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Abstract This paper describes the first field deployment of the Far INfrarEd Spectrometer for Surface
Emissivity far-infrared Fourier transform spectrometer to an Arctic environment and shows retrievals of the
emissivity of ice and snow in the wavenumber range 400-1,200 cm™" at viewing angles of 35° and 50°. The
retrieved ice emissivity shows a variation of 0.05 between the peak value at around 950 cm™" and the minimum
value at around 750 cm™". The emissivity is also between 0.01 and 0.02 lower for the higher viewing angle. The
emissivity of snow is higher and shows less variation with both viewing angle and wavenumber but it is 0.01 less
than one below 900 cm™". This has implications for remote sensing and climate modeling in this wavenumber
range as it implies that both the spectral and angular variation of emissivity must be taken into account. The
retrieved ice emissivity agrees well with the emissivity modeled using Fresnel equations. The retrieved snow
emissivity agrees well with modeled snow emissivity but further independent measurements of the snow
physical properties are needed to test the performance of the model in the far infrared.

Plain Language Summary To understand how Earth's climate will change in the future, and to
measure Earth's current climate from satellites, it is important to have a good understanding of how Earth's
surface absorbs and emits radiation. The property that controls this is called emissivity. However our knowledge
of the Earth's emissivity is very limited in a frequency range known as the far-infrared. To fill this gap in our
knowledge an instrument was developed that can make emissivity measurements in situ. In this study we
describe the use of this instrument in an arctic environment and demonstrate measurements of ice and snow
emissivity. Understanding the emissivity of snow and ice is particularly important because this will allow the
prediction of how our fragile polar regions will change in a changing climate, for example, by allowing us to
accurately predict sea ice cover. Both sets of measurements agree well with theoretical predictions. However it
was not possible to rigorously test the model of the snow emissivity because it depends on the size of the snow
grains and we could not measure that in this study.

1. Introduction

The emissivity of a surface is the ratio between the electromagnetic radiation emitted by that surface and the
radiation it would emit if acting as a blackbody. Every material has its own emissivity which can depend on the
angle of emission, wavelength, and microphysical properties. A good knowledge of Earth's surface emissivity is
key for understanding Earth's energy budget, which is a vital determinant of Earth's climate and its evolution. This
is the balance between the incoming shortwave radiation from the sun and the radiation outgoing from Earth. This
outgoing radiation comprises reflected shortwave radiation and longwave radiation that is emitted by Earth. Most
of the emitted radiation is in the infrared region of the electromagnetic spectrum between 4 and 100 pm or be-
tween 2,500 and 100 cm™" (Wild et al., 2015). Surface emissivity impacts the energy budget because it affects the
amount of radiation that is emitted by the Earth's surface. This affects the surface temperature and evaporation of
water at the surface and, in spectral regions where the atmosphere is transparent, the energy balance at the top of
the atmosphere (Liang et al., 2019). Therefore, in order to model the current and future climate, it is important to
have an accurate knowledge of the Earth's emissivity throughout the whole infrared (Feldman et al., 2014; Huang
et al., 2016). The spectrally resolved emissivity of the Earth's surface is relatively well known in the mid or
thermal infrared (here defined as wavelengths between 4 and 15 pm or wavenumbers between 666 and
2,500 cm™ ). This is through retrievals from in situ ground-based measurements (e.g., Langsdale et al., 2020;
Salisbury & D’Aria, 1992), satellite instruments such as the Infrared Atmospheric Sounding Interferometer
carried on the MetOp satellites (EUMETSAT, 2017), and from laboratory based measurements such as those
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included in the ECOsystem and Spaceborne Thermal Radiometer Experiment on Space Station spectral library
(Meerdink et al., 2019).

There are comparatively few measurements of the Earth's emissivity in the far-infrared (wavelengths longer than
15 pum or wavenumbers less than 666 cm™") due to difficulties in observing these lower energy photons. These
observations are limited to several ground based sets of measurements (Loveless et al., 2024; Palchetti, Barucci,
et al., 2020; Warwick et al., 2024) and two sets of retrievals from airborne measurements (Bellisario et al., 2017,
Murray et al., 2020). However the situation is changing with the launch of NASA's two CubeSat Polar Radiant
Energy in the Far Infrared Experiment (PREFIRE) mission (L’Ecuyer et al., 2021) in 2024 and the planned launch
of the European Space Agency's Far-infrared Outgoing Radiation Understanding and Monitoring (FORUM)
mission (Palchetti, Brindley, et al., 2020) in 2027. Both missions have an aim of retrieving surface emissivity
(Ben-Yamii et al., 2022; Xie et al., 2022) leading to the need for validation and accurate a-priori knowledge for
retrievals.

The study of ice and snow emissivity is of particular interest as these surface types typically occur in the dry and
cold conditions where the atmosphere is most transparent to far-infrared radiation. This means that the far-
infrared surface emissivity can have a direct impact on the energy budget at the top of the atmosphere and
hence the evolution of the climate (Feldman et al., 2014). It has also been shown that the future evolution of Arctic
sea ice and near-surface temperature are sensitive to the representation of far-infrared emissivity (Huang
et al., 2016). However, these studies are based on theoretical models of far-infrared emissivity. Observations in
the mid-infrared show a strong emissivity sensitivity to snow and ice conditions (Hori et al., 2006) and theoretical
studies imply this is also the case for the far-infrared (Chen et al., 2014) but more observations are needed to test
these simulation based findings and, if necessary, improve current models of snow emissivity. Finally, these cold
and dry atmospheric conditions are the regions that are the key targets for FORUM and PREFIRE surface
emissivity retrievals (Ben-Yami et al., 2022; Xie et al., 2022).

To address the lack of in situ far-infrared emissivity measurements the Far INfrarEd Spectrometer for Surface
Emissivity (FINESSE) (Murray et al., 2024) and an associated method for retrieving in situ surface emissivity
(Warwick et al., 2024) have been developed. This paper builds on that work and aims to: further develop the
emissivity retrieval method for application to snow and ice surfaces, make in situ measurements of snow and ice
emissivity using FINESSE, and compare these measurements to available emissivity models. This was under-
taken as part of larger field deployment to the Arctic circle which aimed to test FINESSE in the field for the first
time and to support ESA's FORUM mission by collecting novel data sets including upwelling and downwelling
radiance spectra extending into the far-infrared under a range of different atmospheric conditions (European
Space Agency, 2024).

2. Instrumentation and the Andgya Measurement Campaign
2.1. The FINESSE Instrument

FINESSE is a Fourier Transform Infrared spectrometer comprising a Bruker EM 27 spectrometer and a custom
pointing and calibration system (Murray et al., 2024). The system has a spectral range of 400-1,600 cm™" (6.3—
25 um) and spectral resolution of 0.5 cm™'. The acquisition time for a single interferogram is about 1.5 s. A
Fourier Transform is applied to the interferogram to produce a radiance spectrum. The calibration system consists
of a heated black body and an ambient temperature black body which are used to perform a two point calibration
of the measured radiance. The black bodies are cylindrical cavities with back plates coated in Vantablack® and
internal walls painted with Aeroglaze® Z306 paint. The noise equivalent spectral radiance of FINESSE is
approximately 1 mW/(m? sr cm™") at 500 cm™". The calibration error is scene dependent but is at most 2 mW/
(m? st cm™) for cold scenes. The pointing system allows FINESSE to view at any angle from nadir to zenith. The
pointing can be controlled and automated via connection to a PC. In addition to measuring the radiance spectra,
FINESSE also uses a Vaisala PTU300 pressure, temperature, humidity sensor, and a Vaisala GMP343 CO, sensor
to monitor atmospheric conditions close to the instrument. FINESSE had been designed to operate in tempera-
tures down to —20°C, and this combined with the low noise equivalent spectral radiance, fast acquisition time, and
flexible pointing, make it a suitable choice for the retrieval of emissivity in Arctic conditions. For a more detailed
description of FINESSE including photographs of the instrument and details about the processing of interfero-
grams to calibrated radiance measurements, see Murray et al. (2024).
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Figure 1. (a) The setup for the ice emissivity measurements. (b) The setup for the snow emissivity measurements. (c) The
snow sample. (d) Snow crystals from the top of the snow sample. The pictured scale is in cm and a 1 X 1 mm grid is overlayed
in red.

2.2. The Andgya Campaign and Data Collection

FINESSE was deployed to the ALOMAR Observatory, Andgya Space, Andenes, Norway (69°16" N, 16°0" E,
372 m above sea level) between 6 February and 17 March 2023. This deployment was funded by the European
Space Agency and facilitated by support from the MC2-ICEPACKS campaign organized by the University of
Oslo. As part of this deployment measurements of the emissivity of an ice and a snow sample were taken
overnight on 8 March 2023 between 01:00 and 07:30 UTC. This time was selected for measurements because of
the cold dry conditions and clear skies. Figures 1a and 1b show the setup for the ice and snow measurements
respectively.

The ice sample was prepared by placing water outside to freeze in a plastic tray. The final dimensions of the ice
sample were roughly 50 X 30 cm and the ice had a depth of several cm. For the emissivity measurements, the ice
sample was placed a distance of 48 cm below the base of FINESSE and leveled with a spirit level. For the snow, a
flat sample with a surface area of roughly 50 X 50 cm and a depth of around 20 cm was cut from a nearby snow
drift. For the emissivity measurements, this was placed 24 cm below the base of FINESSE and leveled with a
spirit level. Figure 1c shows the snow sample. Crystals from the top layer were photographed. The crystals were
gently brushed onto a black felt background and photographed with a ruler for scale. Figure 1 shows one of these
photographs with a 1 X 1 mm grid overlayed.
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To retrieve surface emissivity measurements using the method described in Warwick et al. (2024) measurements
must be made of the radiation upwelling from the surface under study and of the radiation downwelling from the
atmosphere onto the sample. This is to account for both the radiation emitted and reflected by the sample.
FINESSE makes these radiance measurements in cycles that consist of scene views and views of the hot and cold
calibration targets. For this study each measurement cycle consisted of 3 scene views, 2 of the surface under study
and one of the sky, and 4 calibration views. This meant that each measurement cycle lasted around 7 min and
multiple scene views allowed for averaging to improve the signal-to-noise ratio. The samples were viewed at
angles of 35° and 50°, chosen to examine the angular dependence of the emissivity with the lower angle of 35°
chosen to avoid the shading of the sample by FINESSE. The viewing angle was changed every 5 measurement
cycles. In total 10 measurement cycles were completed for the ice sample resulting in around 70 min of mea-
surements and 30 measurement cycles were completed for the snow sample consisting of around 210 min of
measurement. Measurements of the pressure, temperature, humidity, and CO, concentration at the level of the
instrument were made throughout the measurement cycles. The atmospheric conditions were clear and cold with
an air temperature between —11°C and —8°C and a humidity of between 60% and 75%.

3. Emissivity Retrieval Method

The emissivity retrieval method is developed from that described in Warwick et al. (2024), which is adapted from
previous work in the mid-infrared (Fiedler & Bakan, 1997; Newman et al., 2005; Smith et al., 1996) and far-
infrared (Bellisario et al., 2017; Loveless et al., 2024; Murray et al., 2020). In Warwick et al. (2024) the emis-
sivity of a specular surface was found using

_ Lget - Tzleet - (1 - 72) B(T,)

= . 1
o{B(T,) — tL}, — (1 — DB(T,)} M

1
det

surface and FINESSE, Lﬁet the downwelling radiance measured by FINESSE, B(T,) the Planck function at the
temperature of the near surface atmosphere and B(7,) the Planck function at the temperature of the surface.
However, this equation can only be applied for surfaces that act as specular reflectors due to the assumption made
that the incident angle of the downwelling radiation is equal to the viewing angle. It also makes the assumption

where € is the emissivity, L, the upwelling radiance measured by FINESSE, 7 the transmission between the

that the emission of the atmospheric layer between the surface and FINESSE can be approximated using

(1 —=@))B(T,) @

which does not hold in regions of saturated atmospheric absorption. Therefore, for this study Equation 1 was re-
derived without these two assumptions. In addition, the temperature retrieval method was updated from that used
in Warwick et al. (2024) to make the method more robust for use in a wider range of atmospheric conditions. This
updated temperature retrieval method can be used for both specular and non-specular surfaces.

Figure 2 shows the geometry of the updated retrieval method and Figure 3 summarizes the data required and
processing steps.

The spectrally resolved upwelling radiation at the surface at an angle of 6, degrees, Llurf’gl (v), is given by
Ll 0, @) = € @BT)W) + (1 — €4,()) Ly, @) ©)

where €, (v) is the emissivity at wavenumber v and viewing angle 6, B(T,)(v) the Planck function at the surface
temperature 7, and Liurf’% (v) is the downwelling radiation at the surface that is reflected into the field of view of

FINESSE. For this analysis, this radiation is represented by the radiation at a single angle 6,.

Lg (v), the upwelling radiation at the spectrometer is related to the upwelling radiation at the surface by
1

L} ) = 19, W)L} 1 5, @) + L™ () )
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Figure 2. Schematic showing the geometry of the retrieval method.

where 7, (v) is the transmission of the atmospheric layer between the surface and the spectrometer at an angle of

6, and nglyer(l/) is the emission from the layer at an angle of ;.

1

Similarly, the downwelling radiation at the surface Ly ,

(v) is given by
Ly 0, @) = 75,)L} () + Ly () )

where 7,,(v) is the transmission through the layer, Léz (v) is the downwelling radiation at the spectrometer and

ng'zyer(v) is the emission of the layer, all at an angle of 6,.

By combining Equations 3-5 and rearranging, the emissivity is given by
t | layer layer
_ L9| — Ty, T‘gzL@z - 7'-91L6’z - L€|

€9, = 1
‘ 10 {B(T,) — 79,Ly, — Ly""'}

(6)

For legibility, the dependence on wavenumber has been omitted.

When measuring the emissivity of a surface such as flat water or ice that acts as a specular reflector, the angles ¢,
and 0, can be assumed to be the same and the equation simplifies to:

T_ 27l layer __ ylayer
_ Ly —t5Ly — 1oLy Ly

6“91 ayer (7)
to{B(T,) — 7oL} — L'}

However, the assumption of specular reflection does not hold for snow surfaces. In this case the downwelling
radiance is an integral over the hemisphere defined by the snow surface, modified by the hemispherical—
directional reflectance factor which describes the proportion of downwelling radiance from each angle that is
reflected into the field of view of FINESSE (Schaepman-Strub et al., 2006). For this study, we follow the method
of Bellisario et al. (2017) and Loveless et al. (2024) and assume that the snow surface acts as a Lambertian
reflector. Therefore, provided there is an uninterrupted view to the horizon, the downwelling radiation can be
approximated by the downwelling radiation measured at a representative angle, usually 55°. If this representative
angle is not directly measured then a correction factor, y,, can be calculated using simulated radiances where
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Here L},SS is the downwelling radiation simulated at 55° and Li,a is the

downwelling radiation simulated at the measured angle (Borbas et al., 2021;
Loveless et al., 2024). This means that the emissivity of a surface that acts as a
Lambertian reflector can be found using

) | 1 1
L91 ~ 7917927/1‘91 — T"IL;zyer B Lgalyer 9)
: .
o {B(T) — t,rLj, — Ly}

€g| =

However, if the view to the horizon is interrupted, for example, by a building,
then this must also be accounted for in the downwelling radiance. This can be
approximated by estimating the fraction of solid angle subtended by the
obstruction, a, and making the assumption that the object radiates as a
blackbody at the near-surface atmospheric temperature. The effective

downwelling radiance, Liffecﬁve, can then be found using
Liffeclive = (1 - a)yLé,l + aB(Ta)’ (10)
making the final emissivity equation,
T | layer layer
L L61 - TelTezLeffective - 19|L62 - L61 11
€0, = 1 layer ( )
Tgl{B(T»") - T9zyLeffective - Lé‘z }

When retrieving surface emissivity, the up and downwelling radiance at the
spectrometer can be measured directly, the surface temperature can be
determined from the radiance measurements but the transmission and emis-
sion of the atmospheric layer between the surface and instrument must be
modeled.

3.1. Radiative Transfer Calculations

For these measurements, the transmission of the atmospheric layer between
the surface and FINESSE was modeled using the Line by Line Radiative
Transfer Model (LBLRTM) version 12.15 in horizontal mode (Clough
et al., 2005). This was done individually for each 7 min measurement cycle

using the temperature, pressure, humidity, and CO, concentration recorded by FINESSE's environmental

monitoring instruments averaged over that 7 min. The concentration of ozone was taken from the ERAS rean-
alysis at the pressure level measured by FINESSE's sensor (Hersbach et al., 2023). The total path length for the
simulations was 0.483 m for the ice surface and 0.395 m for the snow surface. The transmission was calculated

with a spectral resolution of 0.01 cm™

and apodized with the FINESSE instrument line shape (Murray

et al., 2024). Figure 4a shows an example of the calculated transmission for each viewing angle. Even over the

short path length, the modeling using LBLRTM shows significant absorption by CO, at 667 cm™" (15 pm) and

absorption by water vapor below 550 cm ™ and above 1,350 cm™ (above 20 pm and below 7.5 pm). The variation

of the transmission was at most 1% during the course of the measurements.

For the snow surface, surface correction factors were calculated using Equation 8. To do this, the downwelling
radiation was simulated using LBLRTM at angles of 55°, 50°, and 35°. The surface values for pressure, tem-
perature, humidity, and CO, measured by FINESSE and the atmospheric profiles from ERAS5 (Hersbach
et al., 2023) at the nearest grid point in space and time to the measurements were used as input. Figure 4b shows
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Figure 4. (a) Examples of the transmission through the atmosphere between the surface and Far INfrarEd Spectrometer for
Surface Emissivity for the 35° and 50° viewing angles calculated using the Line-by-line Radiative Transfer Model.
(b) Examples of the correction factors calculated for the 35° and 50° viewing angles.

these correction factors for each viewing angle. The correction factor is higher for the 35° view and for both
angles it is higher in regions of higher atmospheric transmission.

3.2. Determination of Surface Skin Temperature

Following Warwick et al. (2024), the radiance measurements were filtered to only retrieve the surface temperature
and calculate the emissivity in spectral regions where there was a good contrast between the upwelling and
downwelling radiation. This was done by filtering for regions of the spectrum where the upwelling radiation was
more than 3 mW/(m? sr cm™}) higher than the downwelling radiation. 3 mW/(m? st cm™Y) was chosen as it is the
sum of the NESR and calibration error.

The surface skin temperature was determined using a method based on that used by Murray et al. (2020), Warwick
et al. (2024), and Loveless et al. (2024). This method relies on the fact that emissivity is a smooth function of
wavenumber and that the surface temperature is constant across the wavenumber range (Salvaggio &
Miller, 2001). Therefore, the best estimate of the surface temperature can be determined by calculating the
emissivity for a range of surface temperatures and picking the value that gives the smoothest emissivity retrieval,
that is an emissivity retrieval without sharp atmospheric absorption lines. Figure 5a shows an example of ice
emissivity calculated using Equation 1 with three input temperatures, and the rest of the parameters kept the same.
Three temperatures are chosen as an illustration, but for the actual retrieval the emissivity is calculated every
0.01 K in a range of 10 K. In this case a surface temperature of —7.3°C gives the smoothest emissivity and best
compensation for the atmospheric absorption lines.

To quantify the spectral smoothness, the spectral range was divided into sections with a spectral width of 40 cm™".

40 cm™! was chosen for consistency with the water retrievals of Newman et al. (2005) and Warwick et al. (2024).
Within each 40 cm™" section, the emissivity was calculated for a range of surface temperatures. The spectral
smoothness for each surface temperature was then the standard deviation of the difference between the calculated
emissivity and a quadratic fit of the calculated emissivity. Figure 5b shows the calculated standard deviation as a
function of the input surface temperature with different colored curves representing different wavenumber bins.
The minima of the curves clustered around a common value, but, as Loveless et al. (2024) also noted, some curves
were steeper than others. These steeper curves corresponded to wavenumber bins in the far-infrared where there is
more spectral structure. A steeper curve allows for a more precise determination of the surface temperature. In
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Figure 5. An example of the surface temperature retrieval for an ice surface. (a) Shows the effect of calculating emissivity
with a range of surface temperatures. The best estimate of the surface temperature is 7.3°C which produces the smoothest
emissivity. In panel (b) the different colors represent different wavenumber bands and the standard deviation is a measure of
the smoothness of the retrieval. The minima of the curves are clustering around a common temperature which is the best
estimate of the surface temperature. The process for determining the curve width is also shown. (c¢) The retrieved surface
temperature in each wavenumber section as a function of wavelength. The error bars show the curve width. The retrieved

surface temperature is shown by the horizontal line.
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contrast, above 800 cm™' changing the input surface temperature has a much smaller effect on the smoothness of
the emissivity retrieval (see Figure 5a) due to the lack of atmospheric lines in this region of the spectrum. This
leads to more variation in the locations of the curve minima in Figure 5b and shallower curves. The steepness of
the curves was quantified using a method similar to that proposed by Loveless et al. (2024) where the “curve
width” was calculated as the change in input surface temperature required to increase the standard deviation by
1.5%. As the curve width is a relative measurement, the value of 1.5% is arbitrary. However, changing the value
leads to a change in retrieved surface temperature an order of magnitude lower than the total uncertainty in the
retrieved temperature. Figure 5b shows a graphical representation of the determination of the curve width.
Figure 5¢ shows the retrieved surface temperature in each 40 cm™" bin with the error bars showing the corre-
sponding curve width. The final retrieved surface temperature was then calculated as the average of the retrieved
surface temperatures in each 40 cm™" bin, weighted by

1

_ . (12)
(curve width)?

The final retrieved surface temperature for this example is shown by the horizontal line in Figure 5c. As expected
from the sensitivity of the emissivity to changes in surface temperature shown in Figure 5a and the widths of the
curves in Figure 5b, the far-infrared portion of the spectrum has a larger influence on the final retrieved surface
temperature.

3.3. Uncertainty Analysis

The uncertainty in the retrieved emissivity and surface temperature was found by perturbing each of the input
parameters to Equation 11 and then rerunning the full temperature and emissivity retrieval, following the same
procedure described in Warwick et al. (2024). For both the ice and snow samples, the applied perturbations were:
the FINESSE NESR and calibration uncertainty; the uncertainty in the transmission between FINESSE and the
surface caused by both the measurement error of the Vaisala PTU300 and GMP343 and the atmospheric vari-
ability over each 7 min cycle; and the uncertainty in the surface temperature retrieval, determined by the un-
certainty in the fit of the retrieved surface temperature.

For the snow case we considered two additional sources of uncertainty. The first was an uncertainty of 5° in the
angle of the simulated downwelling correction, chosen to cover the range of suggested values in literature
(Bellisario et al., 2017). The second source of uncertainty was uncertainty in the proportion of the sky view that
was obstructed by the ALOMAR observatory. The unperturbed emissivity value was calculated assuming that
this proportion was zero. Given the size of the observatory and distance from the snow sample, the uncertainty in
emissivity was calculated using an obstructed proportion of 20%.

The total uncertainty in the surface temperature was the change in surface temperature caused by each pertur-
bation added in quadrature. Likewise the total uncertainty in emissivity was the change in retrieved emissivity
caused by each perturbation added in quadrature.

4. Results and Discussion
4.1. Surface Temperature

Figure 6 shows the measured air temperature and retrieved surface temperature. The error bars show the un-
certainty determined in Section 3.3. The retrieved snow surface temperature was cooler than the air temperature
and fluctuated rapidly over a range of around 3°C during the course of the measurements, matching the fluc-
tuations in the air temperature. The fast acquisition time of FINESSE allowed the fluctuations to be resolved. The
ice surface was warmer than the air temperature and the temperature retrieved at each angle decreased with time.
This indicated that the ice sample had not yet reached equilibrium with the outside environment and was still
cooling when the measurements were undertaken. Some liquid water was also visible below the ice surface
however the ice was sufficiently thick that it would have been opaque to the infrared radiation. The temperature
retrievals at 35° were around 4°C warmer than the earlier retrievals at 50°. This could either have been an artifact
of the retrieval method that occurs when undertaking retrievals at a range of angles or it could have been caused
by FINESSE viewing two different parts of the ice sample with two different surface temperatures. Later
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Figure 6. The retrieved surface temperature for the snow (black/gray) and ice (red/orange) retrievals. The solid black line shows the near surface air temperature

recorded by FINESSE's PTU300.

investigation of a different ice sample indicated the presence of liquid water under only part of the ice sample
could cause this magnitude of temperature variation. However, in this case, since there were no independent
surface temperature measurements, it was not possible to determine which explanation was correct. This should
be investigated through further measurements of ice emissivity at a variety of angles in combination with in-
dependent measurements of the surface temperature, for example, by using a thermal camera.

4.2. Retrieved Emissivity

Figure 7 shows the retrieved emissivity for the ice and snow samples. The error bars show the results of the
uncertainty analysis described in Section 3.3. The ice sample shows a variation of around 0.07 over the spectral
range and a measurable angular dependence. The emissivity of ice is temperature dependent (Wang et al., 2024)
however the difference in emissivity with view angle is much larger than the difference in emissivity expected due
to the different surface temperatures retrieved for the two viewing angles. Therefore the difference in emissivity
can be attributed to the viewing geometry. This has implications for FORUM and PREFIRE because the surface
topography and view angle will affect the surface emissivity. This could impact both the surface emissivity and
atmospheric retrievals from these satellites and should be investigated further. There is a much smaller variation
in emissivity with wavenumber for the snow sample but the emissivity of the snow is below one at wavenumbers

—1

lower than 900 cm™ . There is a suggestion that the emissivity depends on viewing angle, particularly around

800 cm ™', however this variation is smaller than the measurement uncertainty.

Figure 8 shows the uncertainty for the emissivity retrievals separated by source of uncertainty. The downwelling
correction and obstruction correction are only applied to the diffusely reflecting snow surface. The assumed
uncertainty in these corrections makes the largest contribution to the total uncertainty associated with the snow
emissivity retrievals. This suggests that the snow emissivity retrieval could be most easily improved by better
control or characterization of the downwelling radiance, for example, by shielding the sample from buildings. The
next largest source of uncertainty for the snow case, and the largest source of uncertainty for the ice case is the
NESR. This increases significantly below 500 cm™" and also increases above 1,000 cm™" and suggests that the
uncertainty in the retrieval could be reduced by measuring for a longer period of time given stable conditions.
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Figure 7. (a) Retrieved ice emissivity at viewing angles of 35° and 50°. The error bars show the uncertainty calculated in
Section 3.3. The solid lines and shading show the modeled emissivity calculated using the refractive indices of Warren and
Brandt (2008) and the dashed lines show the emissivity modeled using the temperature depended refractive indices from
Wang et al. (2024). (b) The retrieved snow emissivity with the uncertainty calculated in Section 3.3.

5. Comparison to Modeling
5.1. Ice

The emissivity of a spectral reflector such as flat ice can be modeled using Fresnel equations, as long as the
complex refractive indices are known (Masuda et al., 1988). In this case the reflectance, p, which is 1 minus the
emissivity, can be calculated based on the viewing angle and refractive index:

(@ ol + i)

p(n,0) = 2 , (13)

where n is the complex refractive index, 6 is the viewing angle, and r and r, are the complex reflectances

polarized parallel and perpendicular to the plane of incidence. These are given by:

ncos § — cosd’
= "7 14
"l ncos 6 + cosd’ (14)
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case and (c, d) show the snow case.

cos @ — n cosd’

= 15
L7 cos @+ ncost’ (15)
where 60’ is the angle of refraction and is related to 6 by
. .
sin@’ = —sin 0. (16)
n

Figure 7a shows the retrieved emissivity compared to the emissivity calculated using the refractive indices of
Warren and Brandt (2008) and Wang et al. (2024). The Wang et al. (2024) refractive indices are temperature
dependent and so have been plotted at the average retrieved surface temperature for each view angle. The shading
around the lines represents the uncertainty in the modeled emissivity caused by the uncertainty in the Warren and
Brandt (2008) refractive indices. The two sets of refractive indices produce modeled emissivities that are almost
identical. The modeled and retrieved emissivity agree well with a maximum difference of 0.005 at 1,200 cm™".
The spectral and angular variation of the emissivity is well captured. Above 1,000 cm™" for both viewing angles
and around 550 cm™" for the 50° viewing angle the difference between the modeled and retrieved emissivity is
greater than the total uncertainty in the retrieved emissivity calculated in Section 3.3; however, it should be noted
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Figure 9. (a, b) The average difference between the modeled and measured emissivity for different values of filling factor and
effective radius. Panel (a) shows the 35° viewing angle and panel (b) shows 50°. (c, d) The measured and modeled emissivity
for a range of radii and filling factors. Panel (c) shows the 35° viewing angle and (d) shows 50°.

that these uncertainties in the retrieved emissivity represent an uncertainty of 1 standard deviation in the input
parameters. A possible explanation for this could be the surface roughness increasing the emissivity of the ice
sample (Masuda et al., 1988).

5.2. Snow

For snow surfaces, this paper uses the model of snow emissivity developed by Chen et al. (2014) that is incor-
porated into the Huang et al. (2016) emissivity database. The inputs to the snow emissivity model are the snow
effective grain size and the filling factor. The model calculates the single-scattering parameters for the snow
grains based on the assumption that the particles have the refractive indices of ice, are spherical and their sizes are
distributed log-normally. The optical properties are calculated using Mie theory and then a “static structure
factor” correction is applied that accounts for the dense packing of the grains (Mishchenko, 1994; Mishchenko &
Macke, 1997). The resultant single-scattering parameters are then used as input to the Hapke (1993) emissivity
model.

This is sufficient to model small snow grain sizes, but for large snow grain sizes the effect of surface welding is
also taken into account. This is done by calculating the emissivity twice, once using the method for small snow
grains and once using the Fresnel equations for specular reflectance. The output is a weighted average of the
emissivity calculated using both methods with the weighting chosen so that the resulting emissivity matched the
mid-infrared emissivity measured by Hori et al. (2006).

The snow emissivity calculated using the model was compared to the retrieved snow emissivity for a range of
filling factors and effective radii. Figure 9 shows the difference between the retrieved and modeled emissivity for
each combination of model input parameters for each viewing angle. This was done by calculating the absolute
difference between the retrieved and modeled emissivity and dividing this by the retrieval uncertainty. This was
then averaged over the spectral range to give the values shown in Figures 9a and 9b. There were a range of model
inputs that resulted in similar agreement with the measurements. These ranged from solutions with a low effective
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radius and low filling factor to solutions with a higher filling factor and effective radius. Figures 9c and 9d show
the best-fit emissivity and two other examples of modeled emissivity that illustrate the range of plausible pa-
rameters. The top row shows the 35° view angle and the bottom row shows the 50° view angle.

There was good agreement between the best fit parameters for the two view angles with an average effective
radius of 45 microns and filling factor of 0.87 microns. This was expected as the same snow sample was viewed at
both angles. These parameters suggested the sample was dense snow with small crystals. This crystal size agreed
qualitatively with the small crystals seen in Figure 1d, however the photographs taken of the snow surface did not
have sufficient resolution to provide an independent constraint on crystal size. It should also be noted that no
combination of input parameters could match the measured emissivity across the whole spectral range. The
largest differences were seen above 1,000 cm™' where the measured snow emissivity was higher than the modeled
emissivity. This has been observed previously when comparing this model to the measurements of Hori
et al. (2006). One possible explanation for this difference could be that the emissivity retrieval method assumes a
constant penetration depth and therefore skin temperature across the spectral range of FINESSE. However,
change of skin temperature with depth was ruled out as a possible cause for the difference as the penetration depth
of the radiation only varies by approximately 30 microns over this spectral range. This meant that the temperature
gradient required to match the measurements with the model was unrealistically high. However we can't rule out
other penetration depth related effects. From the modeling perspective, differences may be due to assumptions
about the snow grain sizes and shapes used in the calculation. The mie-scattering approach assumes spherical
particles which may not be realistic enough. Alternatively, the static structure factor, which is used to account for
the packing of the grains, becomes weaker as the wavenumber increases which may contribute to the difference
seen. However further investigation is required to understand these differences fully.

6. Conclusions and Next Steps

In conclusion this paper demonstrates the retrieval of snow and ice emissivity in the wavenumber range 400—
1,200 cm™!. This was carried out using data taken during the first deployment of the recently developed
FINESSE instrument to an Arctic environment. This demonstrates that FINESSE can perform well under harsh
Arctic operating conditions, highlighting its suitability for further deployments to similar locations. The retrieval
of snow emissivity required the improvement of the emissivity and temperature retrieval methods beyond those
described in Warwick et al. (2024). This method is now ready to be applied to emissivity measurements from a
variety of targets under a broad range of atmospheric conditions.

The retrievals of ice emissivity agree well with simulated emissivity calculated using the refractive indices of
Warren and Brandt (2008) and Wang et al. (2024) and show clear variation with both wavenumber and viewing
angle. The retrieved snow emissivity also shows spectral variation and is measurably below 1 between 450 and
900 cm™". This shows that the assumption made by some climate models that snow emissivity is 1 or a constant
value is not realistic. Using the Chen et al. (2014) model for snow emissivity it was not possible to find a set of
model parameters that led to a match between the measured and modeled emissivity within the retrieval un-
certainty across the whole spectral range. The lack of sufficient independent measurements of the snow properties
means that this difference can not be investigated further in this publication. The emissivity predicted by the Chen
et al. (2014) model is also independent of the snow skin temperature however, the ice refractive indices that are
one of the inputs to the model are weakly dependent on the temperature. Therefore, further work is needed to
complete a rigorous comparison between measured snow emissivity in the far-infrared and this widely used
emissivity model.

This evaluation should be performed by measuring snow emissivity over a greater range of snow grain sizes,
densities, temperatures, and viewing angles than was possible during the Andgya campaign. The uncertainty
levels of the emissivity retrievals shown in this paper are sufficient to differentiate between the emissivity of fine
and coarse snow (Chen et al., 2014, Figure 2) showing the more extensive measurements from FINESSE would
be suitable for performing this evaluation. This should also involve an improved method for measuring the size of
the snow crystals. One possibility is to use an instrument designed to measure the snow specific surface area with
greater accuracy and precision. Snow specific surface area is the surface area to volume ratio of a snow crystal and
can be used as an input into the snow emissivity model. Delivering a fully observationally validated model which
links the microphysical properties of snow to its radiative properties in the far-infrared is vital for accurate
modeling of the climate and for successful atmospheric retrievals from the PREFIRE and FORUM satellites.
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