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ABSTRACT

The far infrared region plays a critical role in the Earth's greenhouse effect. Measurements across this range are limited and
previous studies have found it challenging to achieve radiative closure between different instruments across the mid-far infrared.
This study compares high-resolution downwelling spectra measured from the surface in the Arctic to radiative transfer simula-
tions run with atmospheric profiles from a radiosonde, microwave radiometer, and the 5th ECMWF atmospheric reanalysis. The
radiosonde-driven simulation generates the closest agreement to the radiance observations. The HATPRO-driven simulation
matches within its uncertainty across the entire range. However, it has a larger uncertainty envelope than the other sources.
There is a bias in all three simulations associated with underestimated humidity. Our results reiterate the sensitivity of the far in-
frared to the humidity profile. This suggests that the wider deployment of spectrometers capable of measuring across this region,
in parallel with efforts to improve knowledge of far infrared water vapour spectroscopy, could markedly improve our ability to
routinely characterise polar environments.

1 | Introduction

The IPCC has reported with high confidence that the rate of
Arctic surface warming will continue to exceed the global av-
erage (Forster et al. 2021). Accurately quantifying the down-
welling longwave flux is crucial for predicting the rates of this
warming and the stability of ice surfaces in polar regions (Silber
et al. 2019).

Typical Arctic near-surface air temperatures fall within the
range 248-278K resulting in a significant fraction of down-
welling flux occurring within the far infrared (FIR) spectral
region (15-100 um or 100-667 cm™). At ground level, the atmo-
sphere in the FIR spectral region is very opaque because of the
high concentration of water vapour. Ground-based observations

of the spectral distribution of downwelling radiances extending
into the FIR are scarce (Palchetti et al. 2021). Those observations
that are available have been used for atmospheric boundary
layer temperature and humidity profiling (Belotti et al. 2023) but
it has been demonstrated that it can be challenging to achieve
radiative closure between different sounding instruments, even
under clear-sky conditions (Liu et al. 2024).

Given the importance of the FIR and the scarcity of spectrally
resolved measurements, the aim of this paper is to assess the
degree to which clear-sky radiative closure can be achieved be-
tween ground-based spectrally resolved radiance observations
and radiative transfer simulations extending across the far to
mid-infrared. These simulations are driven by atmospheric
profiles derived from a variety of different sources in an Arctic
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environment. We seek to determine the degree to which uncer-
tainties in both the observations and the available modelling
tools compromise our ability to obtain agreement, with a partic-
ular focus on the FIR region, given its strong sensitivity to water
vapour vertical structure (Brindley and Harries 1998).

Downward longwave radiative flux (DLR) is a key component of
the surface energy budget. Pan-Arctic DLR from the European
Centre for Medium-Range Weather Forecasts Reanalysis v5
(ERAS5; Hersbach et al. 2020) shows a notable positive trend
over the last 30-40years with winter-time seasonality primarily
driven by near-surface temperature (Liu et al. 2025). However,
estimates of DLR from observations, reanalyses (including
ERAS5) and models have particularly large uncertainties in the
Arctic (L'Ecuyer et al. 2021). With this in mind, we also provide
a simple assessment of the level of agreement in terms of down-
welling flux to provide a clearer link to the impact of uncertain-
ties in the atmospheric profile on the surface energy budget.

We use radiance observations from the Far INfrarEd
Spectrometer for Surface Emissivity (FINESSE; Murray
et al. 2024) which was built in support of the upcoming far
infrared Outgoing Radiation Understanding and Monitoring
(FORUM) mission, the European Space Agency's (ESA) 9th
Earth Explorer, currently scheduled for launch in late 2027
(ESA 2022; Palchetti et al. 2020). FINESSE aims to help pro-
vide groundtruth datasets needed when FORUM flies. Although
its primary purpose is to perform surface emissivity retrievals
(Warwick et al. 2024), the instrument can also be used in purely
zenith view mode, sampling the overhead conditions with high
temporal resolution.

In February-March 2023, ESA supported the deployment
of FINESSE to the Arctic LiDAR Observatory for Middle
Atmosphere Research (ALOMAR) in Andeya, Norway to par-
ticipate in the Mixed-phase Clouds and Climate ICE Pockets in
Arctic Clouds at sub-Kilometre Scales (MC2 ICEPACKS) cam-
paign, coordinated by the University of Oslo (David et al. in
prep). The MC2-ICEPACKS campaign investigated the distri-
bution of Arctic cloud phase with the aim of helping to further
constrain Earth System Models. The campaign consisted of
ground-based instruments and airborne measurements with

support from the National Institute for Aerospace Research of
Romania (INCAS) and the Atmospheric Research Laboratory
(ATMOSLAB) aircraft. Alongside FINESSE, a multichan-
nel microwave radiometer (Humidity And Temperature
Profiler—HATPRO, generation 4) (Rose et al. 2005) and
local radiosonde releases provided atmospheric state infor-
mation. These were supplemented by reanalysis products
from the ERAS5 (Hersbach et al. 2020). Whilst, the campaign
was focused on Arctic clouds, clear-sky conditions were also
sampled. We exploit the only instance of these clear-sky obser-
vations that coincided with a local radiosonde launch to per-
form our radiative closure experiment. Clear-sky conditions
were determined via visual sky inspection supplemented by
examination of the FINESSE radiance spectra and variability
in the atmospheric window region (780-1250cm™!). ERAS re-
analysis cloud cover at the nearest pixel also indicated clear-
sky for that time.

2 | Instruments and Methods

The MC2-ICEPACKS campaign took place between 6th
February and 17th March 2023 (David et al. in prep). This
study focuses on clear sky observations taken at 0800 UTC on
8th March 2023. The location of the instruments used in this
study is shown in Figure 1. FINESSE was based at 372m above
sea level and the HATPRO was located 1.9km north-west of
FINESSE at 5m above sea level. A RS41-SGP radiosonde was
launched at 08:00 UTC from Andenes airport at 5m above sea
level and 5.8 km north-east of FINESSE.

FINESSE comprises a Bruker EM27 Fourier transform spec-
trometer and a custom pointing and calibration system. It
measures across the infrared spectrum (400-1600cm™) with a
spectral resolution of 0.5cm™! (Murray et al. 2024). On the day in
question, FINESSE was operating in zenith mode and acquired
interferograms every 1.5s. To improve the signal-to-noise ratio,
the data were averaged over 40 interferograms, resulting in an
effective integration time of 1 min.

The HATPRO measures atmospheric emission at 14 frequen-
cies; this signal is converted into voltages, which are calibrated
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FIGURE1 | Trajectory of 0800 UTC radiosonde launch from Andenes airport. The colour bar indicates the pressure level of the radiosonde at

each point along its track. The shaded squares indicate ERAS5 grid boxes through which the radiosonde passed. The black circle is the location of the
microwave radiometer (HATPRO) and the black triangle is the location of FINESSE.
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into brightness temperatures (Lohnert and Maier 2012). A re-
trieval model, trained on a 20year dataset of ERAS5 atmospheric
profiles, is used to transform the brightness temperatures into
water vapour, temperature and humidity profiles. The general
principles of the retrieval method are described in detail in
Lohnert et al. (2007), and the particular approach used in this
case is found within Foth et al. (2024).

Post launch, the radiosonde followed a south-westerly trajectory,
passing closest to FINESSE at 08:11 UTC. By the time the ra-
diosonde reached the second ERAS5 grid box, it had ascended to
445hPa (Figure 1). Above this level, the ERA5 profiles for hu-
midity and temperature from the six grid boxes sampled by the
radiosonde converge. For this reason, we use the single ERAS5
profile centred at 69.25°N, 16.00°E in our subsequent simula-
tions. The radiosonde burst at 13.30hPa, and so ERA5 levels
were used at higher altitudes.

Three baseline simulations were performed using atmospheric
profiles from the radiosonde, HATPRO and ERAS5 as sequential
inputs to the Line-By-Line Radiative Transfer Model (LBLRTM,;
Clough 2014) version 12.13 with MT-CKD water vapour contin-
uum model version 3.5. FINESSE has a Vaisala PTU300 sensor at-
tached that measures pressure, temperature and relative humidity
at the surface. These measurements were set as the surface bound-
ary conditions for the radiosonde, ERA5 and HATPRO profile
data. FINESSE also has a Vaisala GMP343 probe that measures
CO, concentration, which was measured at 395 ppmv at 08:00
UTC. As CO, is a well-mixed greenhouse gas this concentration
was assumed constant throughout the troposphere. The ozone
profile for all of the simulations was taken from ERAS reanalysis
data. LBLRTM radiances were output at a resolution of 0.01cm™!
before being apodised and convolved with the FINESSE instru-
ment line shape. Both simulated and measured spectral radiances

were multiplied by z to generate approximate estimates of spectral
fluxes discussed later in the paper.

3 | Results
3.1 | Atmospheric Profiles

The humidity and temperature profiles from the three different
sources are shown in Figure 2. There is notably better agree-
ment between the temperature profiles than between the water
profiles, with an average difference between ERAS and the ra-
diosonde of 0.06K. Although the humidity profiles show good
agreement between 550 and 150hPa, they diverge significantly
from each other between 830 and 600hPa. In particular, the
HATPRO retrieval shows a drier profile than either the radio-
sonde or ERAS over this range. In contrast, between 900 and
830hPa, the HATPRO retrieval is considerably more moist than
the radiosonde and ERAS5 profiles. Previous studies have noted
that humidity profiling from HATPRO data is challenging due
to their low information content (Blumberg et al. 2015; Walbr6l
et al. 2022). The radiosonde and ERAS5 humidity profiles are
generally well matched, with the exception of a humid layer
around 800 hPa that is only present in the radiosonde profile.

While accurate profiling can be challenging, HATPROs
typically provide more accurate assessments of Integrated
Water Vapour (IWV) (Lohnert and Maier 2012). The IWV
values from the different sources were as follows: 2.74 kg m—
(HATPRO), 2.65kgm—2 (ERAS5) and 3.40 kg m~2 (Radiosonde).
The compensating dry and moist biases result in the HATPRO
IWYV showing a reasonable agreement with the correspond-
ing ERAS value, however both are significantly drier than the
radiosonde.

(b) ERA5
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—e— HATPRO
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FIGURE2 | (a)Temperature (K)and (b) water vapour mixing ratio (g/kg) as a function of pressure from the HATPRO (blue), ERAS (orange) and
radiosonde (purple). The surface values, at 954 hPa, were 1.30g/kg and 262.7K as measured by Vaisala sensors on FINESSE.
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3.2 | Radiance Uncertainties

As the quality of the ERAS5 reanalysis data is variable, its ensem-
ble members can be used to assess the contribution from uncer-
tainties in the meteorological state (Hersbach et al. 2020). The
ERAS5 ensemble produces 10 different temperature and humid-
ity profiles, which were used here to drive additional LBLRTM
simulations. The standard deviation of the ensemble members'
output radiance is used to approximate how uncertainties in the
ERAS profile propagate to radiance (Figure 3a).

To propagate the radiosonde uncertainties, minimum and max-
imum radiance profiles were constructed by applying the speci-
fied datasheet uncertainties (Vaisala 2020) to the original profile.
For relative humidity this was 4%, for pressure 0.4hPa, and for
temperature 0.4 K. The uncertainty estimate was determined by
calculating half the difference between the minimum and max-
imum radiance outputs from LBLRTM (Figure 3b). A similar
approach was taken to derive the radiance uncertainties asso-
ciated with the HATPRO retrieval. The HATPRO humidity and
temperature profiles have a relatively low information content
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with around 2 degrees of freedom, this causes uncertainties in
the profiles (Walbrol et al. 2022). The retrieval’s training data
coefficients are applied to a set of test data to give uncertainty
estimates. From these uncertainties, a constant absolute hu-
midity bias of —0.2kgm™3 and temperature uncertainty of 1K,
were used to generate minimum and maximum radiances using
LBLRTM (Figure 3c).

Errors in forward modelling, due, for example, to uncertain-
ties in the water vapour continuum, have also been considered.
Realistic uncertainties to the strength of the foreign water va-
pour continuum coefficients following Mlawer et al. (2019)
were applied. The impact on the simulated radiances is shown
in Figure 3d. Furthermore, the uncertainty in the spectral line
intensity for water and carbon dioxide was taken into account.
This was done by perturbing the values in the simulation ac-
cording to their uncertainty estimates from HITRAN (Gordon
et al. 2022) and calculating the difference to the original simu-
lations. This is shown in Figure 3e,f. This was repeated for line
position, but the calculated radiance uncertainty was negligible.

FINESSE uncertainties were derived from the calibration uncer-
tainty and the Noise Equivalent Spectral Radiance (NESR). The
calibration uncertainty was inferred from the accuracy of the
platinum resistance thermometers, which monitor the tempera-
tures of the hot and ambient blackbody calibration targets (Murray
et al. 2024). The NESR is reduced by a factor of the square root of
40 as the data are averaged over 40 spectra. We then added this re-
duced NESR to the calibration uncertainty in quadrature to obtain
a total measurement uncertainty estimate for FINESSE.

Figure 3 shows the magnitude of the radiance uncertainties as-
sociated with each source. For all three simulated cases (a-c), the

uncertainties show similar spectral behaviour, being largest in
the 400-600cm™! region, commonly referred to as the ‘dirty win-
dow’ (Mariani et al. 2012). As expected, the larger uncertainties
in temperature and humidity in the HATPRO retrievals translate
to a larger radiance uncertainty. The radiance uncertainties as-
sociated with a perturbation to the foreign water vapour contin-
uum are minimal outside of the 400-600cm™" region and even
here have about half the magnitude of those associated with the
radiosonde and ERAS5 temperature and humidity uncertainties.
Uncertainties associated with H,O line intensities are of a simi-
lar magnitude between 400 and 410cm™" but are larger through-
out the majority of the dirty window, reaching a peak of close to
3mWm™2sr(cm™)! at 547cm~L. Smaller uncertainties associ-
ated with individual lines and line clusters are also seen across
the atmospheric window and within the vibration-rotation band.
The CO, line intensity uncertainties are very prominent around
597cm~}, extending to 7mWm2sr(cm!)~! (exceeding scale
of figure). There are also some small spikes of uncertainty in the
700-800cm™! range. Propagated FINESSE uncertainties (g) have
a somewhat different spectral shape to the other sources, with sig-
nificant impacts seen in the atmospheric window—a consequence
of the calibration uncertainty.

3.3 | Radiance Residuals

Radiance residuals between each of the three LBLRTM simula-
tions (using ERAS5, Radiosonde and HATPRO vertical profiles)
and the FINESSE observations are shown in Figure 4. The as-
sociated uncertainties are derived by combining in quadrature
the uncertainties derived for each profile (Figure 3a,b or ¢) with
the spectroscopic uncertainties shown in Figure 3d-f and the
FINESSE measurement uncertainty.
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FIGURE4 | Radiance residuals between FINESSE and LBLRTM simulations with atmospheric profiles sourced from ERAS5 (a), a radiosonde (b)
and a local HATPRO (c). The combined uncertainty comprises the respective spectral uncertainties (seen in Figure 3) added in quadrature.
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Simulation-observation radiance residuals using the HATPRO
temperature and humidity profiles fall just within the bound-
ary of the associated uncertainty limit across the entire
400-1400cm~! range (Figure 4c). However, this is predomi-
nantly a consequence of the significantly larger uncertainties
associated with the retrieved profiles. Indeed, there is a pro-
nounced mean bias of —3.68mWm™2sr!(cm~')~! within the
dirty window region. A smaller, but still apparent mean bias
of —2.64mWm~2sr~!(cm~!)~! is seen for the ERA5 simulation.
However, in this case, the reduced uncertainty in the tempera-
ture and humidity profiles means that ‘closure’ is not achieved
across the entire spectrum. Residuals exceed uncertainties in
parts of the atmospheric window (800-1200cm™), the dirty
window, the water vapour vibration-rotation band at wavenum-
bers greater than 1250cm™" and the wings of the 667cm™ CO,
band. For the radiosonde simulation, the magnitude of the mean
bias is reduced even further, to —1.09mWm=2sr!(cm™)~1. A
greater proportion of the residuals fall within the uncertainty
bounds, compared to the ERAS5 residuals.

These results suggest that the absence of the humid layer at
800hPa in the ERAS5 and HATPRO humidity profiles leads to a
reduction in absorption and re-emission by water vapour, result-
ing in a lower simulated radiance compared to the simulation
using the radiosonde profiles. Furthermore, while using the ra-
diosonde profiles results in improved agreement with FINESSE
radiances, the consistent remaining low bias in the dirty win-
dow and at wavenumbers greater than 1250cm™ suggests an
even higher atmospheric moisture content was present above
the spectrometer than that captured by the radiosonde.

As noted above, the radiance residuals for ERAS5 and the radio-
sonde are larger than the uncertainty in the v, CO, band wings
between around 580-620 and 710-750cm™'. The bias in both
cases is again negative. This implies that the lower troposphere
is too cold in both sources or that the uncertainties in the lower
tropospheric temperature profile are underestimated (Mariani
et al. 2012). A sharp residual is present at 597 cm™!, which spec-
troscopic perturbations indicate is due to issues with the repre-
sentation of line coupling in the CO, Q-branch within LBLRTM
(Delamere et al. 2010; Filippov et al. 2002). The perturbations

to CO, line strengths also produce a spike centred on this wav-
enumber (3f).

3.4 | Impact on Downwelling Longwave
Surface Flux

The spectral radiances were multiplied by z to convert to down-
welling spectral flux. Ideally, one would account for variations
in anisotropic factor with atmospheric opacity, but this conver-
sion gives a first-order approximation, which is sufficient to
draw the main conclusions here. Figure 5 indicates the energetic
impact of the differences between the simulations and observa-
tions by comparing the resulting downwelling fluxes integrated
over the spectral range 400-1400cm™'. This region comprises
approximately 56% of the total downwelling flux between 0 and
2500cm™L. Consistent with the radiance residuals, all of the sim-
ulations underestimate the flux compared to FINESSE, with
differences of 3.10 + 4.91 W m~2 (HATPRO), 2.49 + 2.85W m™2
(ERA5) and 1.09 + 2.72 W m~2 (Radiosonde).

To further investigate these discrepancies we decomposed the
fluxes into different spectral regions covering the FIR (400-
667cm™); part of the v, CO, band (667-800cm™"); atmospheric
window (800-980 and 1100-1250cm™'); ozone band (980-
1100cm™") and water vapour v, band wing (1250-1400cm™)
(Figure 5). As might be anticipated from Figure 4, the majority
of the bias (~72%) is seen within the FIR 400-667cm™! range,
with much smaller deviations outside of this region. The vertical
tick marks on each bar in Figure 5 are combined uncertainties.
These were estimated by multiplying the combined uncertain-
ties shown in Figure 4 by = and integrating over the spectral
ranges.

4 | Conclusions

In this paper, we use ground-based radiance observations made
by the FINESSE spectrometer during the MC2-ICEPACKS
campaign out of Andeya, Norway to assess the degree to
which clear-sky radiative closure can be obtained using a
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FIGURE 5 | Surface downwelling fluxes (W m™2) integrated over different spectral regions for ERAS (orange), Radiosonde (purple), HATPRO
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bined uncertainties.

6 of 8

Atmospheric Science Letters, 2026

25U60 17 SUOWWOD @A1IEBID 3[R0 dde a1 Aq PoLLBACG 312 SaoILE O 88N J0'S3INI 0 AIRIGIT BUIIUO AB|IA UO (SUOIIPUOD-PUE-SUWLBI LD AB |1 AReAc1[BUI|UO//STU) SUONIPUOD PUe UL | aU) 95 *[9202/Z0/8T] Lo AeiqiTauliuo 48]y ‘uopuo a6 0D fereduul Ad 00002 B/Z00T OT/10p/w0o" A8 1w AIeiq 1Bu U0 SILLL/SARY Lo Papeojumod ‘Z ‘9202 ‘XTSZ08ST



variety of observational and reanalysis tools. Specifically, we
use profiles measured by an RS41-SGP radiosonde, derived
from a HATPRO and extracted from ERAS reanalyses, in con-
junction with the LBLRTM radiative transfer model. There
are several sources of uncertainty, arising from the measure-
ment of profiles and the radiative transfer model. The spectro-
scopic uncertainty in H,O line intensities has a relatively large
contribution to the total uncertainty in this case, something
which is often unaccounted for within closure studies (e.g., Liu
et al. (2024)). Future work to investigate whether the quoted
spectroscopic uncertainties in the relatively unexplored FIR
are representative of the true state of knowledge would there-
fore be beneficial.

The HATPRO matches the observed radiances within the as-
sociated uncertainty budget across the entire 400-1400cm™!
range. However, the HATPRO has a significantly larger un-
certainty envelope than the other sources. In the HATPRO
drive simulation, there is a particularly significant low bias
manifested in the FIR part of the spectrum between 400 and
667cm~'. This bias is smaller but still present in the ERAS5-
driven simulation, which does not match the observations
within its uncertainty budget. The profile measured by the
radiosonde generates the closest agreement to the radiance
observations despite its launch location being markedly fur-
ther away from FINESSE than the HATPRO. The radiosonde
also has a small bias in the 400-667cm™!. In common with
other studies, the HATPRO retrievals are unable to capture
the detailed atmospheric vertical profile (Blumberg et al. 2015;
Walbrol et al. 2022). Furthermore, in line with previous studies
(Lohnert and Maier 2012), the IWV amount from the HATPRO
is more aligned to that obtained from the closest ERAS5 reanal-
ysis profile, but both significantly underestimate IWV com-
pared to the radiosonde.

By translating radiance to an approximated flux, we find that
the clear sky downwelling surface fluxes simulated from the
HATPRO profiles are up to 3.10Wm~2 smaller than those ob-
tained from FINESSE when integrated over the 400-1400cm™!
range. The equivalent underestimates from ERAS5 and the ra-
diosonde derived profiles are 2.49 and 1.09 W m~2, respectively.
Previous studies have noted a low bias in ERAS5 clear-sky down-
welling longwave surface fluxes over polar sites (Guo et al. 2024;
Silber et al. 2019) which is consistent with our findings here. By
decomposing spectrally we are able to show that the majority
of the underestimate occurs within the FIR and, in this case, is
linked to an inability to capture a relatively narrow near-surface
moist layer.

Our results provide a further demonstration of how ground-
based spectrally resolved radiances can be used to assess the
performance of commonly used observational and reanalyses
tools. They highlight the difficulties in obtaining radiative clo-
sure, under relatively well-constrained conditions. They also
demonstrate the sensitivity of the FIR region of the spectrum
to vertical detail in the overlying water vapour profile and sug-
gest that the wider deployment of spectrometers capable of mea-
suring across this region could markedly improve our ability to
routinely characterise polar environments while simultaneously
linking the evolution of the atmospheric state to its energetic
impact.
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