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Abstract. In this paper, we describe a method for retriev-
ing the surface emissivity of specular surfaces across the
wavenumber range of 400-1600 cm™! using novel radiance
measurements of the Far-INfrarEd Spectrometer for Surface
Emissivity (FINESSE) instrument. FINESSE is described in
detail in Part 1 (Murray et al., 2024) of this paper. We ap-
ply the method to two sets of measurements of distilled wa-
ter. The first set of emissivity retrievals is of distilled water
heated above ambient temperature to enhance the signal-to-
noise ratio. The second set of emissivity retrievals is of am-
bient temperate water at a range of viewing angles. In both
cases, the observations agree well with calculations based on
compiled refractive indices across the mid- and far-infrared.
It is found that the reduced contrast between the up- and
downwelling radiation in the ambient temperature case de-
grades the performance of the retrieval. Therefore, a filter is
developed to target regions of high contrast, which improves
the agreement between the ambient temperature emissivity
retrieval and the predicted emissivity. These retrievals are, to
the best of our knowledge, the first published simultaneous
retrievals of the surface temperature and emissivity of water
that extend into the far-infrared and demonstrate a method
that can be used and further developed for the in situ retrieval
of the emissivity of other surfaces in the field.

1 Introduction

The emissivity of a surface is the ratio between the elec-
tromagnetic radiation emitted by that surface and the elec-
tromagnetic radiation emitted by a blackbody (BB) at the
same temperature. Emissivity is a spectrally varying property
that depends on many factors, including surface composition,
roughness, temperature, and viewing angle (Li et al., 2013).
Accurate knowledge of the Earth’s surface emissivity in the
infrared, particularly across the atmospheric window (833 to
1250cm™!; 8 to 12 um), is essential for our understanding
of the top-of-the-atmosphere energy budget because it influ-
ences how the planet radiatively cools to space. The surface
emissivity is also vital for determining the surface energy
budget, which governs the exchanges of heat and water at
the surface (Liang et al., 2019).

The Earth’s surface emissivity is well known in the at-
mospheric window through retrievals from many previous
in situ and satellite measurements. For example, the Ad-
vanced Spaceborne Thermal Emission Reflection Radiome-
ter (ASTER) Global Emissivity Dataset, compiled from data
from the ASTER instrument on board NASA’s Terra satel-
lite, covers the globe at a resolution of 100 m (Hulley et al.,
2015). There are also libraries of spectrally resolved emis-
sivity values for a range of surface types — for example, the
ECOsystem and Spaceborne Thermal Radiometer Experi-
ment on Space Station (ECOSTRESS) spectral library, which
comprises laboratory measurements of over 3000 material
samples, including soil, vegetation, water, synthetic surfaces,
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and lunar materials (Meerdink et al., 2019). The measure-
ments in the ECOSTRESS library are available over a vari-
ety of spectral ranges; however, the ECOSTRESS library and
other emissivity libraries do not extend into the far-infrared
due to a lack of emissivity measurements at wavenumbers
below 667 cm™! (wavelengths greater than 15 um). This lack
of measurements is of particular concern as theoretical stud-
ies have shown that including spectrally resolved far-infrared
emissivity values in radiative transfer calculations can have a
discernible impact on the outgoing longwave radiation (Feld-
man et al., 2014; Huang et al., 2016) and thus affect estimates
of the Earth’s top-of-the-atmosphere energy balance.

There are only a handful of existing far-infrared surface
emissivity measurements, and most of these are of snow
and ice surfaces. These include two sets of measurements
from ground-based instruments and a set of airborne mea-
surements. One set of ground-based measurements was car-
ried out using the Far-Infrared Radiation Mobile Observa-
tion System (FIRMOS) instrument as a small part of a large
winter campaign at the Zugspitze Observatory in the Ger-
man Alps (Palchetti et al., 2020a). Measurements of surface
emissivity were made for several snow types and were ac-
companied by the characterization of the snow surfaces. The
results show that the emissivity varies with the snow proper-
ties. This is expected given that the measured emissivity of
snow in the mid-infrared varies with snow properties (Hori
et al., 2006), and modelling indicates that this also occurs
in the far-infrared (Chen et al., 2014). However, the view-
ing geometry of FIRMOS made these measurements diffi-
cult to undertake as the instrument is designed for zenith
and nadir measurements rather than the slant paths required
to minimize the effects of instrument self-emission during
in situ emissivity retrievals. Ground-based measurements of
ice in the far-infrared have also been reported by Borbas et
al. (2021) using the Absolute Radiance Interferometer. This
paper also reports measurements of the emissivity of pine
needles and sand. Finally, retrievals of snow and ice emis-
sivity were carried out using airborne measurements made
by the Tropospheric Airborne Fourier Transform Spectrom-
eter. This was done using data from both a low-altitude flight
over the Greenland ice sheet (Bellisario et al., 2017) and a
high-altitude flight over roughly the same area (Murray et
al., 2020). The results from the low- and high-altitude flights
agree within the measurement uncertainty and demonstrate
the potential for the measurement of far-infrared emissivity
from a satellite platform. This is further supported by the-
oretical studies in preparation for two far-infrared satellite
missions, NASA’s Polar Radiant Energy in the Far-Infrared
Experiment (PREFIRE) (L’Ecuyer et al., 2021) and the Eu-
ropean Space Agency’s Far-Infrared Outgoing Radiation Un-
derstanding and Monitoring (FORUM) mission (Palchetti et
al., 2020b), which have demonstrated successful retrievals of
far-infrared surface emissivity in cloud-free conditions with
low total column water vapour (Xie et al., 2022; Ben-Yami
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et al., 2022). The need for good knowledge of the a priori
surface emissivity was also highlighted.

Opverall, there is a clear need for further measurements of
surface emissivity that extend into the far-infrared. In order to
address this gap in measurements and provide a priori knowl-
edge for emissivity retrievals across the far-infrared, the Far-
INfrarEd Spectrometer for Surface Emissivity (FINESSE)
has been developed at Imperial College London. FINESSE
is designed to make in situ measurements of emissivity in
the wavenumber range of 400—1600 cm™! (6.3-25 um). The
instrument is portable and able to view scenes over a con-
tinuous range of angles from nadir to zenith. A detailed de-
scription of the instrument is provided in Part 1 of this paper
(Murray et al., 2024). In this part, Part 2, we demonstrate
how FINESSE can be used to retrieve surface emissivity, fo-
cusing specifically on distilled water. In the next section, we
describe our retrieval approach and discuss how the emissiv-
ity of distilled water can be theoretically modelled. Next, we
describe the two sets of measurements used in this study, the
first using a heated water surface to enhance the signal-to-
noise ratio and the second investigating angular dependence.
The Results section details the emissivities retrieved from
these measurements. In both cases, we consider the various
sources of error and make a comparison to the corresponding
theoretical calculations. Conclusions are drawn in the final
section.

2 Methodology
2.1 Emissivity retrieval

We have chosen to adapt an emissivity retrieval method that
has been successfully applied for the retrieval of surface
emissivity in the mid-infrared using high-resolution spectra
(Newman et al., 2005; Fiedler and Bakan, 1997; Smith et
al., 1996). This method has been used to retrieve the sur-
face emissivity of water at different temperatures and salin-
ities using observations from several mid-infrared interfer-
ometers. Measurements were made in the lab, from aircraft,
and in situ from data taken from an oceanographic cruise.
The method has recently been adapted for the retrieval of far-
infrared snow and ice emissivity from aircraft measurements
(Bellisario et al., 2017). The method involves the measure-
ment of upwelling radiation from the surface under study as
well as direct measurement of the downwelling radiation and
determination of the transmission between the surface un-
der study and the detector. Figure 1 shows the geometry of
this measurement technique. Selecting this method allows us
to make in situ measurements without disturbing the surface
that is being measured.

Following the derivation by Newman et al. (2005), the up-
welling radiance from a surface, L, which is a function
of the viewing angle, 6, is composed of a thermal emission
term and a component of reflected radiation, both of which
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Figure 1. A schematic showing the geometry of the emissivity re-
trieval method.
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B(T5) is the Planck function at surface temperature, Ts. Ljurf
and € are both functions of the viewing angle, and all values
are spectrally dependent. However, when measuring surface
emissivity, we must also consider the absorption and emis-
sion of the atmosphere between the surface and the detector.
Therefore, the upwelling radiance measured by the detector,

Lget(e), becomes

where LY .is the downwelling radiation at the surface and
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where 7 is the transmission and E7(6) the upwelling emis-
sion of the atmospheric layer between the surface and the
spectrometer. Similarly, the downwelling radiation at the sur-
face differs from that measured by the spectrometer:

LY (0) = T(O) LY (0) + EX0). 3)

where EV(0) is the downwelling emission of the layer be-
tween the detector and the surface. During our in situ mea-
surements, the distance between the spectrometer and the
surface is at most a few metres, so for these distances we as-
sume that the atmosphere is homogeneous and isothermal, in
which case the up- and downwelling emissions are the same
and can be written as

ET®)=EY©®) = (1—1(9)) BTy, )

where B(T,) is the Planck function at the average tempera-
ture of the atmospheric layer, 7,. By rearranging the above
equations, we find the following expression for surface emis-
sivity:
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Accurately and precisely determining the surface skin
temperature is a vital part of the retrieval process. Numerous
algorithms have been developed to do this when determin-
ing emissivity in the mid-infrared (e.g. Salvaggio and Miller,
2001). However, many of these techniques make the assump-
tion that the transmission between the surface and the detec-
tor is 1, which is not appropriate for the far-infrared, where
there is strong water-vapour absorption. Therefore, in this
study, we use the surface temperature retrieval method de-
scribed by Newman et al. (2005). This method relies on the
spectral smoothness of the surface emission but takes into
account the atmospheric path between the surface and the in-
strument. This is done by noting that Ljurf is composed of
emitted surface radiation, which is a smoothly varying func-
tion, and reflected sky radiation, which has spectral features.
Therefore, it should be possible to find a value for the re-
flectance, p, such that

Lt = PLyr = €B(TY) (©)

is a smooth function. By splitting Eq. (6) into small
wavenumber intervals, o can be taken as constant within
each wavenumber interval. Substituting in definitions from
Egs. (2), (3), and (4), Eq. (6) can be rewritten as

1
~{Lla— =BT} o [rLi+ 1 -DBT)}
=eB(Ty). @)

As this equation should still represent a smooth function,
the value of p can be altered in each wavenumber interval
to minimize the root mean square difference between the
left-hand side of the equation and a quadratic fit of the left-
hand side of the equation. The average emissivity for the
wavenumber band is 1 — p. Therefore, the right-hand side
of the equation can be used to determine the surface tem-
perature by inverting the Planck function. The retrieved tem-
perature is then taken as the average of the retrieved tem-
perature in each wavenumber interval. We choose to retrieve
the surface temperature in the wavenumber range of 800 to
1200 cm™~! using intervals with a width of 40 cm™!. This is
to minimize errors caused by mischaracterization of the at-
mosphere in between the surface and the instrument.

2.2 Modelling emissivity

The emissivity of surfaces that act as specular reflectors, such
as water or ice, can be modelled using Fresnel equations.
This relies on the knowledge of the complex refractive in-
dices of the material (Masuda et al., 1988). The reflectance,
p, can be expressed as a function of viewing angle and re-
fractive index as follows:

2
(Iyu >+ Inlz)

p(n.0) = ——F——, ®)
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where n is the complex refractive index, 6 is the viewing an-
gle, and y and y, are the complex reflectances polarized
parallel and perpendicular to the plane of incidence and are
given by

ncos —cos6’

V= 9

ncosf 4 cosf’’

cosd —ncosf’
_ Sk 10
Vi cosf +ncos6’ (10

where 0’ is the angle of refraction and is related to 6 by
SV
sinf’ = —sind. (1)
n

We choose to use distilled water to develop and demon-
strate the first emissivity retrievals using FINESSE. To the
best of our knowledge, there are no published simultane-
ous retrievals of the emissivity and surface temperature of
distilled, fresh, or seawater that extend into the far-infrared.
Furthermore the performance of the retrieval can be assessed
through comparison to Fresnel calculations carried out us-
ing published refractive index measurements. These refrac-
tive index measurements have been compiled by various
sources, including Hale and Querry (1973), Downing and
Williams (1975), Bertie and Lan (1996), and Max and Cha-
pados (2009). Figure 2 shows the real and imaginary parts
of these refractive indices for a temperature of 298 =2 K.
The differences between the different compilations are larger
for the real part of the refractive index, particularly below
600 cm™~!. For the imaginary part, the largest differences are
seen below 800 cm™!. These compilations use data acquired
using a range of measurement techniques that are distinct
from our in situ emissivity measurements. Uncertainty val-
ues for these refractive indices are only given by Downing
and Williams (1975) and Bertie and Lan (1996). These un-
certainty values are shown as the orange and green shading
around the respective lines. All values agree within the un-
certainty values of the Bertie and Lan (1996) compilation.

3 The undertaken measurements

FINESSE was installed on the rooftop of Imperial College on
11 February and 17 March 2022 under clear-sky conditions
(Warwick et al., 2024). Clear-sky conditions were selected
to ensure the homogeneity and stability of the downwelling
radiance over the course of the measurements. On 11 Febru-
ary, measurements took place between 09:30 and 10:30 UTC.
Over the course of the hour, the ambient air temperature in-
creased from 278 to 280.5 K, and the relative humidity fluc-
tuated between 75 % and 65 %, with a general downward
trend (Fig. 3a). A Grant Instruments T100 water bath was
filled with distilled water and placed in the field of view of
FINESSE. The surface of the water was 22.6 cm below the
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Figure 2. (a) Real and (b) imaginary refractive indices from Hale
and Querry (1973), Downing and Williams (1975), Bertie and Lan
(1996), and Max and Chapados (2009). The orange and green shad-
ing represents the quoted uncertainty values from Downing and
Williams (1975) and Bertie and Lan (1996), respectively.

height of the FINESSE pointing mirror. Prior to the start of
radiance measurements, the water was heated to a tempera-
ture of 303 K using the water bath. The water bath was then
turned off and the water was allowed to naturally cool until
all visible mist had dissipated from the surface of the wa-
ter. The water then continued to cool from a temperature of
roughly 294 to 290 K over the course of the hour. FINESSE
made radiance measurements in the pre-programmed mea-
surement sequence: hot blackbody (HBB), ambient black-
body (ABB), water surface at 45°, HBB, ABB, water surface
at 45°, HBB, ABB, and clear sky at 135°. Figure 4a shows a
photograph of the setup.

The 17 March measurements took place over 3h 30 min
between 08:30 and 12:00 UTC. Over the course of the mea-
surements, the ambient atmospheric temperature increased
from 278 to 287 K, and the relative humidity decreased from
70 % to 40 %; see Fig. 3c. The distilled water was held in a
long tray 28.3 cm below the pointing mirror. Measurements
were made of the water surface at angles of 50°, 60°, and
70°, accompanied by measurements of the calibration targets
and views of the downwelling radiance following the same
sequence as the February measurements. The 50° measure-
ments were undertaken between 08:55 and 09:50 UTC, the
60° measurements between 10:00 and 10:50 UTC, and the
70° measurements between 11:00 and 11:55 UTC. Figure 4b
shows a photograph of the setup.

4 Results
4.1 Emissivity retrieval on 11 February

Figure 5a shows the average spectra recorded for the down-
welling sky view and upwelling water view over the course of
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Figure 3. (a) The air temperature, water surface temperature, and
humidity during the 11 February measurements. (¢) The mea-
sured pressure and CO, concentration during the measurements
on 11 February. (b, d) The same as in panels (a) and (c¢) but for
17 March.

the measurements. The upwelling spectrum is higher than the
downwelling spectrum across the whole spectral range. This
contrast is because the water was heated above the ambient
atmospheric temperature. The variability in the downwelling
spectra was also plotted (not shown); this confirmed that the
downwelling radiance was consistent during the emissivity
retrieval.

Figure 5b and ¢ show the uncertainty in the measured up-
and downwelling spectra due to uncertainty in the tempera-
ture and emissivity of the FINESSE blackbody cavities and
the FINESSE noise-equivalent spectral radiance (NESR).
The NESR is associated with the instrument detector noise
and is spectrally uncorrelated. The NESR can be calculated
from the difference in consecutive calibrated radiance spec-
tra on the assumption of an unchanging scene. For a fixed
instrument configuration, throughput, resolution, and acqui-
sition time, the NESR is scene-independent; however, being
spectrally uncorrelated, it can be reduced by averaging spec-
tra. The radiance uncertainty in the calibrated spectra, due to
the temperature and emissivity uncertainties in the blackbody
cavities, was calculated for each spectrum, this uncertainty is
scene-dependent and spectrally correlated, and it cannot be
reduced by averaging. Details of the uncertainty determina-
tion can be found in Part 1 of this paper (Murray et al., 2024).

The transmission through the atmospheric path between
the water surface and FINESSE was calculated using ver-
sion 12.10 of the Line-by-Line Radiative Transfer Model

https://doi.org/10.5194/amt-17-4777-2024
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Figure 4. Photograph of the setup for FINESSE to make measure-
ments of water emissivity on (a) 11 February and (b) 17 March. The
ripples seen on the surface of the water bath in panel (a) are caused
by the heating action of the water bath and were not present when
the measurements were made. The green screen in panel (b) was
used to shield the water surface from the breeze, again, to ensure
the surface was flat.

(LBLRTM) (Clough et al., 2005). A separate transmission
was calculated for each water view made by FINESSE. Val-
ues for temperature, pressure, humidity, and CO; concen-
tration were taken from FINESSE’s auxiliary measurements
(Fig. 3). The path length was calculated using the viewing
angle and height of the FINESSE pointing mirror above the
water surface. For these measurements, the path length was
32 cm. The simulations were carried out at a resolution of
0.01 cm™! and then apodized with the FINESSE instrument
line shape, which is described in Murray et al. (2024). The
average simulated and apodized transmission is shown in
Fig. 6a. Despite the short path length, absorption can be seen
by CO, at 667 cm™! and water vapour below 700 and above
1300cm .

The surface temperature and then emissivity were re-
trieved for each water view using Eqgs. (7) and (5), respec-
tively. The individual emissivity retrievals were then aver-
aged across all water views. This averaged emissivity is
shown at full spectral resolution in Fig. 6b and is compared to
the emissivity calculated using the refractive indices shown
in Fig. 2. There is good agreement between the retrieved

Atmos. Meas. Tech., 17, 4777-4787, 2024
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Figure 5. (a) Average up- and downwelling spectra measured on
11 February. (b) Average uncertainty in the upwelling spectra cal-
culated using the methods from Murray et al. (2024). (¢) Average
uncertainty in the downwelling spectra.

emissivity and the emissivity predicted using the Fresnel
equations. The differences in predicted emissivity due to the
different sets of refractive indices are smaller than the scatter
in the retrieved emissivity. Below 500 and above 1300 cm™L,
the scatter of the retrieved emissivity increases. As emissiv-
ity is a smooth function of wavenumber, this scatter indicates
poorer performance of the retrieval. The signature of the CO,
band at 667 cm™! is also visible in the emissivity retrieval.
These are regions of the spectrum where the transmission is
lower (Fig. 6a) and there is less contrast between the up- and
downwelling radiance measurements (Fig. 5a), so it is intu-
itive that the emissivity retrieval would perform less well in
these conditions.

The uncertainty in the retrieved emissivity was then esti-
mated. This was done by perturbing each of the input pa-
rameters of Eq. (5) individually and then re-running the sur-
face temperature and emissivity retrieval. Table 1 lists the
size and origin of the perturbations applied to each input pa-
rameter. The difference between the perturbed emissivity and
the original emissivity was then calculated to give the error
in the retrieved emissivity. The error in the retrieved emis-
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Figure 6. (a) Average transmission between the surface and FI-
NESSE calculated using LBLRTM and apodized using the FI-
NESSE instrument line shape. (b) Retrieved emissivity at 45° and
the theoretical emissivity calculated using the refractive indices
shown in Fig. 2.

sivity was spectrally averaged into bins that are 10cm™! in
width and is shown in Fig. 7a and b. The retrieved emissivity
has the lowest error in the atmospheric window between 800
and 1200 cm™". In this region, the largest contribution to the
emissivity uncertainty is uncertainty in the surface tempera-
ture retrieval, followed by the effect of the NESR on the up-
welling spectrum. Below 800 and above 1200 cm™!, the un-
certainty in the retrieved emissivity increases for all sources
of uncertainty. Intuitively, this can be thought of as a conse-
quence of the reduced contrast between the up- and down-
welling spectra that are measured by FINESSE, and this can
also be seen by examining Eq. (5§). The NESR dominates the
uncertainty below 550 and above 1350 cm™!, suggesting that
the error in future retrievals could be reduced further in these
spectral regions by extending the measurement time.

The total uncertainty for the emissivity retrieval was cal-
culated by summing all sources of error in quadrature. Fi-
gure 7c¢ shows the final emissivity retrieval and associated er-
ror averaged in bins that are 10 cm™! in width. The solid lines
show the theoretical emissivity calculated using the refractive

https://doi.org/10.5194/amt-17-4777-2024
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Table 1. Perturbations applied to each of the input parameters in Eq. (5).
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Input parameter

Perturbation cause

Perturbation value

Upwelling radiance spectrum Temperature uncertainty in blackbody See Fig. 5b
calibration targets

Upwelling radiance spectrum NESR See Fig. 5b

Downwelling radiance spectrum  Temperature uncertainty in blackbody See Fig. 5¢
calibration targets

Downwelling radiance spectrum  NESR See Fig. 5¢

Up- and downwelling radiance
spectra

Uncertainty in the emissivity of blackbody
calibration targets

See Fig. 5b and ¢

Transmission

Uncertainty in the simulation of
the intervening atmosphere caused
by uncertainty in the pressure,
temperature, humidity, and

Accuracy of Vaisala PTU300 and GMP343:

—0.15hPa
-03K
— 1%+ 0.008 x reading

CO, measurements

—3ppm+ 0.01 x reading

Surface temperature

Precision of the computational method
used to retrieve the surface temperature

0.025K
(Warwick, 2023)

indices from Fig. 2. There is good agreement between the
predicted and retrieved emissivity below 1400cm™!, which
gives confidence in our emissivity retrieval technique.

4.2 Emissivity retrieval on 17 March - angular
dependence

Figure 8 shows the average upwelling and downwelling ra-
diances for the three viewing angles measured. As the view-
ing angle of the downwelling radiation decreases from 130°
to 110°, the measured downwelling radiance increases. This
is due to the increased path length through the atmosphere.
The increase in downwelling radiation is particularly no-
ticeable in the far-infrared micro-windows between 500 and
600cm~!. The upwelling radiation shows more noticeable
atmospheric features as the upwelling viewing angle in-
creases. This could be because either the emissivity decreases
as the viewing angle increases, leading to a larger proportion
of the downwelling radiation being reflected into the instru-
ment field of view, or more noticeable atmospheric features
are caused by the longer path length between the surface and
the instrument. The measurements taken on 17 March dif-
fer from those taken on 11 February because, for these mea-
surements, the water was at ambient temperature rather than
heated. This difference can be seen in the reduced contrast
between up- and downwelling spectra, particularly in the far-
infrared.

The emissivity of water at the three viewing angles was
retrieved in the same manner as in Sect. 4.1 and is shown
at full spectral resolution by the grey triangles in Fig. 9.
This is compared to the emissivity calculated using the re-
fractive indices shown in Fig. 2. There is good agreement

https://doi.org/10.5194/amt-17-4777-2024

between the predicted and retrieved emissivity between 750
and 1250 cm~!. Below 750 and above 1250 cm™!, the scat-
ter in the retrieved emissivity increases, indicating that the
emissivity retrieval is less successful in these regions. Ad-
ditionally, some retrieved emissivity values are nonphysical.
This highlights the difficulty of retrieving surface emissivity
when there is low contrast between the up- and downwelling
radiation. We therefore applied a filter to target the regions
in the far-infrared where there was good contrast between
the up- and downwelling radiation by retrieving the emis-
sivity in regions where the upwelling radiation was at least
3mWm 2 sr~! (em™!)~! higher than the downwelling radi-
ation. In the far-infrared, this has the consequence of retriev-
ing the emissivity in the far-infrared micro-windows. The
cutoff value of 3mWm 2sr— ! (cm™')~! was chosen as a
compromise between retaining data in the far-infrared and
removing nonphysical values. The effect of this filtering is
shown in Fig. 9 by the black triangles. We retain this ap-
proach in the following analysis.

The uncertainty in the retrieved emissivity was calculated
in the same way as in Sect. 4.1 and then filtered and av-
eraged spectrally in 10cm™! bins. The contributions to the
emissivity uncertainty for the 50° viewing angle are shown
in Fig. 10a and b. Similar to the uncertainty for the Febru-
ary measurements (Fig. 6), the uncertainty in the retrieved
emissivity increases below 800 and above 1200cm™'. The
dominant contributors to the uncertainty are still the surface
temperature retrieval and the NESR.

Figure 10c shows the final emissivity at the three view-
ing angles. The solid lines are the emissivity predicted using
the refractive indices shown in Fig. 2, and the green shad-
ing is the uncertainty in the predicted emissivity based on
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Figure 7. (a, b) Contributions to the uncertainty in the water emis-
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at45° with the total error compared to emissivity modelled using the
refractive indices from Fig. 2. The green shading represents the un-
certainty in the predicted emissivity due to uncertainty in the Bertie
and Lan (1996) refractive indices.

uncertainty in the Bertie and Lan (1996) refractive indices.
Throughout the spectrum, including in the far-infrared, there
is good agreement between the predicted emissivity value
and the retrieved value and a clear dependence of the emis-
sivity on viewing angle. The uncertainty in the predicted
emissivity caused by uncertainty in the Bertie and Lan (1996)
refractive indices is generally larger than the uncertainty in
the retrieved emissivity values, suggesting that the measured
emissivity values could be used as an independent constraint
on the values of the refractive indices.

5 Conclusions

We have demonstrated a method for retrieving surface tem-
perature and surface emissivity of specular surfaces in the
far- and mid-infrared using novel in situ radiance measure-
ments from the FINESSE instrument. Two sets of measure-
ments of the emissivity of distilled water were made from the
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Figure 8. Average up- and downwelling radiance for the (a) 50°,
(b) 60°, and (c) 70° measurements.

rooftop of Imperial College London. The first set of measure-
ments was of heated water at an angle of 45°. These mea-
surements successfully demonstrate our emissivity retrieval
method and provide the first joint retrieval of surface emissiv-
ity and surface temperature of water in the far-infrared. The
second set of measurements were made at angles of 50°, 60°,
and 70° to observe the angular variation in the emissivity of
unheated water. The emissivity was successfully retrieved in
the far- and mid-infrared, although the scatter in the retrieved
emissivity values was larger in the far-infrared and some non-
physical values were retrieved. This is because of the in-
creased complexity of the retrieval in the far-infrared due
to the absorption and emission of the atmospheric layer be-
tween the surface and the instrument and the decreased con-
trast between the up- and downwelling radiation compared
to the heated water case. To circumvent these issues, we de-
veloped a filter based on the contrast between the up- and
downwelling radiance values. While the application of this
filter reduces the wavenumber range over which the emissiv-
ity can be determined, the remaining retrievals show angular
and spectral behaviour that is consistent with predicted emis-
sivities using Fresnel equations and available refractive index
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the emissivity retrieval at full resolution, and the black triangles are
the emissivity retrieval once the filter has been applied.

compilations, giving confidence in the measurement quality
and retrieval approach.

Analysis of uncertainty sources shows that the uncer-
tainty increases at wavelengths below 750 cm™! and above
1250 cm™~!. The magnitude of the uncertainty is dependent
on the measurement conditions; however, on both days of
measurement, the largest source of uncertainty was the FI-
NESSE NESR. Our retrievals match the theoretical simula-
tions within quoted uncertainties across the majority of the
400-to-1400 cm™"! spectral range; the shape and magnitude
appear more consistent with the values from Max and Chapa-
dos (2009) at wavenumbers below approximately 900 cm™!.
Conversely, there is slightly better agreement with Bertie and
Lan (1996) at higher wavenumbers. The observational un-
certainties across much of the range but particularly between
750 and 1250 cm™! are significantly smaller than those de-
rived from uncertainties in the refractive indices, implying
that the FINESSE retrievals could be used to provide a tighter
constraint in this region.
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emissivity modelled using the refractive indices from Fig. 2.

These retrievals of water emissivity in the far- and mid-
infrared demonstrate the potential of FINESSE. Upcoming
work will develop this method further for application to sur-
faces that are more difficult to model, such as snow. Accurate
measurements of the surface emissivity in the far-infrared are
needed to support both surface and atmospheric retrievals
from the FORUM and PREFIRE satellite missions as well
as to further improve global climate models. Such measure-
ments have recently been taken during a deployment of FI-
NESSE to Andgya, Norway, and these will be documented
in a future publication.
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