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Abstract A database of temperature‐dependent hexagonal ice aggregate optical properties in the far‐
infrared (FIR) spectrum is developed to support FIR missions, particularly the current Polar Radiant Energy in
the Far InfraRed Experiment and the upcoming Far‐infrared‐Outgoing‐Radiation Understanding and
Monitoring. Based on this data set, simulations of the brightness temperatures (BTs) in the 100–667 cm− 1 FIR
region are conducted for an anvil‐like ice cloud in a tropical atmosphere. The results show nonnegligible impact
of ice cloud temperature on simulated BTs, which can be as large as 3 K due to the difference between fixed 160
or 270 K cloud temperature and the benchmark counterpart, varying in accordance with the ambient temperature
profile for a cloud residing between 249.6 and 199.6 K. To enhance the accuracy of FIR radiative transfer
modeling, it is recommended to incorporate temperature‐dependent optical properties of ice clouds.

Plain Language Summary The far‐infrared (FIR) portion of the electromagnetic radiation spectrum
significantly contributes to the radiative effect of ice cloud, particularly in the tropical upper troposphere, where
temperatures are low and a major portion of the thermal emission by clouds is in the FIR regime. In this study, a
new data set is developed to account for the dependence of hexagonal ice aggregate optical properties on
temperature in the FIR regime to support two new satellite missions that aim to study FIR radiative energy
transfers in the atmosphere‐land/ocean coupled system. Based on this data set, the effect of anvil‐like ice clouds
on FIR brightness temperatures (BTs) associated with a tropical atmosphere is simulated. It is found that the
difference between ice cloud optical properties at fixed 160 or 270 K temperature and a reference which
accounts for the variation in atmospheric temperature with height can lead to BTs differing up to 3 K. These
results demonstrate the importance of accounting for temperature‐dependent ice cloud properties in modeling
FIR radiation.

1. Introduction
Clouds can exert a warming or cooling effect on the Earth‐atmosphere system through their interactions with
incoming shortwave (SW) solar and outgoing longwave (LW) terrestrial radiation (Baran, 2009; Liou, 1986; Liou
& Yang, 2017; Wendisch et al., 2007). The cloud radiative effect (CRE) (or cloud radiative forcing) thus plays an
important role in regulating the Earth's general circulations, climate, and equilibrium climate sensitivity
(Ramanathan, 1987). The optical properties and CREs of ice clouds vary by season and region across over the
globe (Y. Hong et al., 2016). In climate models, ice cloud radiative effects are quantified based on an ice cloud
optical model in the radiation parameterization scheme (e.g., Fu, 1996; Fu et al., 1998). Modeling the optical
properties of ice clouds requires knowledge of both the ice crystal refractive index across the solar and terrestrial
spectra and ice crystal shapes (Yang et al., 2013, 2019). Ren, Yang, Loeb, et al. (2023) surveyed ice cloud optical
models that have been used in ice cloud remote sensing and broadband radiation parameterization applications.
The ice crystal refractive index compilation at 266 K, reported in Warren and Brandt (2008), has been extensively
used in developing these ice cloud optical models. However, laboratory measurements show that ice refractive
indices in the far‐infrared (FIR) spectral region (Curtis et al., 2005) and beyond (Hufford, 1991) are dependent
upon temperature. Airborne platforms have sampled ice particles at temperatures down to − 60°C in the middle
and upper troposphere and − 90°C in the tropical tropopause layer (Krämer et al., 2016, 2020; Lawson
et al., 2019). On the Antarctic Plateau, the mean average temperature of ice clouds is below − 35°C in any season
of the year (Maestri, Arosio, et al., 2019) and typically the temperature values range between − 55°C and − 25°C
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(Di Natale et al., 2020) with extremes below − 60°C. The wide temperature range of the environment where ice
clouds exist necessitates computations of temperature‐dependent ice particle optical properties in the FIR spectral
region.

It has been shown theoretically that the FIR contains information that can be beneficial to retrieving the optical
depth and effective radius of ice clouds in specific regimes (Yang et al., 2003). Similarly, simulations by Saito
et al. (2020) show that combined spaceborne middle‐infrared (MIR) and FIR observations can, in principle,
enhance nighttime ice cloud retrievals. Using both simulations and observations, Maestri, Cossich, and
Sbrolli (2019) and Cossich et al. (2021) showed that the FIR part of the spectrum provides additional information
content to spectrally resolvedMIR observations and allows a significant increase in the detection scores of thin ice
clouds. The combination of MIR and FIR measurements can also potentially allow the identification of ice cloud
habit (Maestri, Cossich, & Sbrolli, 2019; Palchetti et al., 2020). Nonetheless, other studies have highlighted the
inability of simulations using current optical property models (which do not include temperature dependent
refractive indices) to simultaneously match airborne observations in the presence of cirrus clouds across both the
mid and far infrared simultaneously (Bantges et al., 2020).

Significant advances in our ability to capture the temperature dependence of ice refractive indices have been made
over the last 2 decades. For example, Jiang and Wu (2004) developed a temperature‐dependent ice refractive
index model to facilitate the sensing of ice clouds at cold temperatures with Microwave Limb Sounder mea-
surements. Iwabuchi and Yang (2011) compiled a temperature‐dependent ice refractive index data set in the
spectral range from 0.0443 to 106 μm, which has been frequently used in modeling radiative properties of solid
hydrometers in the microwave region (Ding, Bi, et al., 2017; Ren, Yang, Garrett, et al., 2023). Reinert et al. (2015)
proposed empirical formulas to calculate ice absorbance between 10 and 250 K in the FIR region by fitting
coefficients to laboratory ice film transmittance measurements. Wang et al. (2024) incorporated the empirical
formulas of Reinert et al. (2015) with the data set and approach developed by Iwabuchi and Yang (2011) to
recompile ice refractive index data from 0.0443 to 106 μm. In the present study, the ice refractive index data
reported byWang et al. (2024) are used to develop a temperature‐dependent ice particle optical property database
in the FIR region. Developing the database of FIR ice particle optical properties at different temperatures con-
tributes to enhancing confidence in climate models that adopt the database within their cloud parameterization
schemes and in ice cloud retrievals exploiting the FIR. The development is particularly timely given the
expanding interest in the region generated by new spaceborne instrumentation such as the current Polar Radiant
Energy in the Far Infrared Experiment (PREFIRE, L’Ecuyer et al., 2021) and the upcoming Far‐infrared‐
Outgoing‐Radiation Understanding and Monitoring (FORUM, Palchetti et al., 2020) missions.

Ice particles in the atmosphere take a variety of shapes, among which columns and column aggregates are often
detected in in situ aircraft observations (Liou, 1986). Irregular and rosette‐shaped aggregate ice particle shapes
dominated airborne sampled Arctic cloud ice particles in an early application of the Cloud Particle Imager (CPI)
(Korolev et al., 1999). By surveying CPI‐identified ice particle shapes with maximum dimensions >50 μm from
22 airborne field campaigns, Lawson et al. (2019) showed that cirrus clouds formed in situ consist primarily of
bullet rosettes and rosette‐shaped aggregates whose growth often happens in an ice supersaturated environment.
Other crystal habits are more common when the cirrus cloud formation occurs via uplift of air such as those seen
in updrafts connected to convective and frontal storms. Ice particle shapes are also related to the strength of storm
updrafts, which are stronger over continents than over oceans (Liu & Zipser, 2005; Zipser et al., 2006). While
small liquid droplets can be uplifted by continental storm updrafts to the homogeneous freezing level, most ice
crystals form and grow in oceanic storm updrafts by consuming supercooled water before reaching the homo-
geneous freezing level (Lawson et al., 2019). Differences in storm convective transport of liquid droplets between
continents and oceans are thought to account for the observed ice particle shape difference between continental
and oceanic anvils—primarily chains and aggregates of small ice crystals in continental anvils and plates, col-
umns, and irregulars in oceanic anvils (Lawson et al., 2019).

In addition, the surface of ice particles in the atmosphere often shows some degree of roughness. While shapes of
particles smaller than 50 μm are indistinguishable from CPI images (Lawson et al., 2019), the size and roughness
(or complexity) of particles smaller than 50 μm and larger than ∼5 μm may be inferred from their 2D forward
scattering patterns captured by instruments, such as the Small Ice Detector (SID) (Kaye et al., 2008; Ulanowski
et al., 2012, 2014). Airborne SID measurements in midlatitude cirrus clouds suggest that most measured ice
particles have roughened surfaces or mesoscopic complexities (Järvinen, Wernli, & Schnaiter, 2018; Schmitt
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et al., 2016). Ice particle surface roughness is reflected by their scattering phase functions. Almost all CPI‐
identified rosette‐shaped ice aggregates at South Pole station showed similar featureless phase functions at
wavelength 0.8 μm (Lawson et al., 2006). Most ice particles sampled by the Particle Habit Imaging and Polar
Scattering (PHIPS, Abdelmonem et al., 2016; Schnaiter et al., 2018) carried by aircrafts also show featureless
phase functions (Järvinen, Jourdan, et al., 2018). Yang et al. (2013) computed surface‐roughened ice crystal
single‐scattering properties for a variety of observed shapes in the wavelength range from 0.2 to 100 μm. The ice
crystal surface roughness treatment in the computation not only makes ice crystal models more realistic but also
produces featureless scattering functions at backscattering angles, a feature that agrees best with multi‐angle
spaceborne observations (Baran et al., 1999). The roughness treatment is often achieved by randomly tilting
ice crystal facets in the ray‐tracing process in the Improved Geometric Optics Method (IGOM, Bi & Yang, 2017;
Yang & Liou, 1996), an efficient way to approximately solve single‐scattering properties of particles of large
sizes compared to the wavelength of interest.

Among the different ice particle shapes included in the single‐scattering property database of Yang et al. (2013),
the severely roughened 8‐piece hexagonal column aggregate (hereinafter referred to as aggregate) was adopted in
the Moderate Resolution Imaging Spectroradiometer (MODIS) Collection 6 (MC6) ice cloud optical property
retrieval algorithm (Platnick et al., 2017) and for broadband radiation parameterization schemes (Kuo et al., 2020;
Ren, Yang, Tang, et al., 2020; Tang et al., 2018) for GCM and offline radiation simulation applications (Gu
et al., 2021; Ren et al., 2021, 2022; Ren, Yang, Loeb, et al., 2023; Ren, Yang, Schumacher, et al., 2020).
Consistent optical thickness (τ) retrievals can be obtained if the aggregate ice particle optical property model is
applied to both the SW bi‐spectral and the MIR split‐window cloud retrieval methods (Holz et al., 2016). Given a
PHIPS‐measured ice particle size distribution during a campaign, compared to other ice particle shapes in Yang
et al. (2013), aggregate ice particles show a bulk scattering phase function shape that agrees best with that of the
median of PHIPS‐measured angular scattering functions between 18° and 170° at 532 nm (Järvinen, Jourdan,
et al., 2018).

Due to the prevalence of ice aggregates in continental anvil and in situ formed cirrus and the success the aggregate
ice particle optical model has achieved, we choose to first complete calculations of ice particle single‐scattering
properties in the FIR region at different temperatures for the aggregate shape. With this temperature‐dependent
FIR ice aggregate optical property data set, we subsequently study how ice cloud optics temperature dependence
affects the FIR brightness temperature (BT) of an ice cloud. Because the ice cloud vertical distribution spans a
wide temperature range over the deep tropics, we choose to apply this data set to radiation simulations for the
tropical atmosphere from the U.S. Standard Atmosphere, 1976 with an ice cloud layer. While the anticipated
noise‐equivalent temperature difference (NEdT) of PREFIRE Thermal InfraRed Spectrometer (TIRS) radiance
measurements is 1.5 K at 300 K (L’Ecuyer et al., 2021), the measurement accuracy varies channel by channel. At
255 K, as wavelength (λ) increases from 15 to 30 μm, the estimated TIRS NEdT increases gradually from 0.4–1 to
2–5 K; beyond 30 μm, the estimated TIRS NEdT is above 5 K and increases with increasing λ (Drouin
et al., 2024). The target noise‐equivalent spectral radiance and absolute radiometric accuracy of the FORUM
Sounding Instrument (FSI) are 0.4 mW (m2 sr cm− 1)− 1 in 200–800 cm− 1 and around 0.1 K in the 300–
1,100 cm− 1, respectively (Ridolfi et al., 2022; Sgheri et al., 2022). We show that the BT differences caused by
the temperature dependence of ice cloud optical properties are significant, and accounting for them is important
for interpreting measurements of both TIRS and FSI over ice clouds. Section 2 introduces the data and methods.
Results are presented in Section 3, followed by a summary of the findings in Section 4.

2. Data and Methods
Light‐scattering computations are performed using the ice refractive index data from Wang et al. (2024) for
randomly oriented roughened 8‐piece hexagonal column ice aggregates. The calculations are performed across
the temperature range 160–270 K and the wavelength range 15–100 μm. Temperatures are sampled every 10 K,
wavelengths are sampled logarithmically using 215 points across the wavelength range. The 100 μm boundary
matches the anticipated upper wavelength of the FORUM Sounding Instrument (Palchetti et al., 2020) while
15 μm is commonly used as a cut‐off for defining the start of the FIR region.

At each λ, computations are performed for ice aggregate particles with 189 different maximum dimensions (D) (or
diameters of circumscribed spheres) from 2 to 104 μm as in Yang et al. (2013). While the accuracy of IGOM is
guaranteed only for large particles, the Invariant Imbedding T‐matrix Method (IITM, Bi & Yang, 2014) can
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accurately solve particle single‐scattering properties across the size spectrum though it becomes computationally
unaffordable for large particles. We therefore use IITM and IGOM to perform scattering computations for small
(x < 50) and large (x ≥ 50) particle sizes, respectively, as in Wang et al. (2024), where x = 2πD/λ is the adopted
size parameter. IGOM is a simplified version of the physical‐geometric optics method (PGOM) (Yang &
Liou, 1996; Yang et al., 2019; and the references cited therein). Whereas IGOM considers the phase interference
through the local ray‐spread effect, PGOM fully considers the phase interference of scattered waves and hence is
more accurate than IGOM in backscattering directions in the visible spectrumwhere ice absorption is weak. In the
FIR, due to strong ice absorption, IGOM is as accurate as PGOM.

At each λ, the single‐scattering properties computed with using IITM and IGOM exhibit a discontinuity when
transitioning from x < 50 to x ≥ 50, due to the geometric optics approximation becoming less accurate for light‐
scattering computations involving smaller particles. In the semi‐classical theory for light scattering by a sphere,
the expansion of computed single‐scattering properties averaged over some x interval shows a second‐order linear
term of x− 2/3 (Nussenzveig & Wiscombe, 1980). This second‐order linear term is often called the edge effect
correction. This term can be adapted to empirically refine IGOM based extinction efficiency (Qext) and absorption
efficiency (Qabs) for nonspherical particle shapes to achieve a smooth transition of the two quantities from small to
large particle sizes (Yang et al., 2013). Details of the data smoothing we apply to the IGOM computational results
can be found in Text S1 in Supporting Information S1.

The resulting temperature‐dependent ice aggregate single‐scattering properties are used to compute ice cloud bulk
optical properties, namely, the bulk mass extinction coefficient (βext,m, m

2 g− 1), single‐scattering albedo (ω),
asymmetry factor (g), and scattering phase matrix, using the cloud ice particle size distribution adopted in the
MC6 cloud retrieval algorithm (Platnick et al., 2017) for 51 effective radii (reff) from 5 to 130 μm with an
increment of 2.5 μm. Choosing the same particle shape and size distribution as currently employed in the MC6 ice
cloud retrieval algorithm for τVIS and reff will provide insight into the potential impact of incorporating the
temperature dependence of the refractive indices on these widely used retrievals.

As illustrated in the flowchart in Figure S1 in Supporting Information S1, we subsequently use combined Line‐
by‐Line Radiative Transfer Model (LBLRTM; Clough & Iacono, 1995; Clough et al., 2005) and Discrete
Ordinate Radiative Transfer (DISORT; Stamnes et al., 1988), often referred to as LBLDIS (Turner, 2005), to
study the sensitivity of BTs to different temperatures at wavenumbers from 100 to 667 cm− 1, with an increment of
0.5 cm− 1. The selected 0.5 cm− 1 wavenumber resolution matches the minimum target of the FORUM Sounding
Instrument (Palchetti et al., 2020). The bottom and top of the atmosphere are set to 0 and 50 km, respectively, with
131 specified model levels. The 130 model layers have a constant thickness of 0.25 km between 0 and 15 km and a
constant thickness of 0.5 km between 15 and 50 km. A thick ice cloud layer is inserted in the middle and upper
troposphere between 8.5 and 16.5 km (or 352.5 and 104.4 Pa), where anvil clouds associated with tropical deep
convection are detected (e.g., Igel et al., 2014; Wall et al., 2020). Cloud bottom and top temperatures are 246.9
and 199.6 K, respectively, resulting in a 47.3 K temperature difference across the entire cloud layer. Yi
et al. (2017) analyzed the MC6 cloud property retrievals over the globe and showed that the frequencies of
retrieved ice cloud reff and ice water path (IWP) peak around 32.5 μm and 200 g m

− 2, respectively. We therefore
assume an ice cloud with a fixed reff = 32.5 μm and an IWP = 200 g m

− 2 embedded in the tropical atmosphere
from theU.S. Standard Atmosphere, 1976 in our LBLDIS experiment. In each cloud‐containing model layer, IWP
is assumed to be proportional to the layer thickness with the sum of IWPs of all cloud‐containing model layers
comprising the total IWP of 200 g m− 2. Based on the MC6 ice cloud bulk optical property data at 0.67 μm (Ren,
Yang, Tang, et al., 2020), if an ice cloud has reff = 32.5 μm and IWP = 200 g m

− 2, the ice cloud has τVIS = 9.3.

Ice cloud bulk scattering phase functions (P11) at all 215 available wavenumbers and 12 available temperatures
are expanded up to the 640th order Legendre polynomial to ensure the reconstructed phase functions with the
expansion coefficients agree with the original ones (e.g., Figure S2 in Supporting Information S1). In the DISORT
simulations, the layer cloud optical thickness is the product of cloud mass extinction coefficient and IWP; the
layer optical thickness is the sum of gas and cloud optical thicknesses; the layer single‐scattering albedo is the
product of cloud single‐scattering albedo and the ratio of cloud to layer optical thickness; cloud phase function
expansion coefficients are taken as the layer phase function expansion coefficients; surface emissivity at each
wavenumber is taken from the pure water spectral emissivity data in a recent compilation (Chen et al., 2014;
Huang et al., 2016) and surface temperature is set to 299.7 K, the value at the lowest level of the standard tropical
temperature. We let DISORT compute radiance at the TOA at viewing zenith angles (VZAs) of 0°, 15°, 30°, 45°,
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and 60° and convert the simulated radiances to BTs. We conduct three different DISORT experiments (Table S1
in Supporting Information S1). In the control experiment, cloud bulk optical properties in every cloud‐containing
model layer are assumed to be those at the layer temperature. In the 160 and 270 K experiments, ice clouds are
treated as if they had constant temperatures of 160 and 270 K.

3. Results
3.1. Optical Properties and Implied LW CRE

Figure 1 shows computed single‐scattering properties of an ice aggregate withD = 450 μm and the associated ice
refractive indices reported byWang et al. (2024) at 160, 230, and 270 K across the 100–667 cm− 1 FIR region. The
choice of D = 450 μm is arbitrary but one at which ice aggregate single‐scattering properties are computed by
IGOM and IITM, respectively, at close numbers of small and large wavelengths logarithmically distributed in the
selected region. In this FIR region, the imaginary part of the ice refractive index (k) maximizes between 200 and
250 cm− 1 (Figure 1b). As temperature increases, FIR absorption due to lattice vibrations shifts to longer λ (or
smaller wavenumber) (Warren, 2019). Consequently, the peak in k between 200 and 250 cm− 1 shifts to smaller
wavenumber (Figure 1b). Warren (2019) showed that wherever k is large (of the order of 100) in the entire solar
and terrestrial spectra, the real part of the ice refractive index (n) undergoes a rapid change. Figure 1a shows this

Figure 1. Variations of the (a) real part (n) and (b) imaginary part (k) of ice refractive index in Wang et al. (2024), computed
hexagonal ice aggregate (c) extinction efficiency (Qext), (d) single‐scattering albedo (ω′), and (e) asymmetry factor (g′) at 3
temperatures of 160 (blue), 230 (red), and 270 K (yellow), respectively, with respect to the wavenumber in the far‐infrared
region between 100 and 667 cm− 1 (or λ between 15 and 100 μm). The hexagonal ice aggregate maximum dimension (D) is
450 μm. In panels (c–e), results in the light‐blue shaded right portion and light‐yellow left portion are computed with
Improved Geometric Optics Method and Invariant Imbedding T‐matrix Method, respectively.
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behavior between 200 and 250 cm− 1. Warren (2019) also showed that n can drop below 1 in the strongest ab-
sorption regions, where the photon mean free path is smaller than λ, although signal propagation speed does not
exceed the light speed in vacuum. As shown in Figure 1a, n drops below 1 at around 230 cm− 1 at a temperature of
160 K.When wavenumber is below 200 cm− 1, n varies slightly between 1.7 and 2. Beyond 250 cm− 1, n gradually
increases from around 1 to 1.5 (Figure 1a). Computed Qext at different temperatures are similar, varying between
2.0 and 2.4 atD= 450 μm in the FIR region except for the 240–310 cm− 1 wavenumber range (Figure 1c). Though
single‐scattering properties at λ less than and greater than 176 cm− 1 are computed with different models (IITM
and IGOM, respectively), spectral variations of Qext and ω′ show smooth transitions after the edge effect
correction is performed (Figures 1c and 1d). The asymmetry factor (g′) is determined by the computed scattering
phase function. No empirical method has been developed to correct the edge effect on IGOM computed scattering
phase matrix. Consequently, there is a small difference in the transition between IITM and IGOM computed g′
spectra (Figure 1e).

Yang et al. (2003) showed that, while ice particle absorption efficiency depends strongly on k for small size
parameters, the dependence does not apply to large size parameters. In agreement with Yang et al. (2003), at the
small size parameters when wavenumber is smaller than 150 cm− 1, k and ω′ are out of phase (Figures 1b and 1d).
In the geometrical optics regime, while small k is associated with large ω′ in the 310–540 cm− 1 wavenumber
range, both k and ω′ peak in the 200–250 cm− 1 wavenumber range (Figures 1b and 1d). Spectral variations of the
asymmetry g′ and ω′ are generally out of phase in the FIR region at D = 450 μm (Figures 1d and 1e).

3.2. Radiative Transfer Simulations

ADISORT simulated BT spectrum for the control case at VZA= 0° is shown in Figure 2a. Results at other VZAs
are included in the Supporting Information (Figures S3–S6 in Supporting Information S1). Our simulation
confirms that atmospheric absorption of radiation in the 100–667 cm− 1 FIR region is dominated by water vapor
and carbon dioxide (Harries et al., 2008; Hogan & Matricardi, 2020). Several studies have shown that the high
opacity of the water vapor rotation band ensures that the upwelling radiation at the TOA in the FIR region is
primarily determined by the humidity above 500 hPa (e.g., Allan et al., 1999; Brindley & Harries, 1998; Slingo &
Webb, 1997). According to the control simulation shown in Figure 2b, the spectral features of this gaseous
absorption are damped by the more spectrally invariant absorption and scattering due to the ice cloud layer in the
upper troposphere, which further reduces the outgoing radiation. Indeed, in the control experiment, the BT
variation from 100 to around 600 cm− 1 is less than 10 K, excepting a few BT spikes which correspond to strong
water vapor absorption lines (Figure 2b). Figure 2c shows BT differences between clear‐sky and control runs. The
results suggest that upper tropospheric ice cloud absorption and scattering result in a smaller suppression of BTs
in the 15 μm CO2 absorption band (wavenumber greater than 630 cm

− 1) than across the majority of water vapor
absorption region (wavenumbers smaller than 600 cm− 1, excepting the strongest absorption lines). The smaller
suppression of BTs in the CO2 absorption band and in the strongest water vapor lines agrees with previous studies
(e.g., Slingo & Webb, 1997) that show BTs at these wavenumbers are sensitive to the temperature of the
stratosphere.

At a VZA of 0°, treating the ice cloud layer as if it had a temperature of 160 or 270 K results in differences in
simulated BT that can reach near 3 K in the FIR region with the largest differences present between 300 and
350 cm− 1 (Figure 2d). The BT difference becomes larger in the ranges of 100–150 and 400–500 cm− 1 at
VZA = 60° (Figure S6d in Supporting Information S1). Let BT160K, BTcontrol, and BT270K be the DISORT
simulated BT from the 3 experiments. As shown in Figure 2 and Figure S3–S6 in Supporting Information S1,
BT160K < BTcontrol < BT270K happens in the wavenumber intervals of 100–150, 200–250, and 400–500 cm

− 1 and
BT270K < BTcontrol < BT160K happens in the 300–350 cm

− 1 wavenumber interval. The results suggest that LW
CRE (or BT suppression) is stronger at colder temperatures than at warmer temperatures in the former 3
wavenumber intervals and stronger at warmer temperatures than at colder temperatures in the latter wavenumber
interval.

Radiative transfer through two scattering media shows similar far‐field radiances and irradiances if the following
similarity parameter s is conserved (Ding, Yang, et al., 2017; King, 1981; van de Hulst, 1974):
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s =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1 − ω
1 − ωg

√

. (1)

The spherical albedo of a semi‐infinite atmosphere decreases with increasing s (King, 1981). In other words, s− 1 is
a proxy for the SWCRE. In the LW, a lower value of ice cloud gmeans increased backscattering by the ice cloud,
which also enhances the LW CRE (Tang et al., 2018).

Therefore, the application of s− 1 in measuring CRE may be extended from the SW to LW and the ratio of mass
extinction coefficient to the similarity parameter βext,m/s (m

2 g− 1) may be used as a proxy for the LW CRE (or BT
suppression) with the given IWP and reff. Figures S7–S10 in Supporting Information S1 show variations of
computed temperature‐dependent ice cloud bulk optical properties—including βext,m/s—at 4 selected wave-
numbers, which fall within the wavenumber intervals of 100–150, 200–250, 300–350, and 400–500 cm− 1,

Figure 2. Spectral variations of Discrete Ordinate Radiative Transfer simulated brightness temperature (BT) (K) at the TOA
in the (a) clear‐sky run, (b) control run, and (c) differences in simulated BT (ΔBT, K) at the TOA between the clear‐sky and
control runs and (d) between the control and experimental runs in the far‐infrared wavenumber range 100–667 cm− 1. The
black dashed lines in panels (c, d) mark ΔBT = 0.
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respectively. As shown in Figures S7–S10 in Supporting Information S1, at reff= 32.5 μm, βext,m/s increases with
decreasing temperature at wavenumbers of 120, 235, and 451 cm− 1 but decreases with decreasing temperature at
the wavenumber of 314 cm− 1, in agreement with the simulated BT suppression behavior shown in Figure 2d.

4. Summary
A temperature‐dependent ice aggregate optical property data set in the FIR region was developed to facilitate FIR
radiation studies, particularly those related to the two new FIR missions PREFIRE and FORUM. Based on the
new data set, the particle size distribution in the MC6 ice cloud retrieval algorithm is used to compute ice cloud
bulk optical properties that refine the previous widely used ice cloud optics. As an example of their impact, we
apply these new temperature‐dependent ice cloud bulk optical property data to LBLDIS BT simulations in the
100–667 cm− 1 FIR region for a standard tropical atmosphere containing an anvil‐like ice cloud. The results show
that differences in simulated BT can reach 3 K, if the ice cloud is treated as if it had a constant temperature of 160
or 270 K rather than the ambient temperature range of 249.6 to 199.6 K. For both the TIRS and FSI the BT
differences seen due to the ice cloud optics temperature dependence found in this study are significant for
interpretation of their measurements over ice cloud scenes over a significant fraction of their wavenumber ranges.

Data Availability Statement
The temperature‐dependent FIR hexagonal ice aggregate optical property data set developed in this study can be
accessed at the Texas Data Repository (Ren et al., 2025). The LBLRTM version 12.14 was downloaded from the
AER via https://github.com/AER‐RC/LBLRTM/releases/tag/v12.14. The AER line parameter database version
3.8.1 can be found at Cady‐Pereira et al. (2020). The DISORT 2.0 was downloaded from the Light and Life Lab
(LLLab) at Stevens Institute of Technology, via their website (http://www.rtatmocn.com/disort/).
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