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Abstract. This paper explores whether it is possible to achieve consistency between ground-based infrared
radiance measurements made in the presence of cirrus, co-located in-situ aircraft measurements of the cirrus
microphysics, and ancillary ground-based remote sensing. Specifically we use spectrally resolved radiances cov-
ering the range 400—1500 cm™!, in-situ measurements of cirrus particle sizes and habits, backscatter ceilometer
observations of cloud vertical structure and microwave inferred temperature and humidity profiles to investigate
whether we can obtain consistency between the derived cloud properties and atmospheric state from these in-
dependent sources of data. The primary focus of this study is on the sensitivity of the retrieved cloud particle
size to the assumed crystal habit. Excellent consistency between the retrieved cloud parameters is achieved both
with the ceilometer derived optical depth and the size distribution measured by the aircraft by assuming the
crystal habit to be comprised of bullet rosettes. The averaged values of the effective diameter and optical depth
obtained from radiometric measurements are (26.5 & 1.8) um and (0.12 & 0.01) in comparison with the values
derived from in-situ and ceilometer measurements equal to (31.5 £ 5.0) um and (0.13 = 0.01), respectively. Fur-
thermore, we show that the radiance information contained within the far-infrared (wavenumbers < 650 cm™!)
spectrum is critical to achieving this level of agreement with the in-situ aircraft observations. The results em-
phasize why it is vital to expand the current limited database of measurements encompassing the far-infrared
spectrum, particularly in the presence of cirrus, to explore whether this finding holds over a wider range of
conditions.
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1 Introduction

Cirrus clouds play a vital role in regulating the energy bal-
ance of our planet and in determining how it, and hence
Earth’s climate, may evolve in the future (e.g. Lynch, 1996;
Dawson and Schiro, 2025). Most studies imply that cirrus
imparts a net warming to the climate system (Choi and Ho,
2006) but that the degree of warming is dependent on the
cloud fraction, geographical location, altitude, and, crucially,
optical thickness. Theoretical considerations and model pro-
jections point towards an increase in high cloud altitude in
a warming climate (e.g. Hartmann and Larson, 2002; Chep-
fer et al., 2002), which, in the absence of any other change,
would be expected to enhance the associated cloud radiative
heating (Gasparini et al., 2024). Conversely, while observa-
tional studies of the response to inter-annual surface temper-
ature variability indicate an increase in cirrus amount with
warming (Zhou et al., 2014), model studies imply a reduction
in the coverage of anvil cirrus with increasing surface tem-
perature via the “iris-stability” hypothesis (e.g. Bony et al.,
2016). More recent observational studies imply a small trop-
ical high cloud feedback due to compensating longwave and
shortwave effects associated with changes in coverage, alti-
tude and optical thickness (Raghuraman et al., 2024). What-
ever response is ultimately realised, exactly how changes to
cirrus coverage and location manifest radiatively will also
critically depend on whether the associated cloud micro-
physics are also altered.

For example, previous work has shown the substantial im-
pact of changes in particle size distribution on cirrus long-
wave heating rates, with the presence of smaller particles
causing a sizeable increase in heating (e.g. Stackhouse and
Stephens, 1991). Similarly, relatively simple parameterisa-
tions expressing cloud emittance as a function of effective
radius have been used to demonstrate that the particle size
of ice crystals determines if the presence of cirrus results in
a positive or negative ice-water feedback and, consequently,
an additional surface warming or cooling depending on the
sign of the feedback (e.g. Stephens et al., 1990).

A second difficulty in describing the interaction between
radiation and cirrus is due to the myriad of different crystal
habits which can exist in nature. Each shows different ab-
sorption and scattering behavior (Baran, 2009; Baran et al.,
2014). Improved knowledge of the crystal habit distribution
within cirrus, alongside measures of the crystal size and over-
all cloud optical depth is therefore critical to reducing uncer-
tainty in their radiative effect.

Finally, to tie cirrus micro-physical and optical properties
to their radiative impact we need to have confidence in the
tools we use to simulate radiances and fluxes in the presence
of these clouds. While a number of observational campaigns
have taken place to assess cirrus “radiative closure” over the
visible, mid-infrared and microwave part of the Earth’s elec-
tromagnetic spectrum (Meyer et al., 2016; Evans et al., 1999;
Lawson et al., 2006; Turner and Mlawer, 2010), considerably
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fewer equivalent studies cover the far-infrared (FIR), typi-
cally defined as wavelengths between 15-100 um. Simula-
tions have long highlighted the dominant contribution that
we expect the FIR to make to the Earth’s total outgoing long-
wave radiation and greenhouse effect (Brindley and Harries,
1998; Collins and Mlynczak, 2001), particularly for colder
scenes. However, aircraft-based studies which attempt to rec-
oncile FIR radiances measured in the presence of cirrus with
simulations struggle to do so, even when using ice optical
property databases that are routinely employed in satellite
retrievals exploiting the mid-infrared and visible parts of the
spectrum (Cox et al., 2007; Bantges et al., 2020), but that are
still not validated in the FIR.

Part of the issue with these existing studies may be related
to the experimental design. All employed a single aircraft
platform, with in-situ sampling of the cloud microphysics
necessarily occurring at a different time to the above-cloud
radiance measurements. Hence, it is impossible to unam-
biguously map the cirrus properties to its radiative signature.
An alternative to this approach is to use zenith-view radi-
ances measured from the ground in the presence of cirrus.
With this set-up, a very dry atmosphere is required to avoid
the cirrus radiative signatures in the FIR being obscured by
strong absorption by water vapour. Exploiting such condi-
tions, zenith radiances have been used to retrieve ice cloud
properties over the Arctic and Antarctica from Extended
and Polar Atmospheric Emitted Radiance Interferometers
(E-AERI, P-AERI), extending down to 550 and 400 cm™ L,
respectively, in a number of field campaigns (Maesh et al.,
2001a, b; Turner et al., 2003; Garrett and Zhao, 2013; Shupe
et al., 2013). Similarly, a multi-year, database of FIR radi-
ances has been collected by the Radiation Explorer in the
Far InfraRed — Prototype for Applications and Development
(REFIR-PAD), operating autonomously at the Dome-C site
Antarctica since 2011 (Palchetti et al., 2015; Bianchini et al.,
2019). Several studies have exploited the data, developing
methods to characterise cloud type and derive optical depth
and size information (Di Natale et al., 2020). Most recently,
observations from the Far Infrared Radiation Mobile Obser-
vation System (FIRMOS; Belotti et al., 2023) taken from
Zugspitze in the German Alps demonstrated the consistency
of optical depth retrievals derived from zenith view infrared
radiances with those estimated from simultaneous backscat-
ter ceilometer observations (Di Natale et al., 2021). The
development and deployment of FIRMOS was undertaken
specifically in preparation for the Far-infrared Outgoing Ra-
diation Understanding and Monitoring (FORUM) Earth Ex-
plorer 9 mission (Palchetti et al., 2020).

Despite the notable advances made in these ground-based
studies, including the key step of linking observations from
complementary sensors to the measured infrared radiances,
none include simultaneous in-cloud observations. In this
paper we exploit a dataset collected as part of the MC2-
ICEPACKS campaign, based at Andgya, Norway during
February—March 2023. The data include downwelling ra-
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diance observations made by the Far-INfrarEd Spectrome-
ter for Surface Emissivity (FINESSE; Murray et al., 2024)
alongside independent measurements of the atmospheric ver-
tical structure and, uniquely, contemporaneous in-situ sam-
pling of cirrus microphysics from aircraft. We use these data
to provide a well-characterised test of our ability to achieve
consistency between measured and retrieved atmospheric
temperature and water vapour profiles, ozone total columns
and cloud optical and micro-physical properties given cur-
rently available parameterizations of ice crystals, with a par-
ticular emphasis on demonstrating observationally how FIR
radiances can constrain crystal habit. This aspect is well
known and has been studied in the literature (Di Natale et al.,
2024). However, to the best of our knowledge, the capabil-
ity to achieve a better consistency with one habit distribution
compared to another has never been demonstrated. Further-
more, a previous study of the consistency between the opti-
cal and microphysical properties of clouds, exploiting spec-
tral radiance measurements in the FIR together with ground-
based data such as radar reflectivity and particle imaging, has
already been carried out from Antarctica (Di Natale et al.,
2022). However, in these studies remotely sensed cloud mi-
crophysics (particle size and habit) were only compared with
ground-collected measurements of precipitating ice crystals:
they have never before been compared with in situ data ac-
quired inside cirrus clouds, as is done in the present work.

Our manuscript is structured as follows: in Sect. 2 we
introduce the measurement field campaign and the instru-
ments involved in the experiment; in Sect. 3 we describe the
methodology applied through the comparison of the retrieval
products with the available measurements and the retrieval
method applied; in Sect. 4 we show and discuss the results
and in Sect. 5 we demonstrate the improvement in retrieval
quality when FIR radiances are available to constrain habit
selection. Finally, in Sect. 6 we draw conclusions and outline
areas for future work.

2 MC2-ICEPACKS Campaign instrumentation

The Mixed-phase Clouds and Climate—Ice Pockets in
Arctic Clouds at sub-Kilometer Scales campaign (MC2-
ICEPACKS) took place from 13 February to 17 March 2023,
based at Andgya, Norway, with a primary goal of investi-
gating the distribution of Arctic cloud phase in order to im-
prove its representation in Earth System Models. The cam-
paign consisted of a ground-based segment and airborne
measurements. The ground-based segment was hosted at
both the Arctic LiDAR Observatory for Middle Atmosphere
Research (ALOMAR) that is located on top of the Ram-
nan mountain 378 ma.s.l. and at Andgya Space (Fig. 1), lo-
cated at 12ma.s.l. The airborne measurements were facil-
itated by the National Institute for Aerospace Research of
Romania (INCAS) Atmospheric Research Laboratory air-
craft that was stationed at Andgya Airport. The horizontal
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Figure 1. Location of ground-based instrumentation during the
MC2-ICEPACKS campaign. FINESSE was located at an elevation
of 378 ma.s.l,, at ALOMAR [69.28°N, 16.01°E]. The HATPRO
was installed at Andgya Space and the ceilometer close to Andenes
(Oma.s.l.). Background map: © OpenStreetMap contributors, data
available under the Open Database License (ODbL). Retrieved from
http://www.openstreetmap.org (last access: 22 January 2026).

distance between ALOMAR and Andgya Space is approxi-
mately 2.1 km.

This paper concentrates on the measurements conducted
on 17 February 2023, when thin, patchy cirrus clouds were
observed over ALOMAR. These were sampled by the IN-
CAS aircraft (Sect. 2.1) between 08:15 and 08:45UTC
during an extended research flight (Fig. 2). Simultaneous
ground-based observations were performed by FINESSE
(Sect. 2.2), a ceilometer (Sect. 2.3, see Fig. 1) and a Hu-
midity And Temperature PROfilers (HATPRO) radiometer
(Sect. 2.4) located at Andgya Space.

2.1 INCAS aircraft

The INCAS aircraft, a Hawker Beechcraft King Air C90GTx
(INCAS KA), is equipped with two combination cloud
probes mounted under the wings (e.g. Vajaiac et al., 2021),
namely a HAWKEYE (SPEC, Boulder, CO) and a Cloud,
Aerosol and Precipitation Spectrometer (CAPS; DMT, Boul-
der, CO)). The HAWKEYE includes a 2D-S, which com-
bines two orthogonally oriented optical array probes with
10 and 50 pm resolution, respectively (spanning from 10 to
1280 and 50 to 6400 um), a cloud particle imager (CPI) that
takes 2-D images of cloud particles between 2.3—6400 um
and a Fast Cloud Droplet Probe for sampling the size dis-
tribution of smaller particles, from 1.5-50 um (e.g., Lawson
et al., 2001; Woods et al., 2018). The CAPS provides similar
aerosol and hydrometeor size information but due to an op-
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Figure 2. Left: Main image — Flight track of INCAS KA on 17 February 2023 over ALOMAR between 08:00-08:45 UTC. The colour shows
the altitude of the INCAS KA. Inset — Trajectory of the entire science flight. Right: Sky conditions above FINESSE at 08:24 UTC during the

INCAS KA overpass (credit Jonathan Murray).

tical alignment issue during the presented case study, it was
only used for observations of the true air speed, temperature
and pressure during the flight. The ice crystal particle size
distributions (PSDs) used here are calculated from the 50 um-
channel of the 2D-S using the System for OAP (optical array
probe) Data Analysis (SODA2; developed at NCAR). Dur-
ing post-processing only ice crystals which were captured
completely within the optical array (“all-in”; Heymsfield and
Parrish, 1978) were considered and their size was calculated
using the circle-fit method, or the diameter of the smallest
circle that encompasses them (Wu and McFarquhar, 2016).
The influence of shattered particles was removed following
Field et al. (2006).

On 17 February the INCAS KA made several passes over
ALOMAR with the aim of in-situ sampling of the cirrus
cloud that was in the field of view (FOV) of FINESSE. The
left panel of Fig. 2 shows the trajectory of the aircraft with the
colour indicating the altitude of the aircraft. The right panel
indicates its location above FINESSE just before the point of
closest approach. Figure 3 shows the variation in aircraft al-
titude and velocity during the flight with time. The airborne
team used visual and near-real time observations from the
cloud probes to guide their flight level, implying that the cir-
rus above ALOMAR was at an altitude between 6—7 km with
a peak at approximately 6.7 km.

The FINESSE FOV is about 30 mrad so that the radiance
detected by the instrument come from an area of about 180 m
at the altitude of cirrus, which represents less than 1,/40 of the
surface delimited by the circular INCAS track. For this rea-
son we can realistically assume that the radiance came from
an homogeneous source. Unfortunately, the aircraft’s contrail
intersected FINESSE'’s field of view during the first measure-
ment time slot, at 08:25 UTC, as shown in Fig. 4. By recon-
structing the flight path, it appears that the aircraft, flying in
circles, crossed its own contrail again, making it quite likely
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Figure 3. INCAS KA altitude and velocity as a function of time
during 17 February 2023 flight. The INCAS KA was over ALO-
MAR between approximately 08:15-08:45 UTC as the aircraft con-
trail was clearly visible from the ground.

that the onboard sensors sampled part of the contrail itself.
‘We will therefore take this into account in our analysis.

2.2 FINESSE spectrometer

The FINESSE spectrometer (see Fig. 5 deployed outside the
ALOMAR facility) measured spectrally resolved radiances
from 400-1500 cm ™' with a nominal spectral resolution of
0.5cm™!. The instrument consists of a commercial Bruker
EM27 spectrometer coupled with a bespoke front-end point-
ing optics and calibration system. This enables the instru-
ment to view in all directions from nadir through to zenith
(Murray et al., 2024).

During 17 February, the instrument was placed outside the
ALOMAR building an hour prior to the aircraft overpass and
operated in zenithal configuration, with measurements made
between 07:30 and 12:00 UTC. The EM27 was configured to
acquire interferograms in groups of 40 scans. One scan, at
0.5cm™! resolution, takes 1.5s to acquire. One fixed scene
observation then takes 1 min. The FINESSE control interface

https://doi.org/10.5194/acp-26-1373-2026



G. Di Natale et al.: Achieving consistency between in-situ and remotely sensed cirrus properties

T T
69.34 _
~ 6932 —
W L 4
Q
o
(=
8 - 4
o 6930 ircraft position at 08:25: 7
g i ) Aircraft position at 08:25:00 ]
2
% - FINESSE FOV extent at aircraft height
- 69.28 - = Aircraft at 08:26:00 -
69.26 — —
L 1 L 1 1 1

15.9 16.0 16.1 16.2
Longitude (degrees)

Figure 4. The turquoise diamonds map the aircraft track over the
Alomar site up to 08:25:00 UTC, 30 before the first overpass. We
use photographs taken at this time and at 08:27:00 UTC, 30 after
the overpass to estimate the drift of the aircraft contrail, shown by
the green diamonds. Extrapolating this to 08:26:30 UTC indicates
that at the time of the overpass the contrail formed earlier in the
flight, to the South-West, is directly over Alomar at the time of the
overpass, this time also coincides with a distinct rise in radiance at
900 cm™!, observed by FINESSE.

was initially set to acquire calibration scans of hot and ambi-
ent temperature blackbodies followed by 2 zenith views, this
cycle of observations taking 4 min was repeated until just be-
fore the arrival of the aircraft at 08:15 UTC, when the number
of zenith observations between calibrations was increased to
6.

Given the goal of the study the first step involved matching
the FINESSE sky-views as closely as possible to the aircraft
overflights. FINESSE has a beam diameter of 38 mm at its
input window. This diverges with a full angle of 1.7°; there-
fore, as noted earlier, the diameter of the FINESSE FOV at
the cloud height was roughly 180 m. Given the INCAS air-
craft speed of 85 ms~! (Fig. 3) this implies that in the ideal
case the aircraft would traverse the FINESSE FOV in around
2.1s. In reality, there was always a slight mismatch between
the location of the aircraft and the FINESSE FOV. For this
analysis we consider all FINESSE spectra (obtained through
the Fourier transform of the interferograms) that were taken
when the aircraft location was within 1 km of the FINESSE
FOV. Using this criterion, a subset of 11 spectra, temporally
and spatially co-located with the other measurements, were
selected between 08:25:23 UTC (30327 s since midnight, co-
location 1) and 08:37:49 UTC (31069 s since midnight, co-
location 11; Table 1).

To help constrain the environmental conditions in the
vicinity of FINESSE, two additional Vaisala probes are at-
tached to the instrument casing. The Vaisala PTU303 probe
measures pressure, temperature and relative humidity with
quoted uncertainties of 0.1 mbar, 0.3°C and 1 %, respec-
tively. The Vaisala GMP343 probe records the CO, mixing
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Table 1. Selected FINESSE spectra for the analysis.

Co-location time UTC  sec. since
index (hh:mm:ss)  midnight
1 08:25:23 30323
2 08:25:25 30325
3 08:25:27 30327
4 08:25:29 30329
5 08:25:31 30331
6 08:25:33 30333
7 08:37:41 31061
8 08:37:43 31063
9 08:37:45 31065
10 08:37:47 31067
11 08:37:49 31069

ratio. We make use of the average value recorded during the
FINESSE observing period of 395 ppmv to scale the pro-
file used in the radiative transfer simulations described in
Sect. 3.1. The temperature and humidity measurements are
also used to help evaluate the FINESSE retrievals (Sect. 4.2)

2.3 Ceilometer

The Met-Norway operated ceilometer (Lufft CHM15k) is
permanently installed at the northerly tip of Andgya, approx-
imately 6.3km from ALOMAR and 4.4km from Andgya
Space (see Fig. 1). The ceilometer is designed to measure the
backscattering profile of aerosols and clouds. The passage of
cirrus clouds over ALOMAR is pictured in Fig. 6. The left
panel of Fig. 7 shows the detection of broken cirrus over the
site on 17 February 2023. During the time of the selected FI-
NESSE observations (denoted by the black vertical dashed
lines), above the boundary layer the strongest ceilometer re-
turns emanate from between 6-7 km, peaking, in agreement
with the aircraft observations, at around 6.7 km (Fig. 7, right
panel). Even though the peak of the signal is located a about
6.7 km, non-negligible signal is present at the lower layers,
down to about 6 km of altitude. This was also confirmed by
the detection of ice crystals at 6 km by the probes on board
the aircraft. These backscattering profiles are used to fix the
cirrus top and bottom heights (CTH and CBH) used in the
radiative transfer simulations described in detail in Sect. 3.1.

2.4 HATPRO radiometer

The Humidity And Temperature PROfiler version G4 (HAT-
PRO; RPG Radiometric Physics GMBH, DE) is a microwave
radiometer designed as a network suitable low-cost passive
instrument able to observe liquid water path (LWP), col-
umn water vapour and humidity and temperature profiles
with high temporal resolution of up to 1s. The HATPRO
is equipped with two bands, K and V, one (K) in the range
22-31 GHz, and one (V) covering frequencies between 51—
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Blackbodies

L View mirror

Figure 5. A front on view of FINESSE in its operational position outside the ALOMAR facility. The calibration blackbody targets, and
scene selection mirror are seen within the spectrometer enclosure through the open system aperture. The EM27 input aperture is to the right
of the mirror within the enclosure. Also highlighted are Vaisala sensors measuring the ambient atmospheric conditions. The system control
and power supply unit is to the rear.

Figure 6. (a) View of ALOMAR with FINESSE visible right in front of the entrance of the facility. (b) Passage of cirrus clouds over the site
on 17 February 2023 at 07:45 UTC.
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Figure 7. Left: Logarithmic backscattering signal (P, in arbitrary unit (AU)) detected by the Met-Norway ceilometer on 17 February 2023
showing the passage of cirrus clouds between 07:15 and 10:30 UTC. The dashed vertical black dashed lines at 08:25 and 08:38 UTC delimit
the time window of the FINESSE measurements selected for analysis. Right: Individual backscattering profiles obtained during the 08:25—

08:38 UTC time window.

58 GHz (Lohnert et al., 2009). Both the K and V bands are
composed of seven channels. K provides humidity, column
water vapour and LWP information by exploiting pressure
broadening of the 22.235 GHz H;O line. The V band is used
to generate temperature information. Comparisons of HAT-
PRO retrievals made as part of the Multidisciplinary drift-
ing Observatory for the Study of the Arctic Climate expedi-
tion with radiosonde launches show agreement in integrated
water vapour to within 0.35kgm™2 when values are lower
than 5kgm~2, conditions similar to those experienced dur-
ing MC2-ICEPACKS. The same analysis suggests a marked
overestimate of humidity at the surface, switching to a small
underestimate by 2-3 km. For temperature, biases were of
the order 0.7-1.8 K for the lowest 2km of the atmosphere
(Walbrol et al., 2022).

3 Methodology and retrieval techniques

Our intent is to assess the consistency of products retrieved
from the FINESSE radiances with equivalent information
derived from the available in-situ airborne and ancillary
ground-based observations. To this end, three retrieval tech-
niques have been applied to the available datasets: the first to
the FINESSE spectral radiances to retrieve the cirrus effec-
tive diameter (Dej) and visible optical depth (OD), together
with the atmospheric profiles of water vapour and temper-
ature and the ozone total column (Sect. 3.1); the second to
the ceilometer backscattering signal to retrieve the cirrus ex-
tinction profiles and then the OD (Sect. 3.2); the third to the
HATPRO radiometer measurements to retrieve the vertical
profiles of water vapour and temperature (Sect. 3.3).

https://doi.org/10.5194/acp-26-1373-2026

3.1 Retrieval of atmospheric and cloud parameters from
FINESSE spectral radiances

The FINESSE analysis was performed using the Simultane-
ous Atmospheric and Clouds Retrieval (SACR) code (Di Na-
tale et al., 2020). To adapt the code to simulate the FINESSE
radiances we integrated the instrument line shape described
in Murray et al. (2024) within the SACR Forward Model
(FM) so that the high-resolution spectral radiances gener-
ated by the FM were correctly convolved to mimic the spec-
trum measured by FINESSE. Unless otherwise stated the re-
trievals exploit the spectral range 400—1500cm™".

The FM simulations were performed on a vertical grid
fixed between 0.37 (ground level) and 70 km, to account for
the radiative contribution of stratospheric ozone. To resolve
detail within the boundary layer, a finer vertical resolution of
0.02 km was chosen close to the surface, reducing to 1 km at
the highest altitudes. The cirrus cloud was modeled by fixing
the position between 6—7km and considering multiple lay-
ers with an internal vertical resolution of 0.1 km. The initial
guess and a-priori for temperature and water vapour profiles
and ozone total column used in the retrieval, were built by
perturbing the corresponding profiles provided by ECMWF
ReAnalysis-5 (ERAS) (Hersbach et al., 2020) database. Wa-
ter vapour was perturbed by assuming the vertical distribu-
tion of uncertainties used for The Michelson Interferometer
for Passive Atmospheric Sounding (MIPAS) analysis (Reme-
dios et al., 2007); temperature and ozone were perturbed, re-
spectively, by 1% and 10 % of the corresponding profiles.
The concentrations of other minor gases were provided by
the Initial Guess-2 (IG2) dataset (Remedios et al., 2007),
with CO, scaled to the value provided by the FINESSE

Atmos. Chem. Phys., 26, 1373-1394, 2026
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Vaisala probe. A-priori estimates for Dej and OD were set
equal to 80 um and 0.5, respectively (values that are slightly
higher than those expected for thin cirrus clouds) assuming
uncorrelated errors as large as 100 %. These values were also
set as initial guesses in the analysis.

Table 2 summarises the parameters retrieved using FI-
NESSE radiances, the initial guess and a priori values used
in the retrieval procedure, the a priori errors considered, the
alternative source/measurements providing the parameters
with which we validated our results or we used to fix values
in the radiative transfer simulations.

3.1.1  Simulation of cirrus cloud spectral radiance

The SACR FM combines spectral gaseous ODs generated
by the Line-By-Line Radiative Transfer Model (LBLRTM
v12.15) (Clough et al., 2005) with a specific code based on
the two stream 6-Eddington approximation which can ac-
count for multiple scattering from particles. SACR is de-
signed such that it can ingest the single scattering proper-
ties of spherical water droplets alongside those of ice crystals
with different habits. Ice crystal properties are taken from the
Yang et al. (2015) databases that tabulate the extinction/ab-
sorption efficiencies (Q,.civ), the single scattering albedos
(wy) and the asymmetry factors (g, ) together with the vol-
umes (Vj) and projected areas (Aj;) of nine crystal habits
(the subscript & denotes the habit), namely solid/hollow bul-
let rosettes (SBR/HBR), solid/hollow columns (SCL/HCL),
plates (PL), droxtals (DX), spheroids (SPH), aggregates
(AGG) (10-plates and 8-columns), as a function of the
crystal maximum length (L) in the range 2—10 000 pm and
wavenumber (v) in the range 100-5000 cm™!. To model the
cirrus SACR uses the averages of the single scattering prop-
erties integrated over assumed particle size (n(L)) and habit
(fn(L)) distributions tabulated in the form of look-up tables
(LUTsS) as a function of Dej. Dej is defined as follows (Yang
et al., 2005):

3N JEm fL)Vi(Ln(L)AL "

25N (hes g (1) A(Lyn(L)dL

fn 1s defined such that Z{:’zl fn = 1 ateach particle length
L and N is the total number of habits. The averages of the
single scattering properties <Qa,ei>v, (gi), and {(w;), are given
by:

Dei =

Yo S5 (L) Qaein (L)L) A(L)n(L)AL
PINY) LLHZSX fn(L)A(L)n(L)dL
_ SN SEm f(L)gi(L) Qi (L) A(L)n(L)AL

min

Y L Qi (L) (L)Y A(L)n(L)AL

<Qa,ei>v =

<gi>u
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<Qai)v
<Qei)u

where Qi = Qei,v — Qai v 1S the scattering efficiency and
Lpin =2um and Lk = 10000 um represent the limits of
maximum lengths. Finally, the expression of the OD for a
generic wavenumber (OD,)) is given by:

oD, — 3-IWP (Qei)y

(i), =1- )

— OD(Qei)u (5)
Deip; 2 2

with IWP the integrated water path and p; =917 kgm™> the
ice density.

3.1.2 Building the look-up tables of single-scattering
average properties

To build the LUTSs of the cirrus clouds average properties as
a function of the effective diameter and wavenumber we ap-
plied Egs. (1)—(4) and assumed a-priori a monomodal I"-like
PSD (Platnick et al., 2017; Turner, 2005) that varies analyti-
cally with the modal parameter Ly:

L
n(L) = N,L" e CtWin (6)

where the quantity Ly, /(3 + ) represents the mode of the
distribution. In this way, we obtained a set of I' PSDs (each
corresponding to a Dej) to use in Eqs. (1)—(4) simply by
defining a set of continuous values of L, between 2 and
10000 um. The intercept parameter N, does not need to be
evaluated since it appears in both the numerator and denom-
inator in Egs. (1)—(4) while the dispersion coefficient u, that
is temperature dependent, must be set. This coefficient was
assessed by fitting the average of the INCAS KA measured
PSDs (see Sect. 2.1) with the function described by Eq. (8);
we found a best fit value of u = 2 and we used it in Egs. (1)-
(4) to create the LUTs for four habit distributions described
below.

Figure 8 shows that the ice crystals sampled on 17 Febru-
ary flight were predominantly of bullet rosette morphol-
ogy. However, there are also a minority of crystals, be-
low ~ 50 ym of maximum length, which are difficult to de-
fine from the photographs. For these crystals the aspect ra-
tio tends to be close to 1. For the second sequence of air-
craft measurements we make the assumption that these crys-
tals are 100 % plate-like, consistent with previous work per-
formed over the Antarctic Plateau (Del Guasta, 2022). For
the first sequence of measurements at 08:25 UTC when the
FINESSE FOV intersected the INCAS contrail, we assume
they are 50 % plate-like and 50 % droxtal-like. This assump-
tion stems from the fact that aircraft contrails are formed by
water vapor or combustion particulates emitted by the en-
gines, which either sublimate instantaneously in the former
case or act as condensation nuclei in the latter. With these as-
sumptions we define the measured habit distribution at 08:25
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Table 2. Parameters retrieved from FINESSE spectra, the initial guess/a-priori, sources used to validate the retrieval products, and the

unretrieved parameters used in the radiative transfer simulations.

FINESSE retrieved  initial guess/a priori apriori alternative not retrieved
parameter error  source parameter
De; 80 um 100% INCAS KA habit type, T¢1q
oD 0.5 100% CEILOMETER CTH, CBH
T profile ERAS perturbed of 1 % 1.5% ERAS -
T @ ground ERAS perturbed of 1 % 1.5% VAISALA -
WV profile ERAS perturbed following MIPAS analysis 100% ERAS -
WV @ ground ERAS perturbed following MIPAS analysis 100%  VAISALA -
O3 total column ERAS perturbed of 10 % 100% ERAS -
- - — IG2 + VAISALA COj; profile
- - - 1IG2 N, O, CHy, CO profiles
fu(L) =
SBR L > 50um
. | ©)
IDX+ IPL @08:25UTC, PL @08:37UTC L <50pm
(L) =
HBR + }SBR L >50pm
(10)
iDX+ JPL @08:25UTC, PL @08:37UTC L <50pm
fu(L) =
Figure 8. Examples of the ice crystals observed inside the cirrus HBR + %SBR-;— %SCL L > 50um
layer by the INCAS KA on 17 February 2023 at 08:20 UTC. Im- (11)
ages from the 10 um-resolution channel of the 2D-S (left) where the %DX + %P L @08:25UTC, PL @08:37UTC L <50um

width of each strip is 1280 pm and the CPI (right) are shown.

and 08:37 UTC as follows:

(L) =
BR L > 50um

{ e )
;DX + ;PL @08:25UTC, PL @08:37UTC L <50um

where BR denotes generic bullet rosettes. The habit distribu-
tion in Eq. (7) is used in Eqgs. (1)—(4) together with the PSDs
to build the LUTs of the cirrus cloud average properties as
a function of the effective diameter and wavenumber. To test
the impact on the retrieval results of mixing other habits we
also considered four habit distributions: two by assuming sin-
gle HBR and SBR, denoted as fi, and f5;, and the others,
f3n and f45,, by mixing them homogeneously and also adding
solid columns. Considering Eq. (7), these habit distributions
can be summarized as follows:

fu(L) =
HBR L > 50pm

®)

$DX + PL @08:25UTC, PL @08:37UTC L <50um
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3.1.3 Retrieval algorithm

The SACR retrieval algorithm is based on the optimal es-
timation (OE) approach and the Levenberg-Marquardt iter-
ative formula (Marquardt, 1963; Rodgers, 2000). Initially
we use FINESSE observations over the spectral range 400—
1500cm™! to perform the retrieval. The atmospheric state
vector in the presence of cirrus clouds used by SACR is:

x =(De;,OD,U, T, O3, B) (12)

where U and T denote the vectors of the selected retrieval
levels for the water vapour and temperature profiles, O3 indi-
cates the ozone total column, and 8 a frequency stretch (usu-
ally of the order of 10°) which takes into account the shift
due to the finite internal aperture (€2) given by v (1 — %)
(Davis et al., 2001), and the effect due to possible instability
of the reference laser (Palchetti et al., 2016).

The levels in U and T were set to 0.37 (ground level), 0.60,
0.80, 1.00, 1.40, 1.80, 2.0, 3.0, 4.0 km for water vapour and
0.37, 0.39 and 0.80km for temperature, respectively. These
levels were selected by studying the sensitivity to tempera-
ture and water vapour from the vertical distribution of the
averaging kernels (AK) as shown in Fig. 9. Sensitivity is pre-
dominantly limited to below 1 and 4 km for temperature and
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Figure 9. Left panel: vertical distribution of averaging kernels of
temperature. Right panel: same for water vapour.

water vapour, respectively. The study provides 3 and 7 total
DOFs for temperature and water vapour on average. In each
case, above the highest level the profile is rescaled keeping
the shape of the original profile. The levels were chosen so as
to retrieve profile structure without over-constraining the so-
lution with a-priori information, avoiding non-physical fluc-
tuations.

The algorithm finds the solution as that which minimises
the cost function:

X =G—F@)' ST (y—F@)+(x—xa)" S (x—xa) (13)

where y, F and x, denote the vector of the FINESSE
measurements, the forward model and the a-priori informa-
tion, respectively. The a-priori correlation lengths for water
vapour and temperature profiles were set to 0 and 2 km, re-
spectively, to avoid over-constraining the retrieval and be-
cause the temperature shows a smooth linear behavior with
altitude. However, the correlation between the two first tem-
perature levels was set to 0 because the very first layers can
be locally affected by the presence of nearby thermal sources.

The cost function is minimized with the LM iterative for-
mula as follows (Rodgers, 2000):

-1
Xit1 =x; + [KITS;lK, + ;i D; —i—S;l]
[KT'ST! (v = Fex) =87 (i — x| (14)

where S, and S, are the Variance Covariance Matrices
(VCMs) of the measurements containing the quadratic sum
of the NESR and the calibration error, and the a-priori in-
formation; y; is the damping factor at the ith iteration, K;
represents the Jacobian matrix of F and D; is a diagonal ma-
trix as described in Di Natale et al. (2020). The FINESSE
measurement noise is considered uncorrelated and given by
the noise equivalent spectral ratio (NESR) calculated as dis-
cussed in Murray et al. (2024). Convergence is reached when
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Figure 10. Comparison of the FINESSE Noise Equivalent Spectral
Ratio (NESR, black curve) and the calibration systematic error (red
curve).

the variations in x 2 are less than 1%o. The retrieval errors of
the parameters are contained in the VCM given by the rela-
tion (Rodgers, 2000):

S, = (KTS;1K+S;1)_1 (15)

where K is the Jacobian matrix at the last iteration.

3.1.4 Accounting for calibration uncertainty

We chose to study a-posteriori the effect of the systematic
error due to FINESSE calibration uncertainty, since includ-
ing the spectral correlation effect in the VCM of measure-
ments could lead, based on experience, to the retrieval algo-
rithm becoming stuck in a local minimum and so to incor-
rect results. Our initial retrievals from FINESSE assume no
calibration uncertainty on the observed radiances. We then
repeat the retrievals systematically increasing and reducing
the radiances with their calibration uncertainties (Fig. 10).
The average between the maximum and the minimum differ-
ences of the retrieval products with respect to those obtained
from the original retrieval is assumed to be the contribution
of the calibration error. Total retrieval errors are then calcu-
lated as the square root of the quadratic sum of the retrieval
error (Eq. 15) and the calibration error. These are the values
reported in Sect. 4.

3.2 Klett method for retrieving cirrus clouds optical
depth from ceilometer backscattering signal

The cirrus OD can also be retrieved from the ceilome-
ter backscattering signal, that we call P, as a function of
the height z by using the Klett inversion method (Klett,
1981, 1985). Since this problem involves only one equation
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and two unknowns, namely the backscatter (S.) and the ex-
tinction (oe), the relationship that binds them must be as-
sumed. A common solution is to assume a power-law rela-
tionship with a generic exponent k, called the backscatter-
extinction coefficient ratio, as follows:

Be(z) = C - 0e(2) (16)

where C is a constant and k depends on the laser frequency,
the aerosol composition and the inhomogeneity of the layers,
particularly the variability of the aerosol PSD, the particles
shape and the mixing with the air, and is affected by multiple-
scattering effect (Del Guasta et al., 1993; Elouragini, 1995). k
generally ranges between 0.67-1.00 (Klett, 1981; Elouragini,
1995), due to the complexity of particle shapes and their
inhomogeneous dimensions and distributions: preliminary
tests by varying k suggested a value of k = 1 was most ap-
propriate for our analysis here. Using the relationship of
Eq. (16), Klett’s lidar solution for the cloud extinction pro-
file (o.(z)) is obtained as a function of the height z as follows
(Klett, 1981):

exp [ S(z}:Sr]

Zr N
o+ %fexp[—s(zlz Sf]dz’
z

oc(2) = —om(2) a7

where S(z) = In(P(z)z?) represents the logarithmic range-
corrected signal (LRCS), oy(z) is the molecular extinction
due to the gas contribution derived from the atmospheric pro-
files, S; and o} denote the LRCS and the extinction at a refer-
ence height z; that must be fixed above the CTH, where the
backscattering is completely molecular in origin. Because of
the noisiness of the signal above the CTH and the sensitivity
of the solution to oy, a signal smoothing process, such as a
moving average, is necessary to make the solution more sta-
ble. From the extinction profile the optical depth is obtained
as the integral over the cloud geometrical thickness:

CTH
/ o.(z)dz (18)
CBH

OD =

Since the solution is sensitive to o, we repeated the re-
trieval procedure, varying the choice of z; above the CTH.
We used 10 heights from 0.1 to 1km in steps of 0.1 km and
report the average value as the ceilometer derived OD. This
approach also allows the evaluation of the retrieval error for
each scenario as the standard deviation of the retrieved OD
divided by +/10, the number of heights chosen.

3.3 Retrieval of temperature and water vapour vertical
profiles from HATPRO measurements

The HATPRO temperature and humidity profiles are based
on statistical retrievals (Lohnert and Crewell, 2003). Using
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Figure 11. Vertical distribution of the derived ice crystal effec-
tive diameters calculated from the INCAS KA observed ice crystal
PSDs and using the Yang et al. (2013) single scattering properties
databases and the habit distribution given by Eqgs. (1)—(4).

a twenty year ERAS dataset for Andenes, a quadratic regres-
sion model was trained relating atmospheric profiles and sim-
ulated brightness temperatures. The “pyMakeRetrieval” soft-
ware package was used to create temperature and humidity
retrievals (Foth, 2024).

3.4 Calculation of the effective diameters of ice crystals
inside cirrus clouds from INCAS measurements

The INCAS KA measurements offer a check of the retrieval
of Dei from the FINESSE spectral radiances by directly sub-
stituting the observed PSDs measured during the flight into
Eq. (1). As noted in Sect. 3.1.1, the calculation depends on
the specific habit distribution assumed. We repeat calcula-
tions for the four habit distributions described in Egs. (1)-
(4) for observations taken by the INCAS KA between 08:19
and 09:00 UTC, neglecting periods at the highest “cloud” al-
titudes, in the 20 m above 6.77 km where tenuous and highly
variable signals were reported. The slightly longer time-span
in comparison to the selected FINESSE measurements is to
enable sufficient statistics to be generated. Figure 11 shows
the effective diameters calculated using INCAS KA PSDs as
a function of the height inside the cirrus cloud.

To assess the accuracy of the PSDs measured by the IN-
CAS KA, and estimate the systematic error that affects the
effective diameter due to the bin sampling of the PSD, we
took into account that the measured PSD associates the same
number of ice particles within a specific crystal length bin
equal to 50 um, starting from a minimum length of 25 ym. We
considered three PSDs normalized to the respective maxima
and corresponding to three different effective diameters, the
smallest one equal to 25 pm, the middle one equal to 49 um
and the largest one equal to 73 um. Since we want to assess
how much the bin sampling limits the accuracy, we need to
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Figure 12. Three examples of PSDs normalized to the respective

maxima measured by the INCAS KA (black, green and orange his-

tograms) with the De; calculated assuming the habit distribution in

Eq. (7) and the fitting functions (red, brown and violet curves).

find the analytic functions that reproduce the data distribution
as closely as possible. We fitted the first PSD with the mono-
modal I"-function in Eq. (6) while the second and third were
fitted with a bi-modal I"-function:

_ _L _ _L
n(L) = N LM e STy o Ny 2~ G, (19)

obtaining the best fit curves shown in Fig. 12. For each PSD
we calculated the difference in the value of the effective di-
ameters obtained by using the measured PSD and the cor-
responding fitted curve; then we selected the maximum dif-
ference for the 3 cases, which was approximately 5 um. This
corresponds to the systematic error induced by the bin ap-
proximation implicit in the INCAS KA data. Finally, we
added the statistical standard deviation on the average ef-
fective diameters obtained from the selected INCAS PSDs,
equal to 1 pum. The two errors, systematic and statistical, were
summed in quadrature to give a combined uncertainty of
~ 5 um on the effective diameters derived from the INCAS
measurements.

4 Results

4.1 Water vapour and temperature profiles

Figure 13 shows a comparison of the retrieved profiles of
temperature and water vapour from the FINESSE observa-
tions at 08:25 UTC with co-located ERAS profiles (Hersbach
et al., 2020). For a fairer comparison, the ERAS data are con-
volved with the appropriate averaging kernels. In general,
relative to the first guess, the information from FINESSE
tends to moisten the lowest 1 km of the atmosphere and dry
the layer between 2-3 km. This behavior is consistently seen
for all 11 cases identified in Table 1. Although we do not
possess a “true” water vapour profile, we can see that the un-
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certainties on the retrieval typically overlap the ERAS esti-
mates. For temperature, the retrievals at the lowest levels are
shifted warmer and closer to the ERAS5 values. The in-cloud
temperature structure recorded by the INCAS KA tempera-
ture probe also shows excellent overlap with ERAS, giving
additional confidence in the latter as a realistic representa-
tion of the atmospheric state. Moreover, even though the up-
per part of the retrieved temperature profile is only rescaled
with respect to the highest retrieval level, keeping the shape
of the initial guess profile, as described in Sect. 3.1.3, the
matching with the INCAS KA data provides a very good in-
dication that the retrieval is consistent and the atmospheric
state fairly characterised and represented in the simulations.
The average difference between the retrieved and INCAS KA
temperature profile is 0.37 K and all differences vary inside
the interval —1 to 1 K.

For completeness Fig. 13 also includes the HATPRO re-
trieved profiles. The temperature retrievals tend to show a
cold bias relative to ERAS between 1-3 km, switching to a
more pronounced warm bias above 5km. As might be ex-
pected in light of previous studies, the water vapour profile
is too smooth, and not able to capture the vertical structure,
particularly the dry layer between 1-3 km.

4.2 Near-surface temperature and water vapour mixing
ratios; total precipitable water and total column
ozone

Figure 14 provides a comparison between water vapour
concentrations and temperature measured by the FINESSE
Vaisala probes, the precipitable water vapour from the HAT-
PRO and corresponding information derived from the FI-
NESSE spectra and ERAS data. A comparison of the ERAS
total column ozone with the equivalent FINESSE retrievals
is also provided.

Considering near-surface temperature, FINESSE re-
trievals tend to sit between the values recorded by the Vaisala
sensor and that given by ERAS5 (Fig. 14, top panel). For the
first five scenarios, when the overhead cirrus was optically
thicker (Fig. 15), the FINESSE retrievals tend to show bet-
ter agreement with the ERAS value. Meanwhile, with thin-
ner cirrus overhead they typically show an improved agree-
ment with the Vaisala data (scenario 7—11). In all cases the
difference between the FINESSE products and Vaisala data
is lower than 0.7 K. The near-surface water vapour volume
mixing ratios (VMR) obtained from the FINESSE retrievals
show good agreement with the Vaisala probe data (Fig. 14,
second panel). In contrast, ERAS appears to underestimate
the VMR for all scenarios, with differences reaching up to
1000 ppmv. The corresponding uncertainties for ERAS quan-
tities are assessed in Hersbach et al. (2020), Dragani et al.
(2017), and Bell et al. (2021).

The tendency for ERAS to underestimate near surface wa-
ter vapour relative to FINESSE is also reflected in compar-
isons of precipitable water vapour (PWV) (Fig. 14, third
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Figure 13. Left panel: comparison of the retrieved temperature profiles from FINESSE spectrum (solid lines) for the sequence at 08:25 UTC
of 17 February 2023 with those provided by ERAS (violet solid line), ERAS convolved with the averaging kernels at the last iteration (orange
solid line), INCAS KA (cyan solid line), and HATPRO radiometer (dashed blue line); in magenta the initial guess/a-priori is also reported.
Right panel: same as the left panel but for water vapour profiles. The cirrus location is denoted by the dashed horizontal lines.

row), with a low bias which is on the order of 10 % in this rel-
atively dry environment. HATPRO PWYV retrievals show val-
ues which sit between the FINESSE and ERAS5 estimates but
are typically closer to the former. Finally, the lowest panel of
Fig. 14 indicates that the total column ozone retrieved from
FINESSE is close to the values obtained from ERAS5 ozone
profiles even though a bias of about 20 DU is present.

4.3 Cloud parameters
4.3.1 Optical Depths

The cirrus OD was retrieved independently from FINESSE
spectra and the ceilometer backscattering signal as described
in Sect. 3.1 and 3.2 assuming HBRs and the plate or plate
and droxtal small particle contribution. The comparison be-
tween the two retrievals is reported in Fig. 15. Overall, the
values provided by the FINESSE retrieval and those de-
rived from ceilometer show agreement within their respec-
tive retrieval uncertainties. The ceilometer ODs show a sig-
nificantly higher uncertainty because of the noisiness of the
ceilometer signal above the CTH, which propagates through
the Klett inversion algorithm.

Despite these uncertainties Fig. 15 clearly shows a dis-
tinct thinning of the cirrus between the first six scenarios
(centered around 08:25:30 UTC) and the second five (cen-
tered around 08:37:45UTC). Overall we obtain an aver-
age value retrieved from radiometric measurements equal
to (0.1240.01), with the associated error calculated as
standard deviation of the mean, compared with the aver-
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age value obtained from ceilometer measurements equal to
(0.13£0.01), indicating strong consistency between the re-
trievals from the different measurements.

The effect of the reduction in OD with time is clearly
manifested in the FINESSE spectra as illustrated in Fig. 16,
where the black curve represents the spectrum taken at
08:25:23 UTC and the red curve shows the spectrum mea-
sured at 08:37:49 UTC. For these specific spectra the re-
trieved OD drops from 0.16 to 0.08. The change in OD is
most obviously manifested in the atmospheric window with
a reduction in both the radiance level and the spectral gradi-
ent between 750-1000cm ™!

4.3.2 Cirrus effective diameter

Effective diameters retrieved from FINESSE were compared
with those obtained from the PSDs provided by the aircraft
sensors inside the cirrus. These values were calculated by as-
suming the four habit distributions introduced in Sect. 3.1.1
and are shown as a function of the co-location index in
Fig. 17.

The violet solid lines denote the mean values obtained by
averaging the D,; calculated at each altitude using the IN-
CAS KA PSDs. The associated error is calculated as de-
scribed in Sect. 3.4. Each panel corresponds to the results
obtained by assuming a specific habit distribution discussed
in Sect. 3.1.2. The red triangles indicate the values retrieved
from FINESSE. The assumption of HBRs, either in isolation
or mixed with SBRs (Fig. 17, top and second panel) clearly
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Figure 14. Top panel: comparison of the temperature at ground re-
trieved from FINESSE spectra (red and green triangles), measured
by the Vaisala probe (black dots) and ERAS (violet triangles) for
each scenario. Second panel: same comparison as the temperature
but for water vapour mixing ratio (VMR). Third panel: compari-
son of precipitable water vapour (PWV), retrieved from FINESSE
(red and green triangles), from integrated HATPRO retrievals (blue
dots) and from ERAS (violet triangles). Bottom panel: comparison
of the ozone total column retrieved from FINESSE and provided by
ERAS.

show better agreement with the aircraft data than the other
assumptions of pure SBRs or a mixture with SCLs (Fig. 17,
third and bottom panel). In particular, the retrievals obtained
when assuming only HBRs show a very good agreement
with the aircraft data, with almost all retrieved Dej consis-
tent within uncertainties (Fig. 17, top panel). Indeed, over the
11 cases considered, the average retrieved value from the ra-
diometric measurements is (26.5 & 1.8) ym assuming HBRs
which shows good consistency with the average value de-
rived from the in-situ measurements of (31.5 £5.0) um. The
calculated standard deviation (~ 10 um) of the INCAS Dy;
is also reported in Sect. 4.3.2 along with the corresponding
error, showing that all retrieved diameters using the HBR as-
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Figure 15. Comparison of the OD retrieved from FINESSE spectra
(blue dots and green triangles) and those retrieved from the ceilome-
ter signal (red triangles) for each scenario.
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Figure 16. Spectra measured by FINESSE in the presence of cirrus
at 30323 and 31 069 s since midnight (08:25:23 and 08:37:49 UTC)
on 17 February 2023. The associated retrieved cirrus optical depths
are also provided.

sumption are consistent with the variability of INCAS re-
trieved diameter inside the cirrus cloud. The results clearly
indicate the strong sensitivity of the FINESSE measurements
(and hence retrievals) to the cirrus crystal habit. A prelimi-
nary study of the information content suggests that there are
no significant differences among the 4 habit distributions and
also the maximum differences in corelation between D.;-OD
are of the order of 0.2 while the the differences in DOFs of
the order of 0.0001. So we deduce that the type of habit dis-
tribution, at least among those we have assumed, does not
introduce higher degeneracy between cloud parameters and
does not affect our capability to retrieve them.

5 Influence of the FIR

In this section we show the importance of information con-
tained within the FIR portion of the spectrum in constraining
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Figure 17. Top panel: comparison of the effective diameters cal-
culated from INCAS KA data (violet dots) with the correspond-
ing error and standard deviaton between 08:19-09:00 UTC on 17
February 2023 and those retrieved from FINESSE (red and green
triangles) between 08:25-08:38 UTC of the same day by assuming
the habit distribution f; in Eq. (8). Second panel: same compari-
son but assuming f3;, from Eq. (10). Third panel: same comparison
but assuming f>;, from Eq. (9). Bottom panel: same comparison but
assuming f4;, from Eq. (11).

the cloud property retrievals. Fig. 18 shows the difference
in simulated downwelling radiances between the “best-fit”
HBR case and the other three habit choices for cirrus with a
De; of 30 um and OD of 0.2. The highest sensitivity to crystal
shape is seen at wavelengths within the FIR, between 470—
600 cm™". This band is delimited by orange dashed lines in
Fig. 18. Moreover, for all three sets of residuals, the dif-
ferences only exceed the FINESSE NESR between approxi-
mately 500-580 cm ™!, implying that the radiance fit over this
range plays a critical role in determining the retrieved size
and optical depth for each habit choice. In essence it is these
FIR radiances that allow discrimination between the habits,
with the selection of HBR agreeing with the INCAS KA 2D-
S and CPI imagery while simultaneously generating ODs and
Deis that show the best match to the INCAS KA PSD ob-
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Figure 18. Variations of the simulated spectral radiance by vary-
ing the habit distributions used in the analysis of FINESSE mea-
surements (SBR (green), HBR+SBR (black), HBR+SBR+SC (red))
with respect to the case of HBR only. Variations are compared with
the FINESSE noise (violet). The band of higher sensitivity to crys-
tal shape in the far-infrared is seen between 470-600 cm~! and is
delimited by orange dashed lines. From this spectral band we can
discriminate the habit crystal composition.

servations and ceilometer optical depth retrievals. We would
like to emphasize that, based on the FINESSE measurements
presented and analyzed, performing the inversion with lim-
ited information that excludes the FIR leads to an underesti-
mation of the effective diameter values, but this result cannot,
at this time, be generalized to every possible scenario. This
clearly calls for a more in-depth investigation, which will be
addressed in future work.

Selecting the HBR habit we further investigate the im-
pact of FIR information on the inferred effective diameters.
Figure 19 repeats the information shown in the top panel
of Fig. 17 but superposes the equivalent retrievals obtained
if only FINESSE radiances over the spectral range 650-
1500cm™! are considered. It is immediately apparent that
removing the FIR information results in a poorer fit to the
De; value derived from the INCAS KA observations, par-
ticularly during the latter part of the overpass. To explain
this behaviour, we investigated three diagnostic indicators,
namely the Shannon information content (IC), the number of
degrees of freedom (DOFs), and the correlation between the
two cloud parameters OD and Dgi. The IC is computed as
(Rodgers, 2000):

IC 11
=—1In
2

_1 21 1 20
_Ezn<1—)»i> (20)

where S, is the a priori covariance matrix and Sy is the poste-
rior covariance matrix for the parameters x = (D.j, OD) and
the vertical bars denote the determinant, A is the averaging

SaS;l‘ = % 1n’(I—A)—1’
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kernel matrix, I is the identity matrix, the vertical bars de-
note the determinant, and A; are the eigenvalues of A. IC and
DOFs are evaluated at the first iteration of the retrieval in or-
der to quantify the intrinsic information content of the spec-
tral measurements independently of retrieval convergence ef-
fects. The DOFs are computed as the trace of the averaging
kernel matrix restricted to the two cloud parameters:

2
DOF = tr(A) = in 1)

i=1

Although the retrieval algorithm is robust and capable of
obtaining the correct solution in synthetic simulations even
when the FIR is neglected, the information content in the
two cases — with and without FIR — changes significantly,
as shown in the upper panel of Fig. 20, where an increase of
more than two units is visible when the FIR is considered.
Furthermore, we observe an increase in the correlation be-
tween the De;-OD parameters from 0.05 to 0.8, as seen in the
middle panel of Fig. 20, meaning that the two parameters be-
come less easily reconstructed independently of each other.
The total degrees of freedom for the cloud parameters also
decreases when the FIR is not considered (lower panel of
Fig. 20). Although the difference in DOFs between the two
spectral configurations is small, the corresponding difference
in IC is much larger. This is because the inclusion of FIR ra-
diances significantly increases the sensitivity of the measure-
ments to the retrieved parameters, reducing their dependence
on the a priori. This effect is evident from the fact that the IC
in Eq. (20) is computed as the logarithm of the inverse of (1
minus the eigenvalues of the averaging kernel), so as these
eigenvalues approach 1, the IC increases rapidly. Despite the
improvement of the retrieval accuracy (the retrieved D, are
more in accordance with the INCAS values), we see a general
increase in the statistical retrieval error when the FIR is used.
This can be explained by the increase in FINESSE noise over
this spectral region (Rodgers, 2000), as visible from Fig. 21.

5.1 Discussion

The methodology we chose to validate the scattering prop-
erties for ice crystals used in this study is to retrieve all
parameters that characterize either the atmosphere or cir-
rus clouds and then compare the products with the corre-
sponding available measurements. In such a way, we avoid
over-constraining the atmospheric state we use to simulate
the spectral radiance since the available measurements were
not perfectly co-located. For example, in this case the HAT-
PRO was located 1.9 km away while the INCAS KA mea-
surements were not instantaneously taken for the entire cir-
rus vertical profile that FINESSE was measuring but were
rather built up over time following the INCAS KA ascent
and horizontal sampling. The FINESSE measurements them-
selves (e.g. Fig. 16) indicate that the cirrus does evolve with
time, even over the relatively short period of the INCAS KA
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Figure 19. Comparison of the ice effective diameters derived from
INCAS KA measurements (black dots) and those retrieved from
FINESSE spectra by using the whole spectral band between 400—
1500 cm ! (red and green solid triangles) and cutting the FIR por-
tion below 650 cm ™! (orange and blue open triangles).

observations. To minimise this impact we assume only two
parameters from the ancillary measurements: the ice crys-
tal habit inferred from the INCAS KA 2D-S and CPI mea-
surements (hollow bullet rosettes) and the cirrus CTH/CBH
derived from ceilometer backscattering profiles. We demon-
strate that varying the habit in the simulations and repeat-
ing the retrieval procedure results in effective diameters that
are not in agreement with the values derived from the PSDs
measured by the INCAS KA. This allows us to exclude, for
example, the presence of column-like crystals, which indeed
appears to be the case from the INCAS KA data.

Given the caveats noted above, the retrievals from FI-
NESSE show excellent consistency with independent real-
isations of the atmospheric state and measurements of cir-
rus properties. They also show the critical importance of the
FIR in achieving this consistency. Nonetheless, it is useful
to consider the fit of the final retrieved spectra to the ob-
servations. As an example, Fig. 21 shows the measured FI-
NESSE spectrum, the simulated radiance at the last iteration,
and the associated residuals for scenario 4 (08:25:29 UTC,
30329 s since midnight) together with their degraded reso-
lution curve. The retrieved D, and OD were found equal to
(22.2+£6.3)um and (0.15 £0.01), respectively. For all sce-
narios the final value of the normalized XIZ\,, the cost function
in Eq. (13) divided by the number of spectral channels used,
ranged between 2.00-2.10.

Figure 21 shows that the residuals between the measure-
ment and the simulation predominantly fall within the in-
strument NESR (blue curves). Notable exceptions are seen
within the 667 cm~! CO, band wings between 550-600
and 750-780 cm ™!, perhaps because at these wavenumbers,
where the spectral lines are very dense, the instrument line
shape is not perfectly characterized. This feature appears sys-
tematically for every retrieved spectrum, and is the reason
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Figure 20. Upper panel: histogram of the information content (IC)
after the first retrieval iteration in the full band and cutting the FIR.
Middle panel: D¢i-OD correlations. Lower panel: cloud degrees of
freedom (DOF).

why the X}%/ is always larger than 2.0. Outside of these re-
gions, in the mid infrared the residuals are very small, indi-
cating that the optical properties are able to correctly repro-
duce the spectrum. Larger residuals are seen in the FIR re-
gion, mostly due to water vapour lines, but also within the 13
main micro-windows discussed by Turner (2005) as shown in
Fig. 22: the root mean square (RMS) of the average residuals
in radiance are compared with the average noise (calculated
by Eq. 22) in each micro-window.

2
ool (o) 22)

Oav =

where N = 11 number of spectra averaged and the average
variance in FINESSE NESR/calibration uncertainty is given
by:

N _2
<02 Zi Gnesr/cal,i

nesr/cal> = N (23)
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Figure 21. Upper panel: comparison of the simulated spectrum at
the last retrieval algorithm iteration (red curve) with the FINESSE
measured spectral radiance (black curve) at 30 329 s since midnight
(08:25:29 UTC, scenario 4) on 17 February 2023. Lower panel: the
residuals (green curve) are reported in comparison with the noise
(blue curves), along with the degraded curve (orange).

The reduced agreement in the FIR region is consistent
with previous studies by Bantges et al. (2020), Maestri et al.
(2014) and Di Natale et al. (2022).

6 Conclusions

In this paper, we present the first demonstration of consis-
tency between atmospheric measurements and Arctic cirrus
cloud parameterizations by combining information from a
ground-based spectrometer and sensors, ceilometer, and ra-
diometer with in situ aircraft observations of cloud particle
size and habit. Specifically, we make use of spectrally re-
solved downwelling radiances measured by the Far-INfrarEd
Spectrometer for Surface Emissivity (FINESSE), over the
range 400-1500cm™! in conjunction with cloud vertical
structure from a ground-based ceilometer and, uniquely, co-
located in-situ measurements from a Hawkeye Combina-
tion Cloud Particle Probe and a Cloud, Aerosol and Precip-
itation Spectrometer mounted on the National Institute for
Aerospace Research of Romania (INCAS) aircraft. The si-
multaneous measurements span a period of 13 min during the
morning of 17 February 2023.

By applying the Simultaneous Atmospheric and Cloud Re-
trieval (SACR) code, we are able to simulate the FINESSE
spectra and retrieve the cirrus cloud effective diameter (Deg;)
and visible optical depth (OD), together with the atmospheric
temperature and water vapour profile and ozone total col-
umn. We selected a subset of 11 spectra between 08:25-
08:38 UTC, maximising the overlap with the INCAS aircraft
measurements inside the cirrus. Bullet rosettes were identi-
fied as the dominant ice crystal habit within the cloud. The
PSDs measured at different heights sampled by the aircraft
were used to derive the average in-situ D.; for comparison
with the values obtained from the FINESSE retrievals. Using
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Figure 22. Histogram of the comparison between the root mean square (RMS) of the residuals (blue boxes) and the average noise over all
scenarios (orange boxes, calculated Eq. 22) in the 13 selected microwindows.

the optical properties from Yang et al. (2013) and assum-
ing a Hollow Bullet Rosette (HBR) crystal shape, we obtain
agreement between the retrieved Dg; and that derived from
the aircraft observations within measurement and retrieval
uncertainty. Varying the habit distribution, for example, by
adding different shapes like hexagonal columns and repeat-
ing the retrieval, degrades the agreement.

Observations from the ceilometer allowed us to set the
cloud top and bottom height in our simulations and also de-
rive the OD by applying the Klett algorithm. We found a
good agreement between the retrieved FINESSE ODs and
those derived from the ceilometer for all cases, encompass-
ing when the cirrus was optically thicker, during the first six
FINESSE measurements (mean OD = (0.150 4+ 0.003)), and
thinner during the last five FINESSE measurements (mean
OD =(0.077 £0.001)).

To complete the analysis, we compared the retrieved water
vapour and temperature profiles and ozone total column with
co-located values from the ECMWF ReAnalysis-5 (ERAS)
database and retrievals from a Humidity and Temperature
Profiler (HATPRO) situated at Andgya Space. These com-
parisons were supplemented, where appropriate, by surface
observations from Vaisala probes attached to FINESSE, and
by in-cloud temperature measurements from the INCAS air-
craft. The retrieved temperature profile above the last fitted
level is merely scaled but it turned out to be consistent with
the temperatures measured by INCAS probe inside the cirrus
and the vertical profile provided by ERAS. At the surface, the
level of agreement appeared to show a dependency on the in-
ferred cirrus OD, with FINESSE showing closer agreement
to the single ERAS value during the first six (higher OD)
measurements before aligning more closely with the Vaisala
values. In all cases the ERAS5 and retrieved values were
colder than the Vaisala temperatures by up to 1.5 K. A similar
low bias was seen between the water vapour volume mixing
ratio at the surface obtained from ERAS and that measured
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by the Vaisala probe. However, in this case the agreement be-
tween the probe and the FINESSE retrieval was much closer.
An ERAS low bias relative to FINESSE was also manifested
in the retrievals of the total precipitable water vapour (PWV)
above the instrument. In this case, equivalent values derived
from the HATPRO support the sense that ERAS shows a sig-
nificant humidity underestimate, with PWV retrievals that
are closer to those derived from FINESSE, albeit still per-
sistently smaller.

Finally, to understand the importance of information from
the far-infrared in determining the cirrus properties we (a)
assessed the radiometric sensitivity to the choice of crystal
habit and (b) repeated our HBR retrieval but only considered
the spectral range 650-1500cm™!. In common with earlier
findings (e.g. Bantges et al., 2020) the strongest sensitivity
to altering the crystal habit is seen in the 500-600 cm™! re-
gion. Moreover, even using the HBR habit, when the spectral
range is cut to exclude the far-infrared the level of agreement
with the aircraft size measurements is significantly reduced.
Even though the combination of these two factors suggests
the inclusion of the far-infrared is crucial to achieving the
improved agreement with the aircraft derived De; seen for
the HBR habit relative to the other habits investigated here,
this finding cannot be generalized to every possible scenario.
This is primarily because of the limited number of measure-
ments spanning the far-infrared representative of a wider va-
riety of cirrus conditions. However, we hope our findings
provide motivation for further measurement campaigns that
can address this shortcoming and also be used in support of
the future ESA Earth Explorer-9 FORUM mission.

Code availability. Retrieval codes used to providle HATPRO
profiles of temperature and humidity are available on Zenodo:
https://doi.org/10.5281/zenodo.13692444 (Foth, 2024).
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