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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

L in-situ measurements

remote sensing. Specifically we use spectrally resolved radiances covering the range 400-1500 cm™

of cirrus particle sizes and habits, backscatter ceilometer observations of cloud vertical structure and microwave inferred

5 temperature and humidity profiles to investigate whether we can obtain consistency between the derived cloud properties
and atmospheric state from these independent 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

10 from radiometric measurements are (26.5+1.8) um and (0.1240.01) in comparison with the values derived from in-situ and
ceilometer measurements equal to (31.54+5.0) um and (0.13+£0.01), respectively. Furthermore, 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 emphasize 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

15 holds over a wider range of conditions.
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1 Introduction

Cirrus clouds play a vital role in regulating the energy balance 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 projections point towards
an increase in high cloud altitude in a warming climate (e.g. Hartmann and Larson (2002); Chepfer 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 observational studies of the response to inter-annual surface temperature 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 temperature via the ’iris-stability’ hypothesis (e.g. Bony et al. (2016)). More recent observational studies imply a
small tropical high cloud feedback due to compensating longwave and shortwave effects associated with changes in coverage,
altitude and optical thickness (Raghuraman et al., 2024). Whatever response is ultimately realised, exactly how changes to
cirrus coverage and location manifest radiatively will also critically depend on whether the associated cloud microphysics are
also altered.

For example, previous work has shown the substantial impact of changes in particle size distribution on cirrus longwave
heating rates, with the presence of smaller particles causing a sizeable increase in heating (e.g. Stackhouse and Stephens
(1991)). Similarly, relatively simple parameterisations 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 absorption 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 overall cloud optical depth
is therefore critical to reducing uncertainty 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 electromagnetic
spectrum (Meyer et al., 2016; Evans et al., 1999; Lawson et al., 2006; Turner and Mlawer, 2010), considerably fewer equivalent
studies cover the far-infrared (FIR), typically defined as wavelengths between 15-100 pm . Simulations have long highlighted
the dominant contribution that we expect the FIR to make to the Earth’s total outgoing longwave radiation and greenhouse
effect (Brindley and Harries, 1998; Collins and Mlynczak, 2001), particularly for colder scenes. However, aircraft-based studies
which attempt to reconcile 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.
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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 unambiguously map the cirrus properties to its radiative signature. An alternative to
this approach is to use zenith-view radiances 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 conditions, 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 ™1,
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 radiances 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 Observation 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
backscatter ceilometer observations (Di Natale et al., 2021). The development and deployment of FIRMOS was undertaken
specifically in preparation for the Far-infrared Outgoing Radiation Understanding and Monitoring (FORUM) Earth Explorer 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 (David et al, in prep). The data include downwelling radiance observations made by the Far-INfrarEd Spectrometer
for Surface Emissivity (FINESSE, Murray et al. (2024)) alongside independent measurements of the atmospheric vertical
structure and, uniquely, contemporaneous in-situ sampling 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 currently available parameterizations
of ice crystals, with a particular 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 capability to achieve a better consistency with one habit distribution compared to another has never been demonstrated.
Furthermore, a previous study of the consistency between the optical and microphysical properties of clouds, exploiting spectral
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 microphysics
(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 acquired inside cirrus clouds, as is done in the present work.

Our manuscript is structured as follows: in section 2 we introduce the measurement field campaign and the instruments

involved in the experiment; in section 3 we describe the methodology applied through the comparison of the retrieval products
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with the available measurements and the retrieval method applied; in section 4 we show and discuss the results and in section
5 we demonstrate the improvement in retrieval quality when FIR radiances are available to constrain habit selection. Finally,

in section 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 13th February to 17th March 2023, based at Andgya, Norway, with a primary goal of investigating the distribution
of Arctic cloud phase in order to improve its representation in Earth System Models (David et al, in prep). The campaign
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 Ramnan mountain 378 m a.s.l.
and at Andgya Space (Fig. 1), located at 12 m a.s.l.. The airborne measurements were facilitated by the National Institute for
Aerospace Research of Romania (INCAS) Atmospheric Research Laboratory aircraft that was stationed at Andgya Airport.
The horizontal distance between ALOMAR and Andgya Space is approximately 2.1 km.

CEILOMETER

Andoya Space Merket
HATPRO

7704

Stormyra—=

ALOMAR observatory
EINESSE- it

Figure 1. Location of ground-based instrumentation during the MC2-ICEPACKS campaign. FINESSE was located at an elevation of
378 m a.s.l,, at ALOMAR [69.28°N, 16.01°E]. The HATPRO was installed at Andgya Space and the ceilometer close to Andenes (0
m a.s.l.). Background map: © OpenStreetMap contributors, data available under the Open Database License (ODbL). Retrieved from

www.openstreetmap.org.

This paper concentrates on the measurements conducted on 17th February 2023, when thin, patchy cirrus clouds were

observed over ALOMAR. These were sampled by the INCAS aircraft (section 2.1) between 08:15 and 08:45 UTC during
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an extended research ight (Fig. 2). Simultaneous ground-based observations were performed by FINESSE (section 2.2), a
ceilometer (section 2.3, see Fig. 1) and a Humidity And Temperature PRO lers (HATPRO) radiometer (section 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. Vajéiac et al. (2021)), namely a HAWKEYE (SPEC, Boulder, CO) and a Cloud, Aerosol and
Precipitation Spectrometer (CAPS; DMT, Boulder, CO)). The HAWKEYE includes a 2D-S, which combines two orthogonally
oriented optical array probes with 10 and 50 m resolution, respectively (spanning from 10 to 1280 and 50 to 6400 m), a
cloud particle imager (CPI) that takes 2-D images of cloud particles between 2.3-6400 m and a Fast Cloud Droplet Probe for
sampling the size distribution of smaller particles, from 1.5-50 m (e.g., Lawson et al. (2001); Woods et al. (2018)). The CAPS
provides similar aerosol and hydrometeor size information but due to an optical alignment issue during the presented case
study, it was only used for observations of the true air speed, temperature and pressure during the ight. The ice crystal particle
size distributions (PSDs) used here are calculated from the 50 m -channel of the 2D-S using the System for OAP (optical
array probe) Data Analysis (SODA2; developed at NCAR). During post-processing only ice crystals which were captured
completely within the optical array (‘all-in’; Heyms eld and Parrish (1978)) were considered and their size was calculated
using the circle- t method, or the diameter of the smallest circle that encompasses them (Wu and McFarquhar, 2016). The
in uence of shattered particles was removed following Field et al. (2006).

Figure 2. Left: Main image - Flight track of INCAS KA on 17th 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 ight. Right: Sky conditions above FINESSE at 08:24 UTC
during the INCAS KA overpass (credit J.Murray)
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Figure 3. INCAS KA altitude and velocity as a function of time during the February 17th 2023 ight. The INCAS KA was over ALOMAR
between approximately 08:15-08:45 UTC as the aircraft contrail was clearly visible from the ground.

On 17th February the INCAS KA made several passes over ALOMAR with the aim of in-situ sampling of the cirrus cloud
that was in the eld 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. Fig. 3 shows the variation in aircraft altitude and velocity during the ight with time. The airborne team used visual
and near-real time observations from the cloud probes to guide their ight level, implying that the cirrus 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 reason we
can realistically assume that the radiance came from an homogeneous source. Unfortunately, the aircraft's contrail intersectec
FINESSE's eld of view during the rst measurement time slot, at 8:25 UTC, as shown in Fig. 4. By reconstructing the ight
path, it appears that the aircraft, ying in circles, crossed its own contrail again, making it quite likely 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 cnt with a nominal spectral resolution of 0.5 ém The instrument consists of a commercial Bruker EM27
spectrometer coupled with a bespoke front-end pointing optics and calibration system. This enables the instrument to view in
all directions from nadir through to zenith (Murray et al., 2024).
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Figure 4. The turquoise diamonds map the aircraft track over the Alomar site up to 08:25:00 UTC, 30 seconds before the rst overpass. We
use photographs taken at this time and at 08:27:00 UTC, 30 seconds after the overpass to estimate the drift of the aircraft contrail, shown by
the green diamonds. Extrapolating this to 08:26:30 indicates that at the time of the overpass the contrail formed earlier in the ight, to the
South-West, is directly over Alomar at the time of the overpass, this time also coincides with a distinct rise in radiance &t 96bsamved

by FINESSE.

During the 17th February, the instrument was placed outside the ALOMAR building an hour prior to the aircraft overpass
and operated in zenithal con guration, with measurements made between 07:30 and 12:00 UTC. The EM27 was con gured
to acquire interferograms in groups of 40 scans. One scan, at 0.5 resolution, takes 1.5 s to acquire. One xed scene
observation then takes 1 minute. The FINESSE control interface was initially set to acquire calibration scans of hot and
ambient temperature blackbodies followed by 2 zenith views, this cycle of observations taking 4 minutes was repeated until
just before 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 rst step involved matching the FINESSE sky-views as closely as possible to the aircraft
over ights. FINESSE has a beam diameter of 38 mm at its input window. This diverges with a full angle of 1.7°; therefore, as
noted earlier, the diameter of the FINESSE FOV at the cloud height was roughly 180 m. Given the INCAS aircraft speed of 85
ms? (Fig. 3) this implies that in the ideal case the aircraft would traverse the FINESSE FOV in around 2.1 seconds. 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
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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.

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 8:25:23 UTC (30327 sec. since midnight, co-location 1) and 8:37:49 UTC (3106¢
sec. since midnight, co-location 11 (Table 1).

To help constrain the environmental conditions in the vicinity of FINESSE, two additional Vaisala probes are attached to the
instrument casing. The Vaisala PTU303 probe measures pressure, temperature and relative humidity with quoted uncertaintie:
of 0.1 mb, 0.3 °C and 1%, respectively. The Vaisala GMP343 probe records theiDg ratio. We make use of the average
value recorded during the FINESSE observing period of 395 ppmv to scale the pro le used in the radiative transfer simulations
described in section 3.1. The temperature and humidity measurements are also used to help evaluate the FINESSE retrieval
(section 4.2)

2.3 Ceilometer

The Met-Norway operated ceilometer (Lufft CHM15k) is permanently installed at the northerly tip of Andgya, approximately
6.3 km from ALOMAR and 4.4 km from Andgya Space (see Fig. 1). The ceilometer is designed to measure the backscattering
pro le 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 the 17th February 2023. During the time of the selected FINESSE observations



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 17th February 2023 at 07:45 UTC.

Table 1. Selected FINESSE spectra for the analysis

Co-location index time UTC (hh:mm:ss)  sec. since 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

160 (denoted by the black vertical dashed lines), above the boundary layer the strongest ceilometer returns emanate from betwee
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 con rmed by the detection of ice crystals at 6 km by the probes on board the aircraft. These backscattering pro les






