
Atmos. Chem. Phys., 25, 9981–9998, 2025
https://doi.org/10.5194/acp-25-9981-2025
© Author(s) 2025. This work is distributed under
the Creative Commons Attribution 4.0 License.

R
esearch

article

Exploiting airborne far-infrared measurements to
optimise an ice cloud retrieval

Sanjeevani Panditharatne1,2,3, Caroline Cox2, Rui Song4, Richard Siddans2,5, Richard Bantges1,
Jonathan Murray1,3, Stuart Fox6, Cathryn Fox6, and Helen Brindley1,3

1Department of Physics, Imperial College London, London, UK
2RAL Space, Harwell Oxford, Chilton, UK

3NERC National Centre for Earth Observation, Imperial College London, London, UK
4NERC National Centre for Earth Observation, University of Oxford, Oxford, UK

5NERC National Centre for Earth Observation, RAL Space, Harwell Oxford, Chilton, UK
6Met Office, Exeter, UK

Correspondence: Sanjeevani Panditharatne (s.panditharatne21@imperial.ac.uk)

Received: 11 February 2025 – Discussion started: 2 April 2025
Revised: 2 June 2025 – Accepted: 17 June 2025 – Published: 8 September 2025

Abstract. Studies have indicated that far-infrared radiances hold significant information about the microphysics
of ice clouds, particularly the ice crystal habit. In support of the European Space Agency’s Far-Infrared Outgoing
Radiation Understanding and Monitoring mission, we perform the first retrieval on an observation of coincident
upwelling far- and mid-infrared radiances taken from an aircraft above a cirrus cloud layer. Four retrievals are
performed: including and neglecting the far-infrared portion of the spectrum and assuming two different habit
mixes. Results are compared to in situ measurements of the cloud optical thickness, cloud top height, cloud
effective radius, and habit distributions. We find that despite the known limitations of ice cloud optical property
models, all the retrievals show agreement within the in situ measurements of the cloud optical thickness, cloud
top height, and cloud effective radius. However, the inclusion of the far-infrared enables a distinction between
two different habits that is not possible using only mid-infrared channels. Furthermore, in this case study, the
uncertainty in the retrieval of cloud top height and cloud optical thickness halves with the inclusion of the
far-infrared. As with other studies, we also see an additional degree of freedom for the temperature and water
vapour retrievals. Our study highlights the need for the improvement of current ice cloud optical models, with the
radiance residuals from the converged retrievals still exceeding the instrument uncertainty within the far-infrared.
However, it provides observational support for the theoretical improvement that far-infrared observations could
bring to retrievals of ice cloud properties.

1 Introduction

Cirrus clouds cover ∼ 30 % of the Earth, and there is strong
evidence suggesting that they have a net warming effect on
the atmosphere through enhanced trapping of the Earth’s out-
going longwave radiation (OLR) (Stubenrauch et al., 2006;
Sassen et al., 2008). This is particularly true for high, op-
tically thin cirrus (Hong et al., 2016). Studies suggest that
anthropogenic activity is influencing the micro- and macro-
physics of cirrus clouds, with surface warming increasing the
number of these high and optically thin clouds (Haywood

et al., 2009; Zhou et al., 2014; Zhao et al., 2019; Singh et al.,
2024).

Currently, there are large disparities between climate
model predictions of the net radiative forcing and feedback
processes of cirrus clouds (Forster et al., 2021). This is in
part due to the variation in ice crystal microphysics and a
limited understanding about their formation and develop-
ment (Fu et al., 2017). In comparison to water clouds, the
habit of each crystal introduces additional complexity for
the calculation of scattering and absorption of incident ra-
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diation (Baran et al., 2014). Poorly constraining these habits
can also result in significant errors in our understanding of
the other cloud microphysical properties (Mishchenko et al.,
1996; Yang et al., 2015).

Active sensors have been used to estimate ice crystal
habits from observations; however, these observations have a
low spatial coverage and are limited by the geometric thick-
ness of the cloud (Saito et al., 2017; Pfreundschuh et al.,
2022). Using passive remote sensors that cover the mid- and
near-infrared can offer greater spatial coverage, but the con-
tributions of surface reflectance, particularly over land, create
challenges for retrieving properties from optically thin cirrus
(Baran et al., 1998; Chepfer et al., 2002).

Theoretical studies have indicated that the far-infrared re-
gion (100–667 cm−1) of the Earth’s OLR is highly sensi-
tive to cirrus microphysics, particularly the ice crystal habit
(Maestri and Rizzi, 2003; Baran, 2005, 2007). Due to tech-
nical limitations, the first systematic observations of spec-
trally resolved far-infrared (FIR) radiances at the top of the
atmosphere (TOA) have only begun recently, with the recent
launch of NASA’s Polar Radiant Energy in the Far-InfraRed
Experiment in summer 2024 (L’Ecuyer et al., 2021). Cover-
age of the far-infrared with higher spectral resolution and ra-
diometric accuracy will follow with the launch of the ESA’s
Far-infrared Outgoing Radiation Understanding and Moni-
toring (FORUM) mission in late 2027. The FORUM mis-
sion aims to measure the Earth’s spectrally resolved OLR us-
ing the FORUM Sounding Instrument (FSI) over the spectral
range of 100–1600 cm−1 with a spectral resolution greater
than 0.5 cm−1 and a target radiometric accuracy of 0.1 K at
3σ (Palchetti et al., 2020).

Simulation studies have indicated that including a few far-
infrared channels in current retrievals from existing mid-
infrared (MIR) spaceborne radiometers could significantly
reduce the uncertainties in cloud optical thickness (COT),
cloud effective radius (CER), and cloud top height (CTH),
particularly in polar regions and the upper tropical tropo-
sphere (Libois and Blanchet, 2017). Some retrievals have
also been performed on observations of downwelling far-
infrared radiances in the presence of ice clouds. However,
these were limited by uncertainties in the water vapour and
temperature profiles that would be less dominant when look-
ing at upwelling radiances (Di Natale et al., 2017; Maestri
et al., 2014)

At present, there are no published retrievals from ob-
served upwelling far-infrared radiances in the presence of
cirrus cloud, and only two published studies have attempted
to replicate upwelling far-infrared radiances measured un-
der these conditions. Cox et al. (2010) were limited by large
uncertainties in the atmospheric state and a lack of instru-
mentation capable of measuring small ice particles. Bant-
ges et al. (2020) found that current ice cloud bulk optical
property models were unable to simultaneously simulate ra-
diances across the mid- and far-infrared within the instru-
ment uncertainty. Despite these findings, these bulk optical

property models are still commonly used to characterise ice
clouds from far-infrared radiances (Magurno et al., 2020; Di
Natale and Palchetti, 2022; Peterson et al., 2022).

This work uses the observation described in Bantges et al.
(2020) to perform the first retrieval of cirrus properties from
airborne measurements covering the far-infrared and mid-
infrared. In preparation for the FORUM mission, we adapt
this observation to mimic the expected FSI spectral char-
acteristics before performing retrievals using the Rutherford
Appleton Laboratory (RAL) Infrared Microwave Sounding
(IMS) scheme. We aim to investigate two key areas of in-
terest that have arisen from prior work. Given the sensitivity
of the far-infrared to ice crystal habit, we explore if includ-
ing far-infrared channels in a retrieval allows us to distin-
guish between two different models of ice crystal habits de-
veloped by Yang et al. (2013) and Baum et al. (2014): the
Solid Columns (SC) and General Habit Mix (GHM). While
the SC model only includes solid columns, the GHM model
incorporates plates, droxtals, hollow and solid columns, hol-
low and solid bullet rosettes, an aggregate of solid columns,
and a small and large aggregate of plates. These two models
were selected based on their spectral distinction in the far-
infrared (Bantges et al., 2020). There are currently known
limitations in these models in their representation within the
far-infrared, and so our second aim is to assess the impact of
these on the retrieved values and radiance residuals.

To do this, we first perform retrievals of visible COT, CER,
and CTH using a fixed temperature and gaseous profile on
the observation and on a comparable simulation to evaluate
the significance of cloud approximations used within the re-
trieval scheme. We then perform simultaneous retrievals of
temperature, water vapour, visible COT, CER, and CTH and
evaluate the results against in situ measurements of the cloud
and atmospheric state.

The layout of the paper is as follows: in Sect. 2 we out-
line the instrumentation used to measure both the upwelling
radiance and state properties. Section 3 details the retrieval
scheme and methodology used. Section 4 contains the re-
trievals of COT, CER, and CTH where the temperature and
water vapour profile are fixed. Section 5 contains the simulta-
neous retrieval of temperature, water vapour, and cloud prop-
erties. Conclusions are drawn in Sect. 6.

2 Observational data

2.1 The B895 flight

The B895 flight took place on 13 March 2015 as part of the
Cirrus Coupled Cloud–Radiation Experiment (CIRCCREX)
campaign, which had the overarching goal of improving our
understanding of cirrus cloud microphysics (Pickering et al.,
2015). The main objective of the flight was to simultane-
ously measure upwelling radiances in both the mid- and far-
infrared using the Tropospheric Airborne Fourier Transform
Spectrometer (TAFTS) (Canas et al., 1997) and the Airborne
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Figure 1. The flight track (black) for the B895 flight that took
place on 13 March 2015 plotted on the cloud optical thickness prod-
uct from a MODIS Terra satellite overpass at 10:40 UTC. The first
straight and level run (SLR 1) is shown in light blue, and the loca-
tion of the selected radiance observation is marked with a blue cir-
cle (09:48:39 UTC). Dropsondes released during SLR 1 are marked
with a cross. Approximately 50 min after the radiance observations
were taken, the aircraft descended through the cloud, taking in situ
measurements following the light-green path between 10:32 and
11:32 UTC.

Research Interferometer Evaluation System (ARIES) (Wil-
son et al., 1999) above a well-characterised cirrus cloud.
The flight was performed using the Facility for Airborne At-
mospheric Measurements (FAAM) British Aerospace (BAe)
146 aircraft and was based out of Prestwick, Scotland.

Figure 1 shows the flight track overlaid on top of the
L2 COT from the MODIS (Moderate Resolution Imag-
ing Spectroradiometer) Terra overpass at 10:40 UTC. The
FAAM aircraft performed three straight and level runs
(SLRs) at an altitude of 9.4 km, overflying a decaying band
of cirrus cloud associated with an occluded front. We fo-
cus on a radiance observation taken at 09:48:39 UTC dur-
ing the first SLR (09:33 to 09:58 UTC), where the plane was
flying in a north-westerly direction. At this time, the atmo-
sphere above the aircraft was cloud-free, limiting the amount
of downwelling radiation available for backscatter into the
radiometric instrumentation from the underlying cirrus.

The aircraft was also equipped with the Airborne Vertical
Atmospheric Profiling System, which released two Vaisala
RD94 dropsondes at 09:47:48 and 09:50:42 UTC during the
first SLR. Given that these dropsondes use the same humidity
sensor as the Vaisala RS92 radiosonde, we estimate the sen-
sor calibration uncertainty was ± 5 % of the measured rela-
tive humidity with an absolute offset of± 0.5 %. The produc-
tion variability uncertainty was± 1.5 % above 10 % or± 3 %

for relative humidity below 10 % (Miloshevich et al., 2009).
However, Fox et al. (2019) found discrepancies between sim-
ulated and observed microwave brightness temperatures in
clear-sky conditions for other flights around the same time as
B895 when using the measured dropsonde profiles, and this
was attributed to a dry bias in the dropsondes. No equivalent
information is available for the temperature sensor, but there
is a manufacturer-quoted repeatability of 0.2 K

After completing the other two SLRs, the plane descended
through the cloud and measured the microphysics using on-
board instrumentation between 10:32 and 11:32 UTC. Dur-
ing these manoeuvres the cirrus remained relatively station-
ary, with satellite imagery indicating that it had dispersed by
13:00 UTC (O’Shea et al., 2016).

2.2 Cloud instrumentation

There were a number of instruments on board the FAAM
aircraft used to characterise the cirrus cloud that are used to
assess the retrievals performed here. These include an elastic
backscatter lidar (used to derive a reference for the COT and
CTH), a 2-DS probe (used to derive a reference for the CER),
a Three-View Cloud Particle Imager (3V-CPI) (used to derive
the ice crystal habits in O’Shea et al., 2016), a CIP 100, and a
holographic cloud probe (HALOHolo) (used to measure the
particle sizes). Further details about each of the instruments
and their measurements are provided below.

A Leosphere ALS450 355 nm elastic backscatter lidar was
installed on the aircraft (Marenco, 2010). This provided in-
formation on the cloud vertical extent, ice volume extinc-
tion profiles at 355 nm from the range-corrected backscatter
profiles following the two-stage process of Marenco et al.
(2011), and a vertical profile of the particle extinction coeffi-
cient using the method described in Fox et al. (2019). Raw li-
dar profiles were recorded with a vertical resolution of 1.5 m
and an integration time of 2 s. The range-corrected backscat-
ter profile measured by the lidar at 09:40:35 UTC (4 s before
the radiance observation) is shown in Fig. 2a alongside the
lidar-derived extinction profile (Fig. 2b) and the temperature
and water vapour profiles measured by dropsonde 1 (Fig. 2c
and d). This lidar-derived extinction coefficient profile has
been previously used to derive the COT; however, due to poor
instrument alignment, there were issues with the depolarisa-
tion calibration, which limited the quality of the estimated
COT (Fox et al., 2019).

To mitigate these issues, we employ a simplified retrieval
approach to derive the COT rather than the full vertical ex-
tinction profile. This approach considers the power of the
attenuated Rayleigh backscatter range-corrected signals be-
low 6 km in cirrus-free (Pref) and cirrus (Patt) conditions. It
is assumed that the molecular extinction is constant along the
short flight path, and so the signal variation can be attributed
to the ice crystals in the cirrus cloud. The presence of cirrus
reduces the attenuated Patt relative to Pref through two-way
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Figure 2. (a) The range-corrected lidar signal of the cloud mea-
sured at 09:48:35 UTC. (b) The lidar-derived extinction coeffi-
cient of the cloud measured at 09:48:35 UTC. The (c) tempera-
ture and (d) water vapour profiles measured by dropsonde 1 at
09:47:48 UTC. The edges of the cloud extent are marked in pur-
ple, and the altitudes at which in situ measurements of cloud habit
and PSDs have been characterised are shown with dashed orange
lines (6, 6.8, 7, 7.3, 7.6, 8.0, and 8.3 km).

transmission and simplifies the COT retrievals to

COT355 nm =−
1
2

ln
(
Patt

Pref

)
, (1)

where the factor of 2 accounts for the two-way transmission
through the cirrus layer. In this work, Pref is calculated from
the average of 1 min of backscatter signals between 4 and
6 km at 09:33 UTC where the atmosphere was cloud-free be-
low the aircraft. Patt represents the backscatter signals from
the remainder of the SLR that have then been similarly ver-
tically averaged between 4 and 6 km for each of the 2 s mea-
surement intervals. This means we now state the average
lidar-derived COT for the 1 min period surrounding the ra-
diance observation as 0.8± 0.1, with the uncertainty repre-
senting the standard error in the mean COT within this time
period.

The particle size distributions (PSDs) and ice crystal habits
were measured using a series of probes that included a 2-
DS, a 3V-CPI, a CIP 100, and a HALOHolo (Lawson et al.,
2006b; O’Shea et al., 2016). The 2-DS and inlet edge of the
3V-CPI probes were fitted with antishatter tips to reduce a
bias towards smaller crystals. O’Shea et al. (2016) presented
an analysis of the in situ measurements taken during the
B895 flight, with both PSD and habits divided into the differ-
ent temperature regions shown in Fig. 2. Each set represents
the average of a run that took between approximately 5 and
10 min through sections of the cloud. The ice crystals were
found to range from approximately 10 µm (lower limit of the
2-DS probe) to 700 µm. The best-fit distribution for the PSDs
was generally found to be a bimodal Gaussian and is used to
estimate the CER in Sect. 2.2.1.

The ice crystal habits within the cloud were determined
from CPI images of crystals larger than 50 µm using an
automatic habit recognition algorithm outlined in O’Shea
et al. (2016). Particles were found to be a mix of pre-
dominantly aggregates (∼ 30 %) and droxtals (∼ 25 %), with
some rosettes (∼ 15 %) and columns (∼ 10 %) throughout the
cloud. This is more similar to the constituents of the GHM
model than the SC model, and so we expect the Yang et al.
(2013) and Baum et al. (2014) GHM model to be a better rep-
resentation of the ice crystal habits within the cirrus cloud.

2.2.1 Estimating the CER

The in situ measurements of the cloud PSDs and ice crys-
tal habits analysed in O’Shea et al. (2016) can be used to
provide an approximation of the CER. The CER used in the
Baum et al. (2014) and Yang et al. (2015) bulk optical prop-
erty models is defined by the following relation:

CER=
3
2
Vtot

Atot
, (2)

where Vtot and Atot are the total volume and total projected
area, respectively, of the ice crystals within the bulk cloud
(Baum et al., 2014). These are calculated for each type of ice
crystal habit (h) using Eqs. (3) and (4):

Atot =

M∑
h=1

 Dmax∫
Dmin

Ah(D)fh(D)n(D)dD

 (3)

and

Vtot =

M∑
h=1

 Dmax∫
Dmin

Vh(D)fh(D)n(D)dD

 , (4)

where M is the number of ice crystal habits observed in the
cloud, Dmin and Dmax are the minimum and maximum sizes
in the PSD, Ah(D) and Vh(D) are the projected area and vol-
ume of a specific crystal with habit and size (D), fh(D) is
the fraction of ice crystals that have a given habit at each
size, and n(D) is the size number distribution.

Following the findings of O’Shea et al. (2016), we find
n(D) by fitting the PSDs measured by the Cloud 2-DS probe
with bimodal Gaussian distributions using the non-linear
least squares method (Lawson et al., 2006a; Zhao et al., 2011;
Jackson et al., 2015). The fitted PSDs and parameters are
shown in Fig. S1 and Table S1 in the Supplement. Due to
the dominance of smaller crystals (< 30 µm), as observed in
O’Shea et al. (2016), we are unable to fit the PSDs measured
at 232 and 226 K (7.5 and 8.3 km) with a bimodal Gaussian
distribution, and so they have been excluded from this work.
Similarly, the habit types and fractions are those that were de-
rived from the CPI measurements using the habit recognition
algorithm presented in O’Shea et al. (2016), while Ah(D)
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Table 1. The cloud effective radius (CER) calculated from the PSDs
measured by the Cloud 2-DS probe and the habit distributions mea-
sured by the CPI for temperature regions shown in Fig. 2. The tem-
peratures have been converted to altitudes using the dropsonde mea-
surements (Fig. 2c) and have been used to calculate the approximate
times and distances since and from the radiance observation.

Temperature Altitude Time since rad. Dist. to rad. CER
(K) (km) obsv. (min) obsv. (km) (µm)

229 8.0 55 72 56± 1
234 7.3 65 126 20± 1
237 7.0 75 98 29± 1
239 6.8 80 38 47± 6
245 6.0 95 71 42± 5

and Vh(D) are derived from the Yang et al. (2013) database
for each observed habit. The uncertainty presented here for
the CER is calculated using the relative standard deviation
of the fitting parameters, and so it represents 1 standard de-
viation in the fitting of the bimodal Gaussian distribution to
the PSD. We note that larger uncertainties are expected in
the PSDs themselves, with some work suggesting that the
smaller mode of the distribution is linked to diffraction ef-
fects from the instrumentation (O’Shea et al., 2021).

Table 1 shows the estimated CER values for each altitude
with approximate times and distances relative to that of the
radiance observation. These range from 20–56 µm, with an
uncertainty of up to 12 % that increases closer to the base of
the cloud, and were taken up to 95 min after the time of the
radiance observation. The mean CER weighted by the indi-
vidual uncertainties is 32 µm, with a weighted standard devi-
ation of 14 µm that represents the spread of CER measured
within the cloud.

2.3 Radiometric observations

2.3.1 Radiometric instrumentation

The Tropospheric Airborne Fourier Spectrometer (TAFTS)
is a four-port Martin–Puplett interferometer (Canas et al.,
1997). Measurements are made at the output ports by pairs
of detectors, each containing a “longwave” and “shortwave”
detector made of GeGa and SiSb, respectively. The instru-
ment has two pairs of blackbody calibration targets held at
ambient temperature and 323 K. There is an internal cali-
bration before scans, with a single nadir scan taking ∼ 1.5 s
and having an angular field of view of 1.6°. TAFTS has a
spectral range of nominally 80–300 cm−1 (longwave chan-
nel) and 330–600 cm−1 (shortwave channel) with a sampling
of 0.06 cm−1 and a nominal spectral resolution of 0.12 cm−1.
The uncertainty in a single TAFTS spectrum is composed
of the random noise (Fig. 3a) and calibration uncertainty
(Fig. 3b).

The Airborne Research Interferometer Evaluation Sys-
tem (ARIES) uses a Michelson-type configuration with a

Figure 3. (a) The noise-equivalent differential temperature (NEDT)
and (b) absolute radiometric accuracy (ARA) for TAFTS, ARIES,
and six ARIES scans and target values for the FSI based on the
selected radiance observation.

HgCdTe photodetector for the “longwave” channel and an
InSb photodetector for the “shortwave” channel (Wilson
et al., 1999). It also has two temperature-controlled black-
body targets and performs periodic calibrations during its
measurement sequence. A single ARIES scan takes ∼ 0.25 s
and has an angular field of view of 2.5°, with an optical path
difference of 1.01 cm. The instrument spectral range covers
550–1800 cm−1 (longwave channel) and 1700–3000 cm−1

(shortwave channel), with a spectral resolution of 1 cm−1 and
a spectral sampling of 0.42 cm−1. Only observations from the
longwave channel are considered here as the shortwave chan-
nel exceeds the FSI spectral range. The uncertainty in a single
ARIES spectrum is composed of the random noise (Fig. 3a)
and calibration error (Fig. 3b). Due to the faster scan time
of ARIES, the six ARIES scans neighbouring the selected
TAFTS scan at 09:48:39 UTC are averaged for this work,
and the appropriately reduced random noise is also shown
in Fig. 3a.

2.3.2 Creating FORUM-aircraft spectra

As this study is in support of the FORUM mission, we
adapt the observed radiances to mimic the FSI instrument
line shape (ILS) to create “FORUM-aircraft” observations.
The FSI instrument line shape is modelled using the strong
Norton–Beer apodisation, resulting in a spectral resolution
of 0.6 cm−1 with a sampling of 0.3 cm−1. We note that
the ground footprint for the FSI (15 km) is greater than for
TAFTS (∼ 0.26 km) and ARIES (∼ 0.41 km). The apodised
noise-equivalent differential temperature (NEDT) and target
absolute radiometric accuracy (ARA) for the FSI are also
shown in Fig. 3 and suggest that the combined FSI uncer-
tainty is up to 1 K smaller than the instrumentation used in
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this work between 200 and 1300 cm−1. While this will af-
fect the significance of including the FIR, Panditharatne et al.
(2025) found that for clear-sky retrievals of temperature and
water vapour, the simulated FSI and FORUM-aircraft spec-
tra produced similar results, suggesting that a retrieval from
a FORUM-aircraft observation is indicative of its FSI coun-
terpart given a homogeneous scene.

To create the FORUM-aircraft observations, we follow the
process in Panditharatne et al. (2025). The TAFTS ILS is
approximated using an apodisation function, and so this is
first deconvolved from the observed spectrum. The FSI in-
strument line shape is then applied to both the TAFTS and
ARIES observations. This introduces an uncertainty into the
observed FORUM-aircraft spectrum as a result of the original
instrument’s spectral characteristics. To quantify this uncer-
tainty, we evaluate the effect on a high-resolution simulated
spectrum that has a similar surface and atmospheric profile
to our selected observation.

This high-resolution spectrum is simulated using the com-
bined LBLDISv3.0 model that is composed of the Line-by-
Line Radiative Transfer Model (LBLRTMv12.11) and DIS-
crete Ordinate Radiative Transfer (DISORT) code (Clough
et al., 2005; Stamnes et al., 2000; Turner and Holz, 2005).
LBLRTM is used to calculate the wavelength-dependent op-
tical depths for every layer between the surface and the air-
craft and uses the MT_CKDv3.5 continuum model (Mlawer
et al., 2019). These layer optical depths are then input into
DISORT to numerically compute the multiple scattering
caused by the ice crystals using 16 streams.

We use the temperature and water vapour profile derived
from dropsonde 1 and the O3 profile from collocated ERA-5
data. Profiles for CO2, CH4, and other trace gases are set to
the US 1976 mid-latitude winter profile that has been scaled
to present-day concentrations using data from Mace Head
(Dlugokencky et al., 2019). The surface skin temperature is
set to 280.2 K, which was derived in Bantges et al. (2020)
based on the dropsonde profile and collocated ERA-I data.
The spectral surface emissivity was calculated using the Ma-
suda et al. (1988) model above 769 cm−1 as the radiance ob-
servation was taken over the ocean. Below 769 cm−1, the sur-
face emissivity was found to have a negligible effect on the
spectrum given the strong water vapour absorption below the
cloud in the far-infrared (Bantges et al., 2020). Therefore, we
fix it to 0.99. Based on the results of the minimisation process
in Bantges et al. (2020), we use the lidar-derived extinction
coefficient profile (Fig. 2b) scaled to output a COT at 355 nm
of 0.82 and a CER of 34 µm and assume the GHM model.

This high-resolution spectrum is treated in two ways. First,
it has the FSI apodisation directly applied to it, creating a
simulated FSI spectrum. Second, the high-resolution spec-
trum is modified to look like TAFTS and ARIES before the
FSI apodisation is applied to emulate the process applied to
the observation. This creates a simulated FORUM-aircraft
spectrum, which is used for later analysis in Sect. 4.1. The
residual between the simulated FSI spectrum and the simu-

Figure 4. (a) The brightness temperature (BT) residual between the
LBLDIS simulation of the TAFTS and ARIES observations during
the B895 flight that has had the FORUM apodisation directly ap-
plied and been made to look like TAFTS or ARIES first (FORUM-
aircraft simulation) as outlined in Sect. 2.3.2. The TAFTS residu-
als remain less than 0.05 K and can be seen in the Supplement for
clarity. (b) The FORUM-aircraft observation. (c) The BT residuals
between the FORUM-aircraft observation and simulation.

lated FORUM-aircraft spectrum is shown in Fig. 4a. As in
Panditharatne et al. (2025), due to the coarse sampling of
the ARIES measurement, this uncertainty exceeds the in-
strument uncertainty in the CO2 15 µm band, where it can
reach up to 3.3 K, as well as above 1200 cm−1, where it ex-
ceeds 4 K. The combination of the NEDT, ARA (Fig. 3), and
this apodisation uncertainty will be used to constrain the final
retrieval.

The final FORUM-aircraft observation is shown in Fig. 4b,
with the difference to the FORUM-aircraft simulation in
Fig. 4c. The simulation is generally within 5 K of the ob-
servation, excluding selected channels near the TAFTS band
edges, and will be used to explore the expected behaviour of
the retrieval.

3 The retrieval method

3.1 The RAL Infrared Microwave Sounding retrieval
scheme

The RAL Infrared Microwave Sounding (IMS) retrieval
scheme simultaneously retrieves vertical profiles of atmo-
spheric temperature and gases, along with surface skin tem-
perature, surface spectral emissivity, and cloud parameters
(Rodgers, 2000; Siddans, 2019). Recent work has extended
it for use on the FSI for clear-sky retrievals (Panditharatne
et al., 2025), and it has also been used for retrievals of
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aerosols and in the presence of clouds (Kloss et al., 2022;
Trent et al., 2023).

IMS uses the optimal estimation method from Rodgers
(2000) to fit an observed spectrum (the measurement vec-
tor, y) by iteratively perturbing the retrieval targets (the state
vector, x). Estimations of y are calculated from adjusted val-
ues of x using a forward model, F (x), which in this case
is a radiative transfer model. Prior knowledge of the state is
contained in the a priori state vector, xa, with covariance,
Sa, representing the vertical variability and correlation of the
profile. These are both used to constrain the retrieval. Simi-
larly, the measurement covariance, Sy , represents the uncer-
tainty in the measurement.

Iterations are based on the Levenburg–Marquardt (LM)
method (Marquardt, 1963):

xi+1 = xi+
(

KT
i S−1

y K+S−1
a + γi

)−1

×

[
KT

i S−1
y (y−F (xi))−S−1

a (xi− xa)
]
, (5)

where i is the iteration, γ is the LM parameter controlling
the magnitude of the state vector perturbation and is initially
set to 0.001, and Ki is a Jacobian matrix of partial derivatives
of the forward model output to elements of the state vector.

The fit optimisation is based on minimising the cost, χ2,
with the first and second terms on the right-hand side of
Eq. (6) corresponding to the measurement and state cost, re-
spectively:

χ2
= (y−F (x))TS−1

y (y−F (x))+(x−xa)TS−1
a (x−xa). (6)

The Radiative Transfer for TOVS v12 (RTTOVv12) fast
radiative transfer model is used as the forward model in the
IMS scheme. It takes inputs of temperature, water vapour,
ozone, carbon dioxide, cloud fraction, cloud effective diame-
ter, and cloud ice water content (IWC) on 101 fixed pressure
levels from the surface to the top of the atmosphere.

RTTOVv12 uses the strong Norton–Beer apodisation to
simulate FSI spectra covering 5000 channels across the FSI
spectral range. Cloudy radiances are calculated using the
Chou approximation, where the optical depths associated
with atmospheric emission and absorption (referred to here
as clear-sky optical depths) are scaled to account for the
cloud particle interactions (Chou et al., 1999). Both of these
are parameterised into coefficients to increase operational
speed (Saunders et al., 2018, 2017).

To calculate clear-sky optical depths, we use specialised
RTTOVv12 coefficients that have been developed using
LBLRTMv12.11 to simulate upwelling FORUM-aircraft
spectra at common flying altitudes (Panditharatne et al.,
2025). For the ice cloud interactions, the absorption coef-
ficient, scattering coefficient, and backscattering parameter
used for the Chou approximation have been calculated from
the Yang et al. (2013) and Baum et al. (2014) GHM and
SC bulk optical property models for ice water content (IWC)

from 0.5E-5 to 0.1 gm−3 and CER from 5–60 µm. The use of
the Chou approximation to simulate cloudy radiances signifi-
cantly reduces the operational speed of the retrieval; however
it leads to a positive bias within the far-infrared that increases
for smaller crystals (Martinazzo et al., 2021).

Within IMS, the ice cloud is modelled as a Gaussian with
a standard deviation of 1 km. The visible COT is calculated
from the IWC and CER within IMS using the following ap-
proximation from Wang et al. (2011):

COTvis =

CTH∫
CBH

3IWC(z)〈Qe,vis〉

4ρiceCER
dz, (7)

where 〈Qe,vis〉 is the bulk extinction efficiency at visible
wavelengths, ρice is the density of ice, and the integral is per-
formed from the cloud base height (CBH) to the CTH. We
assume 〈Qe,vis〉 = 2 as we can assume the average particle is
much larger than the wavelength at visible wavelengths.

3.2 Retrieval targets and constraints

In this work, we perform simultaneous retrievals of COT,
CER, CTH, temperature, and water vapour. The a priori and
covariance for the cloud retrieval targets are 9± 3 km for
CTH and 40± 10 µm for CER. COT is stored in log form
to prevent it from reducing below zero, and it is assumed
there is minimal cloud cover at first, resulting in an a priori
of ln(0.01)± 10.

We use hourly collocated ERA-5 reanalysis data as the a
priori for temperature and water vapour, and the covariance
is a two-dimensional matrix derived from the differences be-
tween the zonal mean of ERA-5 profiles for 3 d (17 April,
17 July, and 17 October 2013) (Siddans, 2019). In all the
retrievals performed in this work, the initial guess is equiv-
alent to the a priori, and the vertical O3, CO2, CH4, and N2
profiles, as well as the surface skin temperature and surface
emissivity, are fixed to the values outlined in Sect. 2.3.2.

The measurement covariance (Fig. 5) is assumed to be
fully correlated and is composed of the NEDT and ARA for a
single TAFTS and six ARIES scans (Fig. 3), combined with
the apodisation uncertainty described in Sect. 2.3.2 (Fig. 4a).

The retrieval is performed using selected channels rather
than for the entire spectral range to minimise operational
time and avoid selecting channels with high measurement
uncertainty. Figure 6 shows the 200 channels selected in Pan-
ditharatne et al. (2025) to optimise retrievals of temperature
and water vapour from FORUM-aircraft observations.

The absorption of water vapour dominates the FIR, and
as a result, there is a significant overlap in this region be-
tween spectral sensitivity to tropospheric water vapour and
ice cloud properties. To enable a clearer distinction between
habits, 26 additional channels have been included that were
not in the initial 200 but are sensitive to ice cloud properties
for this specific observation (Fig. 6). We anticipate that they
are also sensitive to water vapour and temperature.
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Figure 5. The square root of Sy used in the retrievals in radiance
units. This is a combination of the instrument NEDT, ARA, and un-
certainty introduced through the FORUM-aircraft apodisation pro-
cess shown in Figs. 3 and 4a.

These additional “cloud-sensitive” channels were selected
using a database of FORUM-aircraft spectra simulated us-
ing RTTOVv12 that vary in COT (0.1–2), CER (5–60 µm),
and ice crystal habit (GHM and SC models) but all have
the same temperature, gaseous, and surface profile as in the
FORUM-aircraft simulation (Sect. 2.3.2). The channels not
used in the clear-sky retrieval were first filtered based on
whether clear-sky residuals between LBLRTMv12.11 and
RTTOVv12 were comparable to or exceeded the instrument
uncertainty. This was to ensure that the uncertainty associ-
ated with the forward model could be directly attributed to
its cloud assumptions. For each cloud property, these chan-
nels were then filtered based on two conditions. The first was
that the largest changes in radiance were detectable above the
measurement uncertainty. The second was that the radiance
change was not perfectly correlated (i.e. a correlation coef-
ficient of less than 1) to another channel. Channels with the
largest change in radiance were selected first.

Figure 6 shows that 16 MIR and 10 FIR channels were ad-
ditionally selected to improve the retrieval of ice cloud prop-
erties. To highlight the channels that are most sensitive to ice
crystal habit, Fig. 7 shows the brightness temperature (BT)
residuals within these channels between the GHM and SC
models for five different CERs (25, 30, 35, 40, and 45 µm)
and a fixed ice water path (IWP) of ∼ 28 gm−2. We see
residuals between the models exceeding the measurement
uncertainty between 400–450 cm−1 (up to 1.3 K) and in the
1004.5 cm−1 channel, and so we expect the habit to be most
detectable within these channels.

3.3 Assessing the retrieval

In each set of retrievals, there are four different configura-
tions used: with and without the FIR and assuming the SC
or GHM bulk optical property model. These will be referred
to using the names outlined in Table 2 for clarity. Unlike the

Table 2. The four different retrieval configurations used: with and
without the FIR and assuming the SC or GHM bulk optical property
model.

Name MIR channels FIR channels Habit

MIR (GHM) X GHM
MIR (SC) X SC
MIR+FIR (GHM) X X GHM
MIR+FIR (SC) X X SC

other retrieval targets, the ice crystal habit is retrieved by ex-
amining the spectral fit in certain channels after the optimal
estimation retrieval of the other targets has been performed.
To do this, we focus on the BT residuals in individual chan-
nels and the measurement cost per channel (Jy), which en-
ables comparisons between different configurations. A lower
Jy for a given habit or habit mix is indicative that it is a better
representation of the true crystal shapes within the cloud. If
Jy < 1, then the retrieval has fit the spectra on average within
the uncertainty. For guidance, an increase of 20 % in Jy is
indicative of a 10 % increase in the residual between the ob-
served and fitted spectra, assuming the uncertainty is kept
constant.

The uncertainty in the retrieved state vector is calculated
from the square root diagonal of the covariance of the re-
trieved state, Sx ,

Sx =
(
S−1

a +KTS−1
y K

)−1
, (8)

and is equivalent to 1 standard deviation. This will be referred
to as the estimated standard deviation (ESD) in the retrieval.

The averaging kernel (AK) matrix, A, represents the verti-
cal sensitivity of the retrieved state to the true state, x̂, and is
calculated using Eq. (9).

A=
∂x̂

∂x
=GK (9)

In this work, we assume the dropsonde profiles are a fair
approximation of the true state, and they are smoothed to the
resolution of the retrieval using

xAK = xa+A(x− xa), (10)

where xAK is the AK-treated true state.
The degrees of freedom for signal (DOFS) is calculated

from the trace of A and is used to assess the amount of infor-
mation in the measurement vector.

4 Fixed temperature and water vapour retrievals

Given the uncertainties associated with modelling the radia-
tive interactions of ice clouds across the FIR, we perform two
initial retrievals of COT, CER, and CTH, assuming a fixed
temperature, gaseous, and surface profile. The temperature
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Figure 6. (a) The channels selected for retrievals using the FORUM-aircraft configuration of IMS on top of an example spectrum in bright-
ness temperature (BT), with (b) the number of channels in each 50 cm−1 bin. The 200 channels selected in Panditharatne et al. (2025) for
optimised retrievals of temperature and water vapour are shown in purple. The additional 26 channels that have been selected to optimise
retrievals of ice cloud properties are shown in blue.

Figure 7. The BT residuals between the RTTOVv12 simulated FSI
spectra assuming the General Habit Mix (GHM) and Solid Columns
(SC) databases for example CER values and an ice water path of
∼ 28 gm−2 derived from the lidar measurements. The remainder of
the atmospheric and surface profile is as described in Sect. 2.3.2.
The black line represents the instrument and apodisation uncer-
tainty and is the square root diagonal of the covariance matrix in
Fig. 5. The peak in uncertainty at ∼ 730 cm−1 can be attributed to
the FORUM-aircraft apodisation described in Sect. 2.3.2.

and water vapour vertical profiles are fixed to the profiles
measured by the dropsonde (Fig. 2c and d), while the re-
maining gaseous and surface profiles are fixed to the values
specified in Sect. 2.3.2. We only use the cloud-sensitive chan-
nels in this test as we are only focused on the cloud retrieval
targets at this time. Therefore, when using the four retrieval
configurations (Table 2), the MIR retrievals within this sec-
tion only use 16 channels, and the MIR+FIR retrievals use
all 26 channels shown in Fig. 6.

The first set of retrievals are performed on the FORUM-
aircraft simulation described in Sect. 2.3.2 and are used
to assess the impact of the fast-scattering approximations
used within RTTOVv12 (Sect. 4.1). The second set of re-
trievals are then performed on the FORUM-aircraft observa-
tion, where the ability of the bulk optical property models
will influence the fitting process (Sect. 4.2).

4.1 Retrieval from the simulation

As described in Sect. 3, RTTOVv12 uses the Chou approx-
imation to simulate cloudy radiances. This approximation
introduces a positive bias into the spectrum within the FIR
that is dependent on the cloud parameters. Martinazzo et al.
(2021) show that for an ice cloud with a COT of 1, CER
between 30–40 µm, and CTH of 8 km in a mid-latitude at-
mosphere, this positive bias peaks at ∼ 1 K at ∼ 410 cm−1.
A lower COT and larger CER reduces this bias. Within the
MIR, there is a negative bias that is approximately half the
FORUM-aircraft uncertainty.

The FORUM-aircraft simulation described in Sect. 2.3.2
was simulated using the LBLDIS radiative transfer model
based on the profiles in Fig. 2 and assuming the GHM model.
LBLDIS uses numerical methods to calculate the ice cloud
interactions, and therefore by performing a retrieval on the
FORUM-aircraft simulation, we can determine if the Chou
approximation significantly hinders the retrieval capability
as the inputs are known. The simulated spectrum has had
Gaussian noise applied based on the instrument uncertainty
(Fig. 3) and includes the apodisation uncertainty associated
with creating the FORUM-aircraft spectra.

Figure 8a shows the BT residuals associated with the re-
trieval from the FORUM-aircraft simulation with the four
different retrieval configurations. When the correct (GHM)
bulk optical property model and all 26 cloud-sensitive chan-
nels are used, the retrieved BT between 400–500 cm−1 is, on
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Figure 8. The BT residuals and Jy in the cloud-sensitive channels using the (dashed) mid-infrared (MIR) only and (solid) mid- and far-
infrared (MIR+FIR) on the FORUM-aircraft (a) simulation and (b) observation. The residuals within the MIR are partially obscured by the
combined MIR+FIR retrieval. The retrievals using the SC and GHM models are shown in green and purple, respectively. The square root
diagonal of Sy is shaded in grey as the uncertainty.

Table 3. The retrieved COT, CER, and CTH from the FORUM-
aircraft simulation described in Sect. 2.3.2 in comparison to the in-
put values for the simulation. Uncertainties shown are 1 ESD. Jy
is also shown for each retrieval configuration and is the same as in
Fig. 8a.

COT CER (µm) CTH (km) Jy

Input/true state 0.82 34 9.0 –
MIR (GHM) 0.78± 0.03 41± 9 10.2± 2.7 0.27
MIR (SC) 0.74± 0.04 40± 9 10.7± 2.3 0.16
MIR+FIR (GHM) 0.84 ± 0.04 38± 8 9.5± 0.3 0.28
MIR+FIR (SC) 0.82 ± 0.04 35± 8 9.1± 0.3 0.29

average, within 0.2 K of the input simulation. Furthermore,
the retrieved values in Table 3 capture the input parameters
within 2 ESD. This suggests that despite the Chou approxi-
mation’s bias in the far-infrared, we can assume that the re-
trieval scheme can reasonably estimate true values.

All four retrieval configurations also overestimate the BT
in the channel at ∼ 730 cm−1. This channel was selected

due to its sensitivity to CER despite its increased uncer-
tainty from the FORUM-aircraft apodisation (Fig. 4a). The
weaker fitting in this channel has likely contributed towards
the larger CER ESD in Table 3; however, the input CER is
still captured within 1 ESD for all the retrievals.

Given this, we can now examine the impact of including
the FIR in retrievals from the simulation (Fig. 8a). Using the
MIR alone suggests that the SC model is a better represen-
tation of the ice crystal habit mix, with a measurement cost
40 % smaller than with the GHM model. This is an incor-
rect result as the GHM model was used in the simulation.
When we include the FIR, the residual associated with the
GHM model is up to 0.6 K smaller than its counterpart be-
tween 400–450 cm−1, comparable to expected residuals for
CER in this range (Fig. 7). This is indicative of a better fit and
correctly suggests that the GHM model is the better represen-
tation of the ice crystals within the simulation. However, this
is not significantly reflected in the measurement cost, with
only a slightly smaller Jy for the GHM model. This is likely
due to the larger BT residual for the GHM than SC habit in
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Figure 9. The BT residuals and Jy for retrievals from the observation. All 226 channels are used in the retrieval, but only residuals and Jy in
the 26 cloud-sensitive channels are shown for comparison to Fig. 8b. Jy across all 116 (MIR) and 226 (MIR+FIR) channels is as follows:
SC (MIR) 0.33, GHM (MIR) 0.34, SC (MIR+FIR) 1.20, and GHM (MIR+FIR) 1.15.

the ∼ 730 cm−1 channel countering the reduced residual in
the FIR.

Table 3 shows that including the FIR leads to a closer
agreement between all of the retrieved values and the known
truth, as well as a significant reduction in the uncertainty as-
sociated with the CTH. The MIR+FIR GHM retrieval does
show a slight positive bias in the cloud retrieval targets that
is not seen with the MIR+FIR SC retrieval as a result of
reducing the spectral residual caused by the Chou approxi-
mation. However, it is important to recall that the retrieval
is assessed using the measurement cost and spectral fit and
that the MIR+FIR GHM retrieval still captures the true state
within 2 ESD.

4.2 Initial retrieval from the observation

As in the previous section, we perform retrievals of COT,
CER, CTH, and ice crystal habit with a fixed vertical profile,
but now on the radiance observation. Given that the fixed ver-
tical profile is now only an approximation of the true state,
we will not explore all the retrieval targets in detail as these
are discussed in the context of the full retrieval in Sect. 5. In
this section, we only focus on the retrieved ice crystal habit
and BT residuals to help separate the influences of the verti-
cal profile and cloud approximations on the full retrieval in
Sect. 5.

The in situ measurements of the ice crystal habits suggest
that the GHM model is a better representation of the ice crys-
tals within the cloud than the SC model (Sect. 2.2). Figure 8b
shows the BT residuals for retrievals from the FORUM-
aircraft observation using only the cloud-sensitive channels,
and we observe similar trends to the simulated case. The
measurement cost per channel using the MIR alone is again
slightly larger for the GHM model than the SC model, with
retrieved spectra within 0.2 K of each other. When we intro-
duce the FIR channels, Jy is reduced by 13 % using the GHM

model. This reduction is driven by the fitting between 450–
500 cm−1, where there are differences of up to 0.6 K between
the MIR+FIR SC and GHM retrievals. In common with the
simulated results from Sect. 4.1, this strongly implies that
for this case study, observations from the FIR are needed to
correctly diagnose the ice crystal habit.

However, the BT residuals within the FIR generally ex-
ceed the measurement uncertainty, particularly between 450–
500 cm−1, while there is little change in the MIR residu-
als with and without the FIR. This was not seen in the re-
trieval from the FORUM-aircraft simulation, which used the
same bulk optical property model as the retrieval scheme.
This reaffirms the findings in Bantges et al. (2020), which
highlighted the inability of bulk optical property models to
simultaneously match observed radiance signals in the MIR
and FIR. Despite this, the bulk optical property models do not
prevent the inclusion of the FIR from distinguishing between
ice crystal habits.

It is important to note that the temperature and water
vapour profile are currently fixed to measurements from
the dropsonde. To test that the fixed temperature and water
vapour profile is not biasing the habit determination, we now
also include the simultaneous retrievals of temperature, and
water vapour from the radiance observation.

5 Retrieval of temperature, water vapour, and cloud
properties

Retrievals of temperature, water vapour, COT, CER, CTH,
and ice crystal habit are performed using both the clear-
sky and cloud-sensitive channels shown in Fig. 9 on the
FORUM-aircraft observation. The same four configurations
described in Table 2 are used; however the MIR retrievals
now use 116 channels, and the MIR+FIR retrievals use 226
channels (Fig. 6). In each case, the a priori and a priori co-
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variance for temperature, water vapour, COT, CER, and CTH
are as described in Sect. 3.

We divide the following discussion into three subsections:
Sect. 5.1 focuses on the retrieval of the ice crystal habit,
Sect. 5.2 explores the influence of ice crystal habit and the
FIR on the retrieved temperature and water vapour profiles,
and Sect. 5.3 evaluates the retrieved cloud properties against
the in situ measurements described in Sect. 2.2.

5.1 Retrieval of the ice crystal habit

As discussed in Sect. 2.2, the in situ observations of the ice
crystals suggest that the GHM model is a better representa-
tion of the ice crystals within the cloud. Figure 9 shows that
using the MIR alone does not allow a clear distinction be-
tween the GHM and SC models when we only consider the
spectral fit. In the cloud-sensitive channels, we see compa-
rable values of Jy for the MIR GHM and MIR SC configu-
rations, similar to the findings in Sect. 4.2. This is also true
across all 116 MIR channels, which include greater spectral
sensitivities to the temperature and water vapour vertical pro-
file. This suggests that while the inclusion of temperature and
water vapour in the retrieval does affect the BT residuals, it
does not significantly impact our inability to distinguish be-
tween habits when we only use the MIR.

When we include the FIR, there is a clearer distinction be-
tween habit models than when we only use the MIR, with
the Jy for the MIR+FIR GHM configuration 9 % smaller
than its SC counterpart in the cloud-sensitive channels. This
smaller Jy for the MIR+FIR GHM configuration suggests
that the GHM model enables a better spectral fit and so is
the more likely representation of the ice crystals within the
cloud. This is in line with the in situ measurements.

The addition of temperature and water vapour in the
MIR+FIR retrieval has a more notable impact on the spec-
tral distinction between ice crystal habits than when we only
use the MIR channels. This is most clearly seen when we
compare the BT residuals associated with the MIR+FIR
SC and GHM configurations within the FIR (Fig. 9). Below
410 cm−1, the BT residuals between the GHM and SC con-
figurations are now comparable. Between 410 and 600 cm−1

the residuals differ by, on average, 0.1 K, which is 0.5 K
smaller than when the vertical temperature and water vapour
profiles were fixed to the dropsonde measurements (Fig. 8b).
This similarity is reflected by the reduction in percentage
difference between Jy in the cloud-sensitive channels for
the MIR+FIR GHM and SC configurations by 6 % rela-
tive to the retrievals with the fixed vertical profile. Further-
more, when we consider Jy across the clear-sky and cloud-
sensitive channels, the percentage difference between Jy for
the MIR+FIR SC and GHM configurations is only 5 %. This
effect is a result of the differences in the associated retrieved
temperature and water vapour profiles and is explored further
in Sect. 5.2.

5.2 Retrieval of temperature and water vapour

The benefits of including the FIR in clear-sky retrievals of
upper-tropospheric water vapour have been explored through
observations in mid-latitude conditions (Warwick et al.,
2022; Panditharatne et al., 2025). Our results indicate that
including the FIR increases the DOFS for temperature and
water vapour from 2.9 to 3.8 and from 1.9 to 3.7, respec-
tively, due to the additional information contained within the
FIR OLR spectrum. Both the MIR and MIR+FIR GHM re-
trievals generally capture the AK-treated dropsonde profile
within 2 ESD (not shown). However, as previously discussed
(Sect. 5.1), including temperature and water vapour in the
retrieval influences the determination of the ice crystal habit
for the retrievals that include the FIR. This is in part due to
the increased sensitivity of FIR radiances to the water vapour
and temperature profile as reflected in the DOFS.

Figure 10 shows the retrieved temperature and water
vapour profiles using all 226 channels in the MIR+FIR
GHM and SC configurations. The temperature retrieval for
both habit models is worse than the a priori with residuals of
up to 1 K from the AK-treated dropsonde temperature profile
(Fig. 10b). This is in part due to the increased uncertainty in
the 15 µm CO2 wings following the FORUM-aircraft apodi-
sation (Panditharatne et al., 2025). Despite this, the AK-
treated dropsonde temperature profile is within 1 ESD of
both retrievals below 6 km and entirely within the GHM re-
trieval. For the MIR+FIR case, assuming the SC habit re-
duces the retrieved temperature between 2–8.5 km relative
to the GHM case, with differences reaching up to 1.9 K. A
reduction is also seen between the SC and GHM cases if
only MIR channels are included, but in this case it is smaller,
reaching a maximum of 0.4 K (not shown). This reduction
in temperature lowers the simulated brightness temperature
throughout the channels, particularly between 450–500 cm−1

to balance the changes in the cloud retrieval products that are
discussed in Sect. 5.3.

Figure 10c shows that the habit does not affect the re-
trieved water profile outside of 1 ESD, with the median re-
trieval bias throughout the vertical only increasing by 2 %
from the GHM to SC model. Both retrievals capture the AK-
treated dropsonde profile below 4 and above 8 km but strug-
gle at the base of the cloud. Neither retrieval captures the ob-
served dry patch around the cloud base, as they remain close
to the a priori.

5.3 Retrieval of COT, CER, and CTH

Figure 11 shows the retrieved values for the COT and CER
in comparison to the measurements of the cloud described
in Sect. 2.2. The retrieved values are plotted at the midpoint
of the retrieved cloud to allow a comparison to the individ-
ual CERs derived from the PSDs. While the lidar-derived
COT was taken 4 s after the radiance observation, the in situ
measurements of the cloud were taken between 10:32 and

Atmos. Chem. Phys., 25, 9981–9998, 2025 https://doi.org/10.5194/acp-25-9981-2025



S. Panditharatne et al.: Exploiting airborne far-infrared measurements 9993

Figure 10. The retrieved (a) temperature and (c) water vapour pro-
file from the FORUM-aircraft observation with (b) differences be-
tween the retrieved and AK-treated dropsonde temperature profiles.
The retrievals assuming the General Habit Mix (GHM) and Solid
Columns (SC) models are shown in purple and green, respectively,
and use all 226 channels. The average cloud base from the two re-
trievals is shown with the dashed purple line. The shaded region
around each retrieval represents 1 ESD. The a priori is shown in or-
ange, with the surrounding shading showing 1 standard deviation.
The AK-treated dropsonde (Drops_AK) profiles are shown in blue.
The uncertainties in the dropsonde measurements are discussed in
Sect. 2 but are not visible on the scale of this figure. For temperature,
the dropsonde uncertainty is 0.2 K. For water vapour, the dropsonde
uncertainty varies with altitude but remains below 9 %.

11:32 UTC, and so we also include the L2 COT and CER
from the MODIS Terra overpass at 10:40 UTC. The MODIS
data have been averaged across the spatial range of the in
situ measurements and radiance observation (58.7–59.75° N,
4.2–3.3° W).

There is some evidence of systematic behaviour between
the COT retrievals shown in Fig. 11a. For example, the
GHM retrievals (purple points) show slightly larger COTs
than their corresponding SC retrievals. Similarly, the MIR
retrievals (square points) show slightly larger COTs than the
MIR+FIR retrievals. However, all four configurations re-
trieve the COT within the uncertainty in the lidar-derived
COT of 0.8± 0.1 that was collocated with the radiance ob-
servation and are within 1 median absolute deviation of
the median MODIS COT taken approximately an hour af-
ter (Fig. 11a). The relative insensitivity of the COT retrieval
to the inclusion of the FIR is expected given the strong sen-
sitivity to COT across most of the MIR channels used in the
retrieval (Bantges et al., 2020), and this is reflected in the
minimal increase in the DOFS from 0.9 to 1.0 when the FIR
is included.

The centre of the cloud measured by the lidar is at
∼ 7.5 km, and we see this captured within the range of all
four retrieval configurations, with a consistent DOFS of 1 for
CTH across all the retrievals. The inclusion of the FIR (trian-

gle points) slightly shifts the cloud higher by ∼ 0.4 km, but
the retrievals still remain within 1 ESD of their MIR coun-
terparts (square points). In contrast, assuming the SC model
rather than the GHM model can be seen to slightly lower
the retrieved cloud by ∼ 0.4 km, and this is likely to counter-
act the colder vertical profile that is retrieved with this habit
(Fig. 10).

For both the retrieved CTH and COT, we see the ESD
halve from 0.8 to 0.4 km and 0.06 to 0.03, respectively, with
the inclusion of the FIR. This suggests a greater confidence
in the state and agrees with previous simulation studies that
suggest including the FIR could reduce uncertainties in cloud
retrieval targets (Libois and Blanchet, 2017).

All four retrievals of the CER are between 28 and 38 µm.
This is generally lower than the a priori and MODIS CER
and tends towards the smaller in situ measurements. There
is a notable difference in sensitivity to the inclusion of
FIR information depending on the habit selected in the re-
trieval. For the GHM case the retrieved CER is unchanged at
31± 6 µm regardless of whether FIR channels are included,
showing good agreement with the weighted mean of the in
situ CER measurements (32± 14 µm). In contrast, if the SC
habit is selected, the retrieved CER increases from 28± 4 to
38± 5 µm from the MIR only to the MIR+FIR case, with
the MIR+FIR SC retrieval remaining closest to the a priori.
There is also a slight increase in the CER DOFS from 0.7 to
1.0 when the FIR is included.

Overall, despite the limitations associated with the bulk
optical property models and the use of a fast cloud scattering
approximation, we are able to retrieve cloud properties that
agree with the independent lidar and in situ observations. The
addition of FIR information provides a greater constraint on
the inferred COT and CTH (reduced retrieval uncertainty)
and, importantly, allows an improved discrimination of crys-
tal habit compared to retrievals using only the MIR part of
the spectrum.

6 Conclusions

We present the first retrievals of cirrus cloud properties (opti-
cal thickness, effective radius, cloud position, habit), temper-
ature, and water vapour that exploit upwelling mid- and far-
infrared radiances (100–1600 cm−1) observed from an air-
craft. These airborne radiances have been adapted to emulate
the FORUM Sounding Instrument’s spectral characteristics
to provide an indication of the benefit that the FORUM satel-
lite mission could bring to our current understanding of ice
clouds.

We make use of the RAL Infrared Microwave Sounding
(IMS) retrieval scheme, which we have modified to encom-
pass different cloud optical property models within the far-
infrared. This retrieval scheme employs the optimal estima-
tion approach and uses the Chou approximation to simulate
cloudy radiances. While this fast-scattering approximation is
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Figure 11. The retrieved (a) COT and (b) CER from the FORUM-aircraft observation in comparison to measurements of the cloud. The IMS
retrieved values are shown using squares (116 MIR channels) and triangles (226 MIR+FIR channels). The retrievals using Solid Column
only (SC) and the General Habit Mix (GHM) are shown in green and purple, respectively. Error bars show 1 ESD in the retrieved CTH,
COT, or CER. The measurements of the cloud taken by instruments on board the plane are shown as black dots. For the COT, we show the
mean value derived from lidar measurements between 09:48:09 and 09:49:09 UTC, with the error bar representing the standard error of the
mean. For the CER, the black dots are calculated from the PSDs measured by the Cloud 2-DS probe at five altitudes within the cloud, and
the error bars show 1 standard deviation derived from the bimodal fit. The vertical black line shows the median MODIS L2 COT and CER
from the 10:40 UTC overpass between 58.7–59.75° N and 4.2–3.3° W at 1 km resolution. The shading around the MODIS COT and CER
is 1 median absolute deviation and shows the spread of values within this spatial region. The a priori for the CER is shown in orange, with
shading representing 1 standard deviation. The a priori for the COT is 0.01 and is not shown.

known to introduce a spectral bias within the far-infrared,
sensitivity tests showed that this does not compromise the
ability of IMS to retrieve the “true” state for this case.

Our primary aim was to investigate whether the inclusion
of the far-infrared improved the quality of the retrieved tar-
gets, with a particular focus on the ice crystal habit. To do
this, four different retrievals were performed on the obser-
vation: with and without the far-infrared and with either the
Solid Column or General Habit Mix bulk optical property
model (Yang et al., 2013; Baum et al., 2014). The outputs
were then evaluated against collocated measurements from
the on-board lidar and in situ measurements of the ice crystal
habits and PSDs that were taken an hour after the radiance
observation.

The retrieved cloud optical depth and position of the cloud
were consistent with the lidar measurements for all four con-
figurations. However, we find that the inclusion of the far-
infrared halved the retrieval uncertainties for these retrieval
targets in comparison to when only the mid-infrared was
used. These results are in line with previous findings based on
theoretical simulations and ground-based observations (Li-
bois and Blanchet, 2017; Di Natale et al., 2017).

Our results also demonstrate that including the far-infrared
enabled a clearer and more likely distinction of the ice crys-

tal habit for this case. When only the mid-infrared was used,
the spectral fit suggested that the Solid Column model was
a slightly better representation of the ice crystals within the
cloud, which conflicted with the in situ measurements. The
addition of the far-infrared resulted in a better spectral fit for
the General Habit Mix, which was more compatible with the
inferred habit distributions. Furthermore, the choice of habit
had a significant influence on the retrieval of both tempera-
ture and the cloud effective radius, with stronger deviations
observed when the far-infrared was included.

We note that despite these encouraging results, there are
caveats associated with this study. The in situ measurements
that we use to derive the cloud effective radius were taken
an hour after the radiance measurements, and it is possible
they may have evolved with time. Perhaps more critically, the
spectral residuals obtained after the retrievals have converged
exceed the measurement uncertainty within the far-infrared.
While our results imply that this does not preclude using the
selected (and widely used) ice optical property models cho-
sen here, it does imply that they need refinement to be con-
sistent across the entire infrared. This finding is in full agree-
ment with previous work and motivates both the further de-
velopment of these models and the need for a larger set of
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coherent observations of in situ cloud properties and spectral
radiances across the entire infrared.
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