0.1244). Thus, the aggregate gain does not indicate improvement in every frozen
state variable.

The 200 profiles show the same partition: frozen mass-density DFS is nearly un-
changed (—0.0005), while mean-particle-mass DFS increases by +0.0771, reproducing the
+0.0766 frozen-hydrometeor difference. Cloud-ice and snow mean-particle-mass differ-
ences are positive in both monthly ensembles, whereas their mass-density differences vary
by month.
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Figure 12. Paired TICI21-minus-ICI11 DFS differences under uniform independent 1 K noise. Panels
(a,b) show the temperature-plus-water-vapor and frozen-hydrometeor differences for the twelve
WRF-statistical representative composites, grouped by latitude-surface class and month. Panels
(c,d) show the corresponding distributions across the 100 January and 100 July midlatitude-ocean
WREF-derived profiles. Diamonds identify ensemble means, and the annotations report the mean
difference and number of profiles with nonnegative differences. The dashed horizontal lines in panels
(a,b) indicate the corresponding mean values across the twelve composites.

4.3.4. Band-Level and Channel-Level Contributions

Band removal shows overlapping spectral roles (Figure 14a). Removing 183 GHz
causes the largest water-vapor loss (0.819 DFS), removing 424 GHz causes the largest
temperature loss (0.385), and removing 380 GHz causes losses in temperature (0.281), water
vapor (0.307), and frozen hydrometeors (0.652). Frozen-hydrometeor losses are also 0.200 at
243 GHz and 0.157 at 874 GHz, the latter mainly from mean-particle-mass states. The
424 GHz frozen loss is smaller but nonzero (0.065). Removing 183 and 243 GHz also
reduces cloud-liquid-water DFS, while rain DFS remains negligible.

The 424 GHz band is not exclusively a temperature band. Removing the £0.6 GHz
observation reduces temperature DFS by 0.121 but frozen-hydrometeor DFS by less than
0.001; removing +4 and +15.24 GHz reduces frozen-hydrometeor DFS by 0.019 and 0.026,
mainly through cloud-ice and snow blocks (Figure 14b).

The largest single-observation frozen-hydrometeor losses occur at 243.25 + 2.5 GHz
(0.200), 380.1974 + 4 GHz (0.161), 874 + 4.2 GHz (0.157), and the £9 and +1.5 GHz
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observations near 380 GHz (0.146 and 0.136). Thus, middle-to-outer 380 GHz observations
and 874 GHz provide the strongest TICI-specific frozen-hydrometeor increments.

(a) Twelve representative composites (b) 200 January and July midlatitude-ocean profiles

Cloud liquid water

Rain

Cloud ice

Snow
Graupel
Hail = (CI11
. TICI21
T T T T T T T T T T T T T T
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(c) Blockwise origin of the TICI21-minus-ICI11 difference
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Figure 13. Hydrometeor-resolved DFS under uniform independent 1 K noise. Panels (a,b) compare
the absolute ICI11 and TICI21 DFS of the six hydrometeor species for the twelve WRF-statistical
representative composites and the 200 January and July midlatitude-ocean WRF-derived profiles,
respectively. Panel (c) shows the corresponding TICI21-minus-ICI11 differences for all six mass-
density and six mean-particle-mass state blocks. Positive values indicate larger DFS for TICI21.
Numerical labels are omitted below 0.001 DFS in panels (a,b) and below 0.003 DFS in panel (c).

The spectrally representative 325-to-380, 448-to-424, and joint replacements increase
12-scene mean temperature-plus-water-vapor DFS by 0.290, 0.070, and 0.444, respectively
(Table 8). The contribution-informed joint subset increases the 12-scene mean temperature-
plus-water-vapor and total DFS by 0.733 and 0.241, while frozen-hydrometeor DFS de-
creases by 0.371. Across the 200 profiles, the corresponding temperature-plus-water-vapor
and total differences are +0.747 and +0.507 and are nonnegative for every profile; the mean
frozen-hydrometeor difference remains negative at —0.221. The controlled tests show that
frequency placement contributes to the thermodynamic gain, but the selected 380 and
424 GHz substitutions do not reproduce all ICI11 frozen-hydrometeor information. The
complete TICI21 vector additionally includes the full multi-band sampling and 874 GHz.

Overall, TICI21 provides more thermodynamic information while retaining a small
positive mean frozen-hydrometeor difference that is concentrated in mean-particle-mass
states. These estimates are conditional on the January and July 2014 WRF populations,
scene-specific OAS priors, state transformations, and local linearization states. Cloud ice is
represented as spherical, and no cloud-ice-habit sensitivity test is included. This approxi-
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mation may affect the absolute and species-resolved DFS estimates. Surface emissivity is
fixed by surface type, while frequency-, polarization-, and scene-dependent variability is
omitted. Because S, includes channel noise but not forward-model error and the analysis
uses scalar Stokes-I observations, the absolute DFS may be optimistic and should not be
interpreted as retrieval accuracy.
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Figure 14. Conditional DFS losses caused by removing observations from TICI21, averaged over
the twelve WRF-statistical representative composites under uniform independent 1 K noise. Panel
(a) removes each complete TICI spectral band, and panel (b) removes each of the 21 scalar observations
individually. Columns show temperature, water vapor, and the combined mass-density-plus-mean-
particle-mass DFS of each hydrometeor species. Positive values indicate information lost after
removal. The values are conditional on the retained observations and the full scene-specific prior
and are not additive across bands or channels. Numerical labels are omitted for values with absolute
magnitude below 0.01 DFS in panel (a) and 0.005 DFS in panel (b).

4.4. Conceptual TICI Payload Architecture and Engineering Considerations

The conceptual TICI payload uses independent reflector /feed systems for six bands,
totaling eight feeds and eight reflectors (Figure 15 and Table 9). The eight reflectors are
uniformly distributed on a circular support disk. The 243 GHz feed uses an orthomode
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transducer for V/H separation; separate V- and H-polarized reflector/feed sets are used at
664 and 874 GHz. Receiver electronics are housed centrally, with cold-space and blackbody
targets providing two-point calibration. The reflector and receiver/feed assemblies rotate
together at a constant speed around a fixed central axis. The scanning period is 2 s, during
which the satellite travels approximately 15 km along its orbit. This scanning configuration
provides contiguous ground coverage.

Table 8. Twelve-scene mean DFS differences for controlled 11-observation replacements under
uniform independent 1 K noise.

AT A(T+q) Afrozen  Atotal
Controlled Replacement DES Agq DFS DFS DFS DFS
325 — 380 GHz +0.1620 +0.1285  +0.2905 —0.1543  +0.0379
448 — 424 GHz +0.1517 —0.0819  +0.0699  —0.4288 —0.3699

325 +448 — 380 + 424 GHz  +0.3218 +0.1222  +0.4440 —0.5634 —0.2324

325+448 5 380+ 424 GHz,  hong) 01540 107331 03712 402412
contribution-informed subset

Note: Differences were calculated from unrounded values; independently rounded entries may
therefore differ slightly from the displayed difference. — means frequency-band replacement.

Bearing

Fixed Inner
Cylinder

Rotating
Outer
Cylinder

li

1
/3

(a) (b)

Figure 15. Conceptual configuration of TICI: (a) arrangement of the reflector/feed, calibration, and
rotating assemblies; and (b) conceptual mechanical arrangement of the reflector/feed assemblies
and their schematic viewing cones. In panel (a), red arrows connect the labels to the corresponding
components; colors are used to distinguish the structural components.

Table 9. Antenna polarization and implementation for TICL.

Frequenc s Reflector/Feed
Assembly Group ( gHz) y Polarization Assemblies
1 183 H 1
2 243 V+H 1 (OMT)
3 380 H 1
4 424 H 1
5 664 V+H 2
6 874 V+H 2
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In subsequent data processing, observations from all channels can be geolocated and
resampled to a common ground grid or common geographic coordinates.

Antenna simulations for all six bands yield approximately symmetric patterns and
similar beam widths (Table 10), with main-beam efficiencies above 95%, sidelobes at or
below —30 dB, and cross-polarization at or below —26 dB.

Table 10. Simulated TICI antenna performance.

Frequency Beam Width Main-Beam Cross-Polarization Sidelobe
(GHz) ) Efficiency (dB) (dB)
183 0.56 >97% —26 -30
243 0.53 >96% —27 —32
380 0.58 >96% —29 =30
424 0.58 >97% -29 =30
664 0.54 >95% —32 -31
874 0.56 >95% —33 —35

Table 11 reports single-beam nominal ground-projected dimensions derived from the
simulated beamwidths under the assumed orbit and viewing geometry. The information-
content analysis assumes collocated observations across the TICI channels, and detailed
spatial and temporal co-registration requires further engineering design. The design
assumes an approximately 820 km sun-synchronous orbit, 30 rpm conical scanning, a 53°
incidence angle, and a £60° scan range, producing a swath wider than 1700 km. The
apertures in Table 11 target an approximately 16 km band-level spatial resolution. This
design target is distinct from the reported major and minor dimensions of each elliptical
ground-projected single-beam footprint, although the quantities are related through the
simulated beamwidth and assumed viewing geometry.

Table 11. Antenna apertures, spatial resolutions, and pixel sizes for the six TICI frequency bands.

Frequency Antenna Aperture  Spatial Resolution Pixel Size
(GHz) (cm) (km) (km)
183 23 16 12.4 x 21.7
243 17 16 12.7 x 21.1
380 11 16 12.5 x 20.8
424 10 16 12.5 x 20.7
664 6.3 16 12.5 x 20.8
874 48 16 12.5 x 20.7

The conceptual architecture does not prescribe a receiver implementation. Previous
work by members of our group developed the TALIS receiver using four room-temperature
superheterodyne radiometers centered at 118, 190, 240, and 640 GHz, together with four fast
Fourier transform spectrometers, and reported preliminary hot- and cold-target tests [56].
This work provides a relevant hardware research basis for TICI. Receiver readiness, 1/f
noise, and calibration stability, especially at the highest frequencies, require further assess-
ment; the adopted NEDTs remain design assumptions.

Quantitative payload mass, power consumption, and volume have not yet been
determined in the present conceptual study. The angular momentum associated with the
synchronous rotation of the eight reflector/feed assemblies, the required compensation
scheme, and the resulting effects on platform attitude stability and pointing accuracy also
require further engineering analysis.

Future mission studies should assess the incremental value of the 380 and 424 GHz
bands alongside dedicated temperature and humidity sounders on other payloads.
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5. Conclusions

This study evaluates a candidate six-band TICI configuration for next-generation
Fengyun polar-orbiting satellites. The 183 and 380 GHz bands constrain water vapor;
424 GHz primarily constrains temperature while its outer wings retain cloud-ice and snow
sensitivity; and the 243, 664, and 874 GHz windows provide complementary ice-scattering
sensitivity. The configuration is therefore a candidate multi-band design, not an optimized
or universally superior channel set.

The information-content results are conditional on the 2014 WRF populations, scene-
specific OAS priors, adopted state transformations, fixed surface emissivities, diagonal
channel noise, and scalar Stokes-I observations. Spherical cloud ice was applied consistently
to TICI21 and ICI11 but was not tested against nonspherical habits. Because surface vari-
ability and other forward-model errors are absent from S, absolute and species-resolved
DFS may be optimistic.

Under uniform 1 K noise, TICI21 retains a small positive mean frozen-hydrometeor dif-
ference, driven by mean-particle-mass rather than frozen mass-density states. The 380 GHz
band contributes to thermodynamic and frozen information, the 424 GHz outer wings retain
cloud-ice and snow information, and 874 GHz adds a high-frequency frozen-hydrometeor
constraint. Equal-dimensional tests confirm that frequency placement contributes to the
thermodynamic gain, but the selected 380 and 424 GHz substitutions do not fully reproduce
ICI11 frozen-hydrometeor information.

The conceptual payload comprises eight reflector/feed assemblies uniformly dis-
tributed on a circular support disk and rotating synchronously about a fixed central axis
with a 2 s scan period. During one rotation, the satellite travels approximately 15 km, pro-
viding contiguous ground coverage. Observations from all channels can subsequently be
geolocated and resampled to a common ground grid or geographic coordinates. Antenna
simulations yield main-beam efficiencies above 95%, with sidelobes at or below —30 dB,
cross-polarization at or below —26 dB, and an approximately 16 km spatial-resolution
target across the six bands. Quantitative payload mass, power consumption, and volume,
as well as scan-induced angular momentum, compensation requirements, platform point-
ing stability, channel co-registration, receiver implementation, calibration, and end-to-end
retrieval performance, require further engineering assessment.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/rs18193355/s1: Section S1. Spectral Context and Clear-Sky
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Winter Sensitivity Experiments.
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