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Abstract. Despite containing up to half of the Earth’s ther-
mal emission to space, the far-infrared spectral region (FIR,
defined here as 100-667 cm™! or 15-100 um) has seldom
been observed from satellites. This has contributed to sub-
stantial uncertainties in the spectroscopy of water vapour,
radiative properties of clouds, and surface spectral emissiv-
ity; these in turn limit confidence in modelled FIR energy
flows. With the advent of the Polar Radiant Energy in the
Far-InfraRed Experiment (PREFIRE), a step is taken towards
new, systematic, spectral observations of the Earth in the FIR.
Launched in 2024, the two PREFIRE CubeSats offer a new
perspective of Earth’s outgoing longwave energy with mod-
erate spectral resolution. However, the observational uncer-
tainty budget requires further consolidation.

In this study we assess the accuracy of PREFIRE spectral
measurements through a “ground-to-space” closure experi-
ment. Using zenith-viewing observations from the ground-
based Far INfrarEd Spectrometer for Surface Emissivity (FI-
NESSE) recorded during the WHAFFFERS campaign, we
constrain atmospheric data taken from in situ sensors. With
this optimised profile data we simulate PREFIRE-observed
radiances for an overflight of our field site in eastern Canada.
Simulations of the FINESSE radiances are in very good
agreement with observations, while those from PREFIRE
indicate some bias beyond the calculated uncertainties. We
find that atmospheric water vapour specification, uncertain

surface properties, and instrument noise dominate the uncer-
tainties. Based on these findings, we highlight proposed tech-
niques for closure experiments using terrestrial and satellite
instruments alike. Such experiments will provide a ground-
truth for validation of future FIR satellite missions.

1 Introduction

The interaction of thermal infrared radiation with Earth’s at-
mosphere and surface plays a fundamental role in shaping
the planet’s weather and climate. Spectral observations in the
thermal infrared can be used to retrieve atmospheric compo-
sition and temperature structure, and to understand the com-
plex physics behind Earth system processes. Satellite obser-
vations additionally offer a powerful global view of these
phenomena, and have been used for decades in the service
of meteorology and atmospheric science.

The far-infrared (FIR), defined here as the region from
100667 cm™! (or 15-100 um) comprises around half of the
globally averaged longwave emission to space (Harries et al.,
2008), and as such is a crucial component of the Earth’s ra-
diation budget. Water vapour is a key atmospheric absorber
in the FIR, contributing to the significant FIR greenhouse
effect (e.g. Sinha and Harries, 1995; Brindley and Harries,
1998). Conversely, in very dry and cloudless atmospheric
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conditions micro-windows “open” in the FIR. These micro-
windows comprise the FIR “dirty window” region (here de-
fined as 400600 cm™'), and permit radiation from the sur-
face to escape to space. In this way, surface temperature and
emissivity can also affect FIR measurements from space, as
well as the top-of-atmosphere energy budget.

Ice clouds exert a strong influence in the FIR, with the-
oretical studies demonstrating substantial sensitivity of FIR
radiances to the size and shape of ice crystals (Yang et al.,
2003; Baran, 2007). More recent analyses using ground- and
aircraft-based observations have confirmed this sensitivity
and suggest that the region could provide uniquely power-
ful constraints on retrieved cloud properties (Maestri et al.,
2014; Panditharatne et al., 2025; Di Natale et al., 2026).

Nevertheless, the scarcity of FIR observations (relative
to other spectral regions such as the mid-infrared and mi-
crowave) means that significant uncertainties persist in fun-
damental gas spectroscopy (e.g. Mlawer et al., 2019), under-
lying ice optical properties and hence cirrus radiative proper-
ties (e.g. Wang et al., 2024; Bantges et al., 2020), and surface
emissivity (e.g. Chen et al., 2014). These uncertainties can
propagate into simulations of the future climate (e.g. Turner
et al., 2012; Huang et al., 2018).

Despite its scientific importance, spectrally resolved ob-
servations of the FIR from satellites have been impeded by
limitations of optical and sensor technology. The only such
measurements until recently were from a sparse set of mis-
sions in the early satellite era (Hanel et al., 1971; Kempe
et al., 1980). However, the launch of the Polar Radiant En-
ergy in the Far-InfraRed Experiment (PREFIRE, L’Ecuyer
et al., 2021) in 2024 marks the first step towards filling this
FIR observational gap. This mission features two CubeSats
launched as part of NASA’s Earth Ventures initiative. A rel-
atively low-cost mission, PREFIRE provides moderately re-
solved spectral radiances stretching into the FIR and aims
to contribute to polar science at a time of rapid change in the
polar climate. The radiances are used to retrieve temperature,
water vapour, surface spectral emissivity, and spectral fluxes
in clear-sky polar scenes, but a first step towards being confi-
dent in the accuracy of these retrievals is to have confidence
in the radiances themselves.

Unbridled by the stringent requirements of a space mis-
sion, a limited set of accurate ground- and aircraft-based
instruments observing the FIR has been available for some
time. These instruments have furthered knowledge of the FIR
radiative properties of several components of the Earth sys-
tem, including water vapour (e.g. Mlawer et al., 2019) and
the surface emissivity (Bellisario et al., 2017; Murray et al.,
2020). Zenith-pointing observations in clear sky have been
used to profile the atmosphere with high accuracy, investi-
gate downwelling radiance, and perform closure tests in the
FIR (e.g. Mariani et al., 2012; Belotti et al., 2023; Mossel-
mans et al., 2026).

With the above in mind, in this work we carry out a radia-
tive closure study in clear sky across the mid- to far-infrared,
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with a focus on the FIR. We use the FINESSE ground-based
spectrometer (Murray et al., 2024) to optimise atmospheric
profiles gathered from in situ measurement. The high spectral
resolution, accuracy, and known calibration of this spectrom-
eter give us confidence in the accuracy of the atmospheric
profiles and of our radiative transfer simulations. We then go
on to compare simulations and measurements of satellite ra-
diances from an overpass of the ground measurement site,
serving to validate spectral radiance observations from PRE-
FIRE and identify potential instrument biases. As far as we
are aware, this work represents the first attempt to perform
such an experiment in the far-infrared.

The layout of this paper is as follows. The data sources
and methods used in the experiment are presented in Sect. 2.
In Sect. 3, we discuss the various challenges to a rigorous
radiative closure diagnosis, and present a detailed investiga-
tion into the sources of uncertainty in the experiment. We
present results of the ground-based closure experiment us-
ing FINESSE to optimise the input atmospheric profile in
Sect. 4, and results of the space-based closure with PREFIRE
in Sect. 5. Finally, we discuss the findings in Sect. 6.

2 Data sources and methods
2.1 The WHAFFFERS campaign

The W-band, HISRAMS, AERI, FIRR2, FINESSE and FIR-
MOS Experiment on Remote Sensing (WHAFFFERS) cam-
paign was a multi-modal field study conducted in Canada,
with sites in Ottawa and near Montreal, in January and Febru-
ary of 2025. Observations of the atmosphere and land sur-
face were gathered simultaneously by passive and active in-
struments across the two sites and from an aircraft. Among
the aims of the campaign was to investigate consistencies be-
tween radiometric instruments by performing radiative clo-
sure experiments. We investigate a closure experiment in this
work with a focus on measurements from the research station
at the Gault Nature Reserve of McGill University (45.535° N,
73.149° W). This site sits at ca. 130 m above sea level on the
side of a forested hill, surrounded by mostly flat agricultural
land at ca. 30 ma.s.1.

Meteorological conditions were anomalously cold and dry
in this region of Canada during the campaign which was
ideal for study of the far-infrared; all radiosondes launched
during the campaign measured a total column water vapour
(TCWYV) of less than 0.6 cm. The reduced optical depth of
the atmospheric column in the FIR water vapour absorption
features affords greater sensitivity than normal to higher alti-
tudes and to water vapour spectroscopy when measured from
the ground.
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2.2 Spectral measurements
2.2.1 FINESSE

The Far-infrared Spectrometer for Surface Emissivity (FI-
NESSE, Murray et al., 2024) is a ground-based radiome-
ter developed at Imperial College, employing a commer-
cial Bruker EM27 Fourier-transform spectrometer. FINESSE
was originally configured to measure over the range 400—
1600 cm~! with a spectral resolution reaching 0.5cm™". It
features a custom front-end optics system that enables both
the study of surface emissivity and zenith-looking views of
the atmosphere. FINESSE has been used to retrieve surface
emissivity under laboratory conditions (Warwick et al., 2024)
and in the field (Warwick et al., 2025) using measurements
from a campaign in Andgya, Norway in 2023. Measurements
from this field campaign have also enabled study of the po-
lar atmosphere (Mosselmans et al., 2026). The instrument
is equipped with ancillary sensors to measure temperature,
pressure, relative humidity, and CO; concentration.

Work has been ongoing since the Norway campaign to im-
prove the FINESSE instrument. Replacing the liquid nitro-
gen cooling with a Stirling cooler has eliminated the need
to interrupt measurements to perform dewar refills and ex-
tended the measurement range slightly further into the FIR,
now reaching 380 cm™!. The scan speed of the instrument
has also been doubled such that each interferometer scan now
lasts 0.75 s rather than the 1.5 s of the original configuration.

2.2.2 PREFIRE

The Polar Radiant Energy in the Far-Infrared Experiment
mission (PREFIRE, L’Ecuyer et al., 2021) consists of two
6U CubeSats in different near-polar Sun-synchronous orbits,
each equipped with a Thermal Infrared Spectrometer (TIRS)
instrument; the satellites were launched in May/June 2024.
The TIRS is a lightweight grating spectrometer covering a
spectral range of 5-54 um (185-2000 cm™!), with a nominal
spectral sampling of ~ 0.84 um (equivalent to ~5cm™! at
250cm™!, or ~20cm™! at 500 cm™!). The four order sort-
ing filters used in the TIRS instrument split the measure-
ments into four distinct spectral bands. In order of increasing
wavelength, these bands are referred to as MIR-1, MIR-2,
FIR-1, and FIR-2.

The TIRS grating separates incoming radiation from eight
cross-track “scenes” onto the uncooled detector array, where
each scene has a full complement of detectors for all spectral
channels. This results in different sensor noise characteristics
for each cross-track view. On the Earth’s surface, the scenes
are non-contiguous and stretch across a 264 km swath, act-
ing as an eight-toothed “comb” moving along the satellite
track. Each field of view (FOV) has a surface footprint of
approx 11.8 km x 34.8 km (cross- x along-track) with cross-
track gaps between of approx 24.2km. There is substantial
overlap in the FOVs in the along-track direction, with any
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Figure 1. (a): Example PREFIRE TIRS 1 spectra (from across-
track scene 6) for the first and second release (RO1 and R02) of
the Level 1 radiance product. The R02 spectrum includes the new
bias correction term. Grey text labels the spectral bands of the TIRS
instrument. (b): Spectral differences between the two releases.

point along the orbit observed by up to 7 overlapping foot-
prints. Note that these values will change as the satellites’
orbits decay over the mission lifetime. A single spectrum of
the TIRS instrument is recorded at each FOV.

In the initial release (RO1) of the PREFIRE level 1 radi-
ance product (1B-RAD), the science team have identified
discrepancies between the instrument model of the spectral
response functions and the true instrument response. The
second release (R02) of the L1B data includes an empiri-
cal correction factor for the spectral radiance. This correc-
tion can be added to the reported spectral radiance to ac-
count for these discrepancies, as is done for the analysis
in this study. Figure 1 illustrates the effect of this correc-
tion on the spectra used in this study. The correction fac-
tor is derived using a combination of three distinct refer-
ence radiances: collocated spectra from the Infrared Atmo-
spheric Sounding Interferometer (IASI, Hilton et al., 2012)
and Cross-track Infrared Sounder (CrIS, Han et al., 2013)
instruments convolved to PREFIRE channels, and Principal
Component Radiative Transfer Model (PCRTM, Liu et al.,
2006) modelled clear-sky radiances derived using the PRE-
FIRE Auxiliary Meteorology product (Mattingly et al., 2025)
as input. More details on this correction factor will be pub-
lished in due course.

2.2.3 Selection of spectral data
FINESSE operated on 20d across the WHAFFFERS cam-
paign, collecting approximately 135 h of measurements. Dur-

ing the FINESSE observation periods, PREFIRE FOVs with
spectra meeting quality control checks passed close to the
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site (within ~ 25 km) on 7 occasions. A further 19 overpasses
were not captured by FINESSE due to either the time of the
overpass (outside of working hours in the evening or at night)
or weather conditions (FINESSE cannot operate during pre-
cipitation). Of the 7 captured, we focus on the PREFIRE
satellite 1 overpass on 28 January 2025 at 20:52 UTC (15:52
local time). This case was the only one of these 7 to have
verifiable clear skies throughout the observed scene and a ra-
diosonde release at the time of the overpass.

For this study we average all spectra from a five minute
window of the FINESSE measurements, centred on the
PREFIRE overpass. FINESSE was continuously record-
ing in zenith view mode and collected 400 interferometer
scans in this time. The spectra are stable over the mea-
surement period, with their standard deviation equal to the
FINESSE noise-equivalent spectral radiance (NESR), indi-
cating no marked evolution in the atmospheric state. PRE-
FIRE measurements are taken from the Level 1B-RAD prod-
uct, version R02, with the bias correction factor included.
Valid spectra from the overpass whose FOV midpoint was
within 0.25° (latitude/longitude) of the Gault station are av-
eraged along-track to yield two spectra for comparison, from
the cross-track TIRS 1 scenes 5 and 6. All channels in the
MIR-1 PREFIRE band have known calibration issues and so
are neglected here.

2.3 Ancillary atmosphere and surface data

To model infrared radiative transfer in clear skies (that is, ne-
glecting the contributions of cloud and aerosol), we require
gas concentrations and temperature as functions of pressure
or altitude. In the thermal infrared region we study here,
encompassing 185-1600cm™! across both instruments, the
dominant absorbing and emitting species are water vapour,
carbon dioxide, and ozone, with other trace gases such as
methane and nitrous oxide also required to simulate spectral
radiance with high accuracy. The spectral emissivity and ra-
diating temperature of the surface are needed in addition to
simulate infrared radiation upwelling to space.

For this study, we make use of a range of atmospheric
data sources. Firstly, we use radiosondes launched period-
ically during the WHAFFFERS campaign which measured
profiles of temperature and humidity. The radiosonde model
used during WHAFFFERS was the InterMet Systems iMet-
4 radiosonde. In the literature, we found limited prior stud-
ies using this model (see e.g. Ghysels et al., 2024; Liu et al.,
2024) or brand (Hurst et al., 2011; Flores et al., 2013); its per-
formance has not been independently and systematically re-
viewed. Figure 2 shows the track of the radiosonde launched
at 20:45 UTC on 28 January 2025, with the PREFIRE obser-
vation footprints from the ca. 20:52 UTC overpass overlaid.
Temperature, relative humidity, altitude, and pressure mea-
sured by the radiosonde are available at 5 m vertical intervals.
Radiosonde data are smoothed before input into the radiative
transfer model.
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Secondly, during the WHAFFFERS campaign, near-
surface meteorological data were recorded continuously at
the Gault Nature Reserve at a weather station within 50 m
of FINESSE. We use measurements from five Vaisala
HMP155A probes at heights up to 10m above ground,
with temperature and relative humidity readings taken ev-
ery minute. Thirdly, we use ERAS hourly profiles of ozone
concentration as a function of pressure on 137 atmospheric
model levels, at a horizontal resolution of 0.25° (Hersbach
et al., 2020). ERAS profiles of temperature and specific hu-
midity also supplement data from the radiosonde outside of
its vertical extent.

Finally in the setup of the simulated atmosphere, key trace
gases are specified as follows. Concentrations of CO,, CHy,
and CO are taken from the CAMS global greenhouse gas
forecasts (Agusti-Panareda et al., 2019). For N>O and SFg,
we take mixing ratios from NOAA’s Global Monitoring Lab-
oratory (NOAA), while for CFC-11, CFC-12 and CCly con-
centrations are estimated by extrapolating the average 5-year
trend of Atmospheric Histories (Bullister and Warner, 2017).
Mixing ratios of the latter five greenhouse gases are assumed
constant with height.

The emissivity of the surface (egf) is taken from the
dataset compiled by Huang et al. (2016) which provides
modelled estimates of spectral emissivity at nadir-view for
a variety of surface types and is the only dataset to offer
this into the far-infrared. The “medium snow” surface type
(with median grain size 600 um) is used in this study; fine
and coarse snow as well as ice surface types are also avail-
able.

Surface temperature is estimated using the GOES-16 Ad-
vanced Baseline Imager’s (ABI) full-disk land surface tem-
perature retrieval (ABI-L2-LST, GOES-R Algorithm Work-
ing Group and GOES-R Series Program, 2018). This is sam-
pled at 21:00 UTC, just seven minutes after the PREFIRE
overpass, and has a 10 km resolution at nadir. For each TIRS
scene, we take an average of the ABI retrieved land surface
temperature values within the TIRS FOV polygons, weighted
by area and overlap fraction.

Temperature and water vapour mixing ratio profiles are
shown in Fig. 3. The unadjusted input profile from the above
sources is represented as profile “A”. The insets highlight
the near-surface conditions crucial for simulating FINESSE
measurements, and the values of total column water vapour
(TCWYV) are included as annotations.

2.4 Radiative transfer modelling

Simulated radiances at the top of atmosphere and at the sur-
face are generated using the Line-by-Line Radiative Trans-
fer Model (LBLRTM, Clough et al., 2005). Its high accuracy
has led to it becoming a standard benchmark for spectrally
resolved radiative closure experiments (e.g. Delamere et al.,
2010; Sussmann et al., 2016; Mlawer et al., 2019) and for
evaluation of other radiative transfer codes (e.g. Oreopou-
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Figure 2. Map showing the layout of measurements for our case study. The red cross marks the the Gault Nature Reserve site, where
FINESSE was located. The track of the radiosonde launched from here is shown, with times (UTC) labelled throughout the flight and colours
indicating its altitude. Solid boxes across the image indicate the PREFIRE FOV polygons from the overpass, with significant overlap in the
along-track direction (approx. north-east—south-west). FOVs selected for averaging in the scenes 5 and 6 are shaded blue. Grey dashed lines
indicate the ERAS grid boxes for reference. The background image is from MODIS Terra observations, approx 6 h before the PREFIRE

overpass (Credit: NASA).

los et al., 2012; Hogan and Matricardi, 2020). For this work,
we use LBLRTM v12.17, including spectral lines from AER
Line File v3.8.1, and the MT_CKD v4.3 water vapour con-
tinuum model (Mlawer et al., 2023).

We input profiles based on the data sources described in
Sect. 2.3 to LBLRTM, simulating the effects of the first 30
molecules listed in the HITRAN database. For those gases
not explicitly mentioned in Sect. 2.3., we use the LBLRTM
“mid-latitude winter” default values.

To simulate the PREFIRE and FINESSE measurements,
instrument characteristics must be applied to the very high
resolution radiances calculated by LBLRTM. For PREFIRE,
the radiance from each channel of the grating spectrometer
is calculated by integrating the LBLRTM output with the
normalised channel spectral response function (v13, Drouin
et al., 2025a). To simulate FINESSE radiances, spectra are
converted to interferograms and truncated to mimic the ef-
fects of an ideal Fourier-transform spectrometer with FI-
NESSE’s maximum optical path difference. After converting
the truncated interferograms back to spectra, they are con-
volved with a spectrally dependent instrument line shape as
described by Murray et al. (2024), which simulates asymme-
tries in FINESSE’s optical path.

3 Uncertainties and challenges in closure analysis
3.1 Instrument performance

Uncertainties in FINESSE radiances are well-characterised
and fully described by Murray et al. (2024). Briefly, the
noise-equivalent spectral radiance (NESR) is a random er-
ror resulting from spectrally uncorrelated detector noise and
can be reduced through averaging, while other (systematic)
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uncertainties arise from the calibration process. For the mea-
surement conditions of our study, these are both shown in
Fig. 4a.

Uncertainties in the PREFIRE radiances are quantified as
noise-equivalent radiances, shown in Fig. 4b. Some elements
of the detector array are known to have high noise or respon-
sivity faults and we have masked their readings. This leads to
some gaps in the FIR spectra. Channels in the FIR-2 band are
flagged as having “uncategorised calibration” due to unchar-
acterised instrument issues. Uncertainty in PREFIRE calibra-
tion (i.e. absolute radiometric accuracy) is not known. Infor-
mation on PREFIRE observational issues identified prior to
launch is detailed by Drouin et al. (2025b), and post-launch
in section 4 of the PREFIRE radiance product RO1 user guide
(Hokanson Wagner et al., 2025).

3.2 Spatial collocation

In the discussion of the experimental setup thus far we have
assumed that all data sources and instruments describe or
measure the same atmospheric column. Since this is not the
case, we examine here the effect of imperfect horizontal col-
location in our measurements.

We use ERAS fields to estimate the spatial variability in
the scene meteorology at scales larger than the ERAS hori-
zontal scale of 0.25°. In the absence of horizontal wind, the
radiosonde would sample only the atmospheric column im-
mediately above FINESSE. In reality, the wind advects the
radiosonde some 185km east of the Gault reserve over its
flight (see Fig. 2). We construct a profile which samples from
the spatially and temporally closest ERAS grid cells tracking
the radiosonde trajectory, assuming that the ERAS fields are
representative of the true spatial variability of the scene me-
teorology. The radiances from this profile are simulated as

Atmos. Meas. Tech., 19, 7183-7197, 2026
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Figure 3. Profiles of temperature (left) and water vapour (right) for the profiles A and C, with coloured shading showing the uncertainties for
profile C. The C-DW and C-UW simulations have slight differences in the near-surface atmosphere shown in the inset. Profile B comprises
the temperatures of profile A with the water vapour specification of profile C. Grey shading in the insets indicates the elevation of the Gault
site, while the temperature inset plot also shows the simulated surface skin temperature. Colour-coded text shows the total column water

vapour (TCWYV) for the A and C profiles (right).

described in Sect. 2 and compared to those using a single-
column ERAS profile; the modulus of this difference is con-
sidered as an uncertainty estimate for this drifting effect and
is shown as “radiosonde drift” in Fig. 4c and d.

As demonstrated in Fig. 2, the PREFIRE FOVs 5 and 6 lie
either side of the Gault site, and so do not pass directly over
FINESSE. To assess the impact this has, we simulate the ra-
diances from the atmospheres of ERAS grid points contained
in the PREFIRE footprints while controlling for the surface
temperature. The average of offsets between these and radi-
ances simulated from the closest grid point to the Gault site
is plotted as “scene offset” lines in Fig. 4d. This is included
as an uncertainty estimate for the PREFIRE simulations.

3.3 Constraining atmospheric and surface states

Quantification of the uncertainty in the input atmosphere
and surface profiles varies by data source. Uncertainties in
readings from the radiosonde and weather station are calcu-
lated using information from the respective manufacturers’
data sheets (InterMet Systems, 2022; Vaisala, 2025). “Cali-
bration uncertainty” or “repeatability in calibration” figures
are treated as systematic uncertainties and “accuracy” or
“combined uncertainty” figures as random uncertainties. For
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ERAS data, we represent the uncertainty in reanalysis quan-
tities using the standard deviation of the accompanying 10-
member ensemble. The surface temperature uncertainty esti-
mate takes the precision of the ABI land surface temperature
retrieval identified by Yu and Yu (2020), while uncertainty
in surface emissivity is estimated as the spread in the fine,
medium, and coarse snow types in the Huang et al. (2016)
dataset. These uncertainties encompass temperature, humid-
ity, ozone concentration, surface temperature, and surface
emissivity; uncertainty in other quantities supplied to the ra-
diative transfer code is considered negligible. Uncertainty es-
timates for temperature, water vapour mixing ratio, and Tif,
are shown in Fig. 3.

For a simulated total state vector x, the uncertainties de-
scribed above may be represented as a pair of vectors (o, §)
of random and systematic errors, respectively. These vectors
have components (o, 5;) for the level i where s; may be zero
if there is no systematic uncertainty considered. We tackle
random and systematic uncertainties separately and add them
to calculate a sample set of realistic error perturbations in the
total state vector: épX = SXsys + SmXrand (the m subscript
labelling the samples). Assuming the random errors are cor-
related between nearby atmospheric levels, we construct a

https://doi.org/10.5194/amt-19-7183-2026



B. Pery et al.: Validation of PREFIRE mid- and far-infrared radiances during the WHAFFFERS campaign

7189

Instrument uncertainty

5
FINESSE NESR (a) —— TIRS1 scene 5 NESR (b)

4 1 FINESSE calibration accuracy 1 —— TIRS1 scene 6 NESR

3 - -

2 - -

1 . <

0 T T T T T T T T T T T

Collocation uncertainty

034 —— Radiosonde drift (c)| | TIRS1 scene 5 offset (d)
I TIRS1 scene 6 offset
g —— Radiosonde drift

2 J
—
n
o
€ 1 J
~
E
> Profile uncertainty
.% 3 — Profile T (e)| | —— Profile T Profile Tore  (F)
- Profile H,O Profile H,O —— Profile ggtc
8 5 Profile O3 i Total
c Total
o]
O 11 1
c
.©
-c W‘"l\“l —~ A\ T A T T T '—-I I— T T T
2 0

Spectroscopic uncertainty
3 H,O line strength (9) i — H;0 line strength (h)
—— H,0 foreign continuum —— H,0 foreign continuum
I
T T - T T ‘IMA ’F..;;;' — T T T T
750 1000 1250 1500 200 400 600 800 1000 1200

Wavenumber [cm™1]
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covariance matrix C of the form:

).

with z; the altitude of level i and & some vertical correlation
scale height (Rodgers, 2000; Feldman et al., 2008). Profile
perturbations due to random errors 8y, X rang are sampled from
a multivariate normal distribution with mean 0 and covari-
ance C. Conversely, systematic errors are modelled as fully
vertically correlated. In practice, this means that sample per-

lzi —z;l

W ey

Cij =0i0jexp (—
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turbations due to systematic errors émXsys = Zms, with the
values z, sampled from a standard normal distribution.
Using LBLRTM, the Jacobian J is then evaluated as J;; =
layer j. This Jacobian encodes how a spectrum y responds
linearly to some small change in the state vector x. The
instrument response is applied to the high-resolution Jaco-
bians output from LBLRTM as described in Sect. 2.2. Sam-
ple profile perturbations §px are propagated to sample spec-
tral perturbations 8,y using 8,y = Jomx. The overall spec-

for a spectral point i and some state variable x; at
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tral uncertainty 8y is calculated as the standard deviation of
the perturbations 8, y, using 5000 samples. This is repeated
for each variable considered. For FINESSE these variables
are temperature, and water vapour and ozone concentrations.
We found that PREFIRE had negligible sensitivity to ozone
concentration uncertainty, so we consider temperature, water
vapour concentration, surface temperature and emissivity.

The radiosonde profile has a significant error contribution
from systematic uncertainties which dominates over random
uncertainties; as such the profile has modest sensitivity to the
choice of &. Investigating across a range from 0.2-8.5 km, we
found that radiance uncertainties due to water vapour errors
varied by less than 25 %; we choose a value of 7 =1.5km
for temperature and water vapour in this work, representing a
slightly conservative middle ground. The resulting uncertain-
ties in simulated radiances represent a 1o uncertainty bound
and are shown in Fig. 4e and f.

3.4 Water vapour spectroscopy

Since we use a relatively fine vertical resolution and perform
line-by-line calculations, the most significant uncertainties in
the radiative transfer forward modelling come from either the
input spectroscopic data or in the assumptions used to model
spectroscopic phenomena such as spectral line mixing. We
neglect investigation of line mixing uncertainty and instead
focus on the uncertainty from water vapour spectroscopy as
the dominant and most variable absorber in this case. In par-
ticular, we consider uncertainties in H>O line strengths and
in the absorption coefficients of the FIR components of the
H;O foreign continuum, similar to Mosselmans et al. (2026).
We found that uncertainties in the line positions had a neg-
ligible effect on the simulated spectra. We also neglect any
uncertainties in absorption coefficients for other parts of the
water vapour continuum, as (a) foreign continuum absorption
is substantially smaller at larger wavenumbers, and (b) the
self-continuum absorption will be small anyway in this case
due to the very dry atmosphere.

Water vapour line strengths are perturbed according to
the assigned uncertainty code in the AER Line File, while
foreign-continuum absorption coefficients are perturbed by
the uncertainty values assigned by Mlawer et al. (2019).
LBLRTM is then re-run using this perturbed spectroscopy.
The resulting difference of this compared to a simulation
with unperturbed spectroscopy is taken as the spectral uncer-
tainty due to spectroscopic uncertainties. These uncertainties
are presented in Fig. 4g and h.

4 Optimising ground-based closure

To assess radiative closure, we subtract the spectra mea-
sured by FINESSE from the spectra simulated as described in
Sect. 2.3 and 2.4. This difference is termed a “residual”, rep-
resenting the offset of simulations from observations. These

Atmos. Meas. Tech., 19, 7183-7197, 2026

B. Pery et al.: Validation of PREFIRE mid- and far-infrared radiances during the WHAFFFERS campaign

13: _W m (a)
50 4 U ‘ —— FINESSE observations
251 !

oL | s A'/'V\_ .AJIUMWVM

(b)

Profile A — observations

T T T

(c)

A o A
i gAY

Radiance [mW / m2 srcm™!]

—— Profile B — observations

(d)

—— Profile C-DW — observations

400 600 800 1000 1200 1400 1600
Wavenumber [cm™1]

Figure 5. (a) FINESSE observed spectrum for the case study. (b—
d): Residuals (simulations—observations) for FINESSE simulations
using profiles A, B, and C, respectively. The differences between
profiles are described in the text. The grey shading and line indicate
the total uncertainty limits described in Sect. 3.

residuals are compared to the bounds given by total un-
certainties, calculated by combining in quadrature the in-
strument, spatial collocation, forward-modelled profile, and
spectroscopic uncertainties (all from Sect. 3) for each simu-
lation.

For FINESSE, a positive residual at some frequency in-
dicates more emission by the overlying atmosphere in the
simulation than was recorded in reality. For the viewing ge-
ometry here, this typically means either too much gas and/or
too warm an atmospheric temperature; the inverse is true for
negative residuals.

As an initial profile (labelled “A”), we take the reported
radiosonde temperature and humidity, supplemented for FI-
NESSE with the near-surface data recorded by the weather
station. This profile is marked with orange dashes in Fig. 3.
The residuals for the FINESSE simulation using this profile
are shown in Fig. 5b. Residuals are generally close to zero
throughout and mostly within the bounds of the uncertainty.

In the mid-infrared (for FINESSE, 667-1600 cm™') out-
side of the influence of CO;, residuals for profile A are
very small and close to zero, without notable excursions
from the uncertainty bounds. There is little downwelling
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radiance in the region, but the small residuals point to-
wards a reasonably good specification of methane (1200-
1400 cm™") and water vapour (1300~1600 cm™"). Within the
infrared window, agreement around the ozone absorption
band (1000-1100 cm™!) implies an accurate specification of
ozone concentrations and upper-atmospheric temperatures.
A very small negative bias within the uncertainty bounds
is noted throughout the atmospheric window; this could be
caused by emission from aerosols which is not simulated.

However, there are two noteworthy regions where agree-
ment is weaker for profile A. Firstly, there is a significant
positive residual in the (620-720 cm~!) CO; spectral feature,
which suggests that the near-surface temperature simulated is
warmer than that of the atmosphere observed by FINESSE.
Secondly, residuals in the FIR have a negative bias, with the
residual for many wavenumbers lying below the lower un-
certainty bound. This, when considering the previous issue,
indicates that there is insufficient water vapour in the simu-
lated profile compared to what is observed.

To remedy the issue in the FIR, we apply a scalar adjust-
ment of the radiosonde-measured water vapour mixing ratio
values to match the total water vapour column of ERAS. The
scale factor required for this is 1.149 % 0.028, which we ap-
plied as a whole-profile adjustment. The resulting profile “B”
is then simulated, and residuals are shown in Fig. 5c. This
adjustment leaves most FIR residuals now inside the uncer-
tainty bounds, with a slight positive bias that supports the
hypothesis that the modelled profile is too warm.

The issue in the 620-720cm~! region is addressed by
modifying the temperature profile of the input atmosphere.
We initially suspected that it would be sufficient to reduce
temperatures in the lower troposphere, but it was found
that the best agreement across the CO; spectral feature was
achieved by modifying the entire profile by a fixed temper-
ature offset. This offset was determined as 0.859 & 0.109 K
by inspecting brightness temperature residuals at the centre
of the CO; band (the region 635-700 cm™!). Applying this
modification results in profile “C-DW”, shown as a solid blue
and dotted purple lines in Fig. 3; we use “DW” to distin-
guish the lower section of this profile, used to simulate down-
welling radiance, from that used for simulating upwelling ra-
diance. The resulting radiance residuals are found in Fig. 5d
and demonstrate a much improved radiative closure agree-
ment, only rarely deviating from the uncertainty bounds.

For all simulated profiles, a large positive spike in resid-
uals at 667 cm™! is caused by the absorption and emission
of the CO, molecule; at this frequency it is so strong that
only the cold air inside the instrument is sensed. A nega-
tive spike around 597.6cm™! is attributed to deficiencies in
the LBLRTM line coupling modelling used for CO; and has
been noted in other studies (e.g. Delamere et al., 2010; Mos-
selmans et al., 2026). We expect that the negative spike at
392 cm™! is related to the higher instrument noise at the edge
of the FINESSE detection capability.
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5 PREFIRE radiative closure results

Having constrained the atmospheric state with FINESSE in
the previous section, we go on to use profile C to evaluate
agreement of PREFIRE observations with simulations. We
construct a profile “C-UW?”, which has the same modified
temperature and humidity profile as C-DW, but does not use
weather station data near the surface and supplements the ra-
diosonde profile with ERAS data between the surface altitude
of the grid-box and the radiosonde launch altitude. It also in-
cludes the surface temperature and emissivity as described in
Sect. 2.3. The profile is shown as solid blue throughout in
Fig. 3.

The PREFIRE residuals are calculated as for FINESSE.
Observed and residual PREFIRE spectra are shown in Fig. 6,
separated by cross-track TIRS scene to account for the differ-
ent sensor characteristics, viewing angle, FOV geographies,
and modelled surface temperatures. Here, a positive residual
may indicate the simulation has too warm or emissive a sur-
face or atmospheric layer, or too transparent an atmosphere
(transmitting more radiation from warmer levels below and
from the surface than in reality). In spectral regions common
to both instruments, the PREFIRE residuals generally have
a slightly larger magnitude, and much greater spectral varia-
tion, compared to FINESSE residuals degraded to PREFIRE
spectral resolution (not shown). The effect of the large instru-
ment noise in the FIR-2 band (185-330cm™!) is clear, with
significant scatter even after averaging over five spectra.

The residuals in the MIR-2 band exhibit a similar pattern
in both cross-track scenes, with a slight spectral zig-zagging.
Scene 5 shows a strong agreement here, while in scene 6
some channels’ residuals lie below the uncertainty bands,
suggesting the surface temperature or emissivity is slightly
underestimated.

Turning to the far-infrared dirty window (FIR-1 band), the
residuals again have a similar structure, with positive peaks
around ~ 480 cm™! and negative values towards the higher-
energy end of the band. Some scatter is also clear; more than
half of channels in the band lie beyond the uncertainty range
in scene 5, while agreement is slightly stronger in scene 6.
This is despite the scene surface heterogeneity being higher
in scene 6. In the FIR-2 band (170-340 cm™!), the number
of points lying outside of the uncertainty bounds suggests
that the total radiance uncertainty of the instrument is un-
derestimated at present; the instrument noise makes further
quantitative deductions difficult.

6 Discussion

Given the excellent agreement of the profile C simulation
with observations by the FINESSE instrument, we infer that
this profile represents a robust knowledge of the overlying at-
mosphere. The corresponding simulation for PREFIRE also
lies close to the observations, but more spectral points lie out-
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side the uncertainty limits than would be expected, especially
in the FIR-2 band. We believe that, with all other uncertain-
ties accounted for, these anomalous residuals are primarily a
result of issues with the TIRS instrument. In the MIR-2 and
FIR-1 bands, where residuals show a similar pattern for the
two scenes, the similarity hints at a common cause warrant-
ing further investigation, such as calibration error remaining
even after the radiance bias correction. In the FIR-2 band, the
principal cause is likely detector noise, which is perhaps un-
derestimated at present. We note that the current PREFIRE
L1B products mark all FIR-2 band channels with a flag indi-
cating the quality is unknown and that there may be calibra-
tion biases. It is worth highlighting that for both FINESSE
and PREFIRE, the largest uncertainties are found in the far-
infrared.

We preface this discussion by highlighting the limitations
of investigating just one case. Combining results from many
overpasses would strengthen our validation and provide more
rigorous quantitative conclusions, especially given that there
is a broad range of PREFIRE observation conditions to test:
observations from different sensors in the cross-track ar-
ray, observations from Satellite 2, and different in-orbit en-
vironments to which there may be some sensitivity (day-
time/nighttime causing thermal effects in the satellite bus).
However, by focusing on a single case we have been able
to optimise the atmospheric profile and consider a range of
uncertainties in the closure tests. We hope that the rigorous
methodology of this study can be employed to strengthen fu-
ture longer-term monitoring and validation experiments.

The detailed analysis of uncertainties in Sect. 3 allows us
to identify the main sources of uncertainty in the experi-
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ment. For FINESSE, specification of water vapour profiles
is a large source of uncertainty in both simulations, espe-
cially in the FIR. Furthermore, the residuals from the pro-
file A simulation lead us to question the veracity of the ra-
diosonde measurements. Our results suggest a dry bias in the
iMet-4 radiosonde measurements used in the WHAFFFERS
campaign. This is a feature that other authors have noted in
measurements by other radiosonde models, particularly in
dry conditions (Vomel et al., 2007; Rowe et al., 2008; Milo-
shevich et al., 2009; Dzambo et al., 2016). The total mois-
ture content of the column measured by radiosondes over
the entire WHAFFFERS campaign was calculated and com-
pared to values calculated from ERAS following each ra-
diosonde track (as in Sect. 3.2). Of the ten launches without
issue, seven featured very low column water vapour < 3 mm.
Across these seven cases, the radiosonde measurements ex-
hibit a consistent dry bias of about 9 % relative to ERAS (i.e.
CWVonde ~© 0.91 x CWVERA5). We thus conclude that it is
likely that the radiosonde has a dry humidity bias in these
conditions. However, we also cannot rule out the possibil-
ity that this radiosonde bias is caused by campaign-specific
errors in the launch process.

We recommend that for closure experiments, radiosondes
be used in tandem with either a trusted bias correction al-
gorithm or an auxiliary source of information. This informa-
tion could come from reanalysis, as in our brief investigation,
but ideally it would be from collocated measurements, such
as retrievals from microwave sensors. We argue further that
passive remote sensing in spectral regions different to those
measured by the closure-targeting instrument strengthens re-
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sults by ensuring independence of observations from simula-
tions.

Uncertainties in the FIR spectroscopy of water vapour also
have a sizeable impact on modelling radiances at high spec-
tral resolution, such as for FINESSE. We note that the un-
certainties here derive from the rather inexact uncertainty
codes of the HITRAN database, and we encourage the spec-
troscopy community to publish experimental uncertainty in-
formation, including spectral covariance, for their measure-
ments of spectral lines, and to ensure that these are uncer-
tainties are documented in spectroscopic databases. Further
closure or laboratory studies may also be able to reduce the
magnitude of these uncertainties.

The appearance of some residuals beyond uncertainty for
FINESSE between 390400 cm™! for all simulations was in-
vestigated by comparing the simulated and measured radi-
ances to 160 spectra acquired over a 60 min window, each
one an average of 20 scans. The many individual spectra
showed a large spread in which the residual signal was not
an outlier (not shown). The fact that residuals lie beyond the
uncertainty limits could indicate that the FINESSE NESR is
under-reported in this region, and/or that the extension of FI-
NESSE to 380 cm™! requires further validation.

PREFIRE closure diagnosis in the FIR, particularly in the
FIR-2 band, is largely hindered by instrument noise. Further
evaluation of persistent biases could be possible using sub-
stantial averaging. In similar conditions to this study, this
noise would no longer be a dominant uncertainty source in
the FIR-1 band after averaging over 10 spectra, or 150 spec-
tra in the FIR-2 band, for PREFIRE satellite 1. Satellite 2
has a higher instrument noise which would require approx-
imately twice as many spectra. A study using a set-up like
ours employing an averaging approach would hence require
along-term ground-based spectrometer data record (possibly
over 12 months to build up the clear sky statistics required,
though latitude dependent), and may not be able to use ra-
diosonde data for the quantity of overflights needed. Uncer-
tainty in the radiosonde water vapour specification is compa-
rable to instrument noise around 350-500cm~! and would
become a leading uncertainty source with more averaging of
spectra, reinforcing the need for precise water vapour mea-
surements in FIR closure studies.

In the MIR, the dominant uncertainty for PREFIRE is due
to the temperature of the underlying surface, with its emis-
sivity also playing an important role. While we are able to
estimate the surface temperature using a geostationary sen-
sor in this case, the emissivity is much harder to quantify and
we are reliant on a single theoretical model, namely that by
Huang et al. (2016). PREFIRE will provide estimates of sur-
face emissivity in polar regions, but we highlight the poten-
tial for more modelling and observational efforts to further
constrain spectral surface emissivity, and its uncertainty, in
the FIR. In practice for future campaigns, due to the large
area of the measured swath, a ground-based temperature or
emissivity measurement would likely only be representative
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for a very homogeneous surface. A possibility is to remotely
sense the surface temperature or emissivity with a drone-
mounted instrument in the region around the ground station;
this platform could then additionally sample the nearby vari-
ation in the humidity field. Radiances observed by a low-
flying aircraft could also be used to retrieve surface tempera-
ture and emissivity separately, as demonstrated by Bellisario
et al. (2017).

There is also further opportunity for satellite-to-satellite
validation of PREFIRE, in the MIR spectral region, using
geostationary satellites. They offer coverage over a large
swath with much shorter repeat times than polar-orbiting
missions. The Infrared Sounder on the Meteosat Third Gen-
eration (MTG-IRS) will provide spectrally resolved mid-
infrared radiances from a geostationary platform. This could
yield plentiful opportunities to perform radiance compar-
isons under a range of conditions for the PREFIRE MIR
channels. Here a key issue to resolve would be the impact
of viewing geometry.

Finally, we note that the simulations performed for this
study have already proven useful in validating improvements
in the second release of the PREFIRE L1B radiance product
(though direct comparison of simulations to the first release
is not shown in this paper) and can continue to be used as a
benchmark for future revisions.

7 Conclusions

In this paper, we have performed a “ground-to-space” ra-
diative closure study using the FINESSE instrument and an
overpass of the PREFIRE satellite 1. To our knowledge, this
is the first attempt at this type of experiment in the far-
infrared. Thorough consideration of the various sources of
uncertainty confirmed the validity of this approach and illus-
trated the main challenges in this experiment.

The ground-based FINESSE instrument demonstrated
good radiance closure using a profile based principally on
data from a collocated iMet-4 radiosonde launch. However,
notable deficiencies were apparent, spectrally manifested
across the 15um CO;, band (~ 600-750 cm_l) and in the
far-infrared from 400-600 cm™'. We could reconcile the for-
mer bias with a small (< 1K) shift in the whole tempera-
ture profile. The latter discrepancy was resolved by scaling
the radiosonde-measured atmospheric water vapour to match
the higher total column water vapour found in the collocated
profile from ERAS. Applying both the temperature and wa-
ter vapour scaling led to excellent agreement between the re-
sulting downwelling radiance simulation and FINESSE mea-
surements, providing an optimised profile for input to our up-
welling simulations for PREFIRE.

We noted that additional comparisons between ERAS
profiles and coincident iMet-4 radiosonde launches made
throughout the WHAFFFERS campaign revealed a persistent
offset between humidity in the reanalysis and in the measure-
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ments. We concluded that the iMet-4 radiosonde suffers from
a persistent dry bias which is of the order ~9 % (relative to
reanalysis) under the very dry conditions experienced during
the campaign.

The largest source of uncertainty in the comparison be-
tween simulated and observed FINESSE radiances was in
the specification of the atmospheric water vapour profile,
followed by the spectroscopy of water vapour. Many other
authors note that precisely determining water vapour spec-
troscopy from field studies is limited by uncertainties in at-
mospheric water vapour content, and so we encourage further
laboratory study and for future field studies targeting the re-
gion to be designed with accurate, precise, and independent
determination of atmospheric humidity at their core. These
techniques will also help to calibrate and validate observa-
tions from the upcoming Far-infrared Outgoing Radiation
Understanding and Monitoring (FORUM) satellite mission,
scheduled to launch in 2028 (Palchetti et al., 2020).

The agreement of PREFIRE observations of upwelling ra-
diances at the top-of-the-atmosphere with simulations using
the optimised profile varied by spectral region. In the mid-
infrared, the agreement was only slightly weaker than ob-
tained for the downwelling FINESSE measurements, while
in the FIR dirty window (350-630 cm™ 1) agreement was
weaker still, with more scatter in the PREFIRE residual
points. In the furthest infrared band (185-330cm™"') agree-
ment was poorer, largely due to a high radiometric noise
in the PREFIRE TIRS instrument which may be underes-
timated at present. In the principal infrared window, uncer-
tainty in our results was dominated by specification of sur-
face temperature and emissivity. Under the dry conditions
observed here, the FIR dirty window is more sensitive to the
surface at higher wavenumbers and to the atmospheric wa-
ter vapour at lower wavenumbers, so both of these factors
are key uncertainty sources in this spectral region. We dis-
cussed potential options for reducing the surface uncertainty,
including the use of other field or satellite measurements. We
found some systematic errors in the PREFIRE residuals be-
yond the uncertainties considered; rigorous quantification of
these errors will require further targeted comparisons over a
longer time period and a wider range of conditions. We note
that the approach developed here, and the database of simu-
lated radiances with associated uncertainties, will be useful
for validating further efforts by the PREFIRE team to correct
biases in the measured radiances.

PREFIRE, and the upcoming FORUM mission, open a
new measurement window from space. They are designed to
exploit the information content within the far-infrared to pro-
vide new insights into water vapour distributions, the radia-
tive effects of clouds and, where conditions permit, surface
properties. However, the community must be prepared with
the right set of experimental designs and auxiliary measure-
ment capabilities to comprehensively validate the new ob-
servations and hence maximise their scientific impact. Our
study provides a stepping stone towards this goal.
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