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Abstract. Accurate gas absorption models at millimetre and sub-millimetre wavelengths are required to make best use of
observations from instruments on board the next generation of EUMETSAT polar-orbiting weather satellites, including the Ice
Cloud Imager (ICI), which measures at frequencies up to 664 GHz. In this study, airborne observations of clear-sky scenes
between 89 and 664 GHz are used to perform radiative closure calculations for both upward and downward-looking viewing
directions in order to evaluate two state-of-the-art absorption models, both integrated into the Atmospheric Radiative Transfer
Simulator (ARTS). Differences of 20 K are seen in some individual comparisons, with the largest discrepancies occurring
where the brightness temperature is highly sensitive to the atmospheric water vapour profile. However, these differences are
within the expected uncertainty due to the observed water vapour variability, highlighting the importance of understanding
the spatial and temporal distribution of water vapour when performing such comparisons. The errors can be significantly
reduced by averaging across multiple flights, which reduces the impact of uncertainties in individual atmospheric profiles. For
upward-looking views, which have the greatest sensitivity to the absorption model, the mean differences between observed and
simulated brightness temperatures are generally close to, or within, the estimated spectroscopic uncertainty. For downward-
looking views, which more closely match the satellite viewing geometry, the mean differences were generally less than 1.5 K,
with the exception of window channels at 89 and 157 GHz, which are significantly influenced by surface properties. These

results suggest that both of the absorption models considered are sufficiently accurate for use with ICIL.
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1 Introduction

The Metop-SG series of satellites will be launched from 2025 under the EUMETSAT Polar System - Second Generation
(EPS-SG) programme. This new generation of polar-orbiting satellites will provide continuous meteorological observations
over the coming decades, and contribute to the Joint Polar System (JPS), a collaborative effort established by EUMETSAT
and NOAA. They will carry a suite of new instruments which include, for the first time on an operational mission, a passive
sub-millimetre radiometer known as the Ice Cloud Imager (ICI) as well as a more traditional microwave imager (MWI) and
sounder (MWS) (Accadia et al., 2020; Mattioli et al., 2019a; Kangas et al., 2012). The primary purpose of ICI is to provide
daily global observations of ice cloud properties including total ice mass, ice particle size and ice cloud height (Buehler et al.,
2007; Eriksson et al., 2020). ICI has 11 channels measuring between 183 and 664 GHz which complement the lower-frequency
channels on the microwave radiometers. Accurate atmospheric gas absorption models are needed in this frequency range to
maximise the quality of cloud information that can be derived from ICI measurements (Mattioli et al., 2019b). For thick ice
clouds, which are dominated by scattering, the brightness temperatures for cloudy scenes are generally reduced compared to
the equivalent clear-sky value, and it is these brightness temperature depressions that will be used as input to cloud retrieval
algorithms. Gas absorption models are needed to estimate the clear-sky brightness temperatures from background temperature
and humidity fields using radiative transfer models. An error in the absorption model will impact the ability of ICI to detect thin
ice clouds, and will also affect the quality of retrieved humidity information (Mattioli et al., 2019a). In addition, comparison
of observed and simulated brightness temperatures in clear sky conditions will be used to determine the radiometric accuracy
of ICI during post-launch calibration and validation activities, which requires accurate models of atmospheric absorption.

Atmospheric absorption in the microwave and sub-millimetre regions of the electromagnetic spectrum is dominated by water
vapour and oxygen, with additional contributions from ozone and nitrogen. The physical basis for absorption from these gases
is described by Rosenkranz (1993). Figure 1 shows the contributions of each absorbing species to the optical depth for two
atmospheric profiles. These correspond to a typical tropical profile, and a significantly drier profile for comparison.

A major feature of the absorption is the presence of resonant absorption lines for water vapour, oxygen and ozone, which
are associated with transitions between different molecular energy states. These lines can be described by a universal shape
function, along with a set of parameters which determine their frequency, strength and width as functions of temperature
and pressure. Individual line parameters come from different sources including theoretical calculations and laboratory or field
measurements. Line databases such as HITRAN (Gordon et al., 2022), the AER line database (Cady-Pereira et al., 2020),
GEISA (Jacquinet-Husson et al., 2016) and JPL (Pickett et al., 1998) collect the parameters for many different lines and are
updated in response to new studies. However, simply summing the contributions from the individual lines in these databases
is insufficient to calculate the total absorption at microwave and sub-millimetre wavelengths. Additional effects need to be
accounted for, including line mixing and the dry and water vapour continua.

Line mixing affects the oxygen absorption due to the large number of closely spaced transitions, and acts to modify the line
shape (Rosenkranz, 1975), often far beyond the proximity of the lines affected. The biggest impact is in the 50-60 GHz band

where there are many closely spaced lines. However, it also has a non-negligible effect on the 118.75 GHz line and in the
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Figure 1. Optical depth due to different species for a typical tropical atmosphere (integrated water vapour (IWV)~56 kgm~2). The dashed
lines correspond to a profile with IWVA5.6 kgm~2. The gray shading indicates the frequency bands covered by MWI and ICI. Note that
both MWTI and ICT have channels centred on the 183.31 GHz water vapour absorption line.

89 GHz window region. The dry continuum is a result of collision-induced absorption between pairs of nitrogen and oxygen
molecules. The source of the water vapour continuum is still under debate (Serov et al., 2017; Shine et al., 2012) and there is
no complete physically-based description. It is likely to be influenced by collision-induced absorption, water vapour dimers
(Serov et al., 2014; Tretyakov et al., 2013), and the contributions of the far-wings of spectral lines (Clough et al., 1989; Serov
et al., 2017), but the relative importance of these contributions is uncertain.

A number of “complete absorption models” are available which can be used to calculate total absorption by atmospheric
gases. Here, the term “complete absorption model” indicates that both line and continuum absorption are included in a consis-
tent way. Examples include versions of the Millimetre-wave Propagation Model (MPM) (Liebe, 1989; Liebe et al., 1993) and
the series of models developed by Rosenkranz (2017). For computational efficiency, these models typically combine a reduced
set of key absorption lines along with appropriate continuum parametrizations. The LBLRTM and MonoRTM line-by-line ra-
diative transfer models developed by AER inc. (Clough et al., 2005) are supplied with a dedicated line database (Cady-Pereira
et al., 2020) and the associated MT-CKD continuum model (Mlawer et al., 2012). A reduced set of lines is also provided to
permit faster calculations in the microwave region whilst still retaining sufficient accuracy. The RTTOV fast radiative transfer
model (Saunders et al., 2018) is widely used for satellite retrievals and data assimilation. It uses a fast parametrization of
atmospheric transmittances and is trained using output from a line-by-line absorption model. At microwave frequencies the
AMSUTRAN model (Turner et al., 2019) is used. RTTOV will be used by the operational ICI retrieval algorithms (Eriksson
et al., 2020) and for direct assimilation of ICI radiances in NWP models. The absorption model within AMSUTRAN has

therefore recently undergone development to improve its representation in the sub-millimetre frequency range.
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Given the diverse sources for spectroscopic parameters and the challenging nature of laboratory experiments it is neces-
sary to validate absorption models under representative atmospheric conditions. This is often done using radiative closure
experiments where radiative transfer models are used to simulate brightness temperatures for known atmospheric profiles. The
simulated brightness temperatures are compared to observations from ground-based, airborne or satellite radiometers. Spectro-
scopic parameters may be adjusted as a result of these experiments to improve the agreement between observed and simulated
brightness temperatures. There are many existing studies evaluating absorption models at frequencies below 200 GHz, for
example Liljegren et al. (2005); Payne et al. (2008); Hewison (2006); Brogniez et al. (2016); Westwater et al. (2003); Cadeddu
et al. (2007); Turner et al. (2009). However, validation of absorption models at the sub-millimetre frequencies used by ICI is
currently limited. Experiments with ground-based systems in this frequency range are challenging due to the strong absorption
from water vapour in the lower troposphere. As a result, it is only possible to make usable observations in extremely dry con-
ditions such as at high-altitude sites. For example, studies by Mlawer et al. (2019) and Pardo et al. (2001) compared simulated
brightness temperatures with spectrally-resolved observations from Fourier transform spectrometers at frequencies above 450
and 350 GHz respectively, and a recent study by Pardo et al. (2022) used extremely-high resolution measurements from the
APEX astronomical observatory to evaluate an absorption model in the 578 to 738 GHz range.

Airborne radiometers can also be used to evaluate absorption models at sub-millimetre frequencies as they can make upward-
looking observations from above the high concentrations of water vapour in the lower troposphere, as well as being able to
approximate satellite viewing geometries with downward-looking observations from high altitudes. The International Sub-
millimetre Radiometer (ISMAR, Fox et al., 2017) is an airborne demonstrator for ICI. It is flown on the UK’s BAe-146-301
Atmospheric Research Aircraft (FAAM BAe-146) and in conjunction with the Microwave Airborne Radiometer Scanning
System (MARSS, McGrath and Hewison, 2001) it covers the ICI frequency range, as well as including additional frequencies
relevant to MWS and MWI. This study uses airborne observations from the MARSS and ISMAR radiometers to evaluate
two selected atmospheric absorption models at frequencies between 89 and 664 GHz. It formed part of the EUMETSAT-
funded project “Study on atmospheric absorption models using ISMAR data". A dataset of clear-sky airborne observations
spanning a range of atmospheric conditions was collected, including radiometric observations from MARSS and ISMAR and
associated measurements of atmospheric profiles of temperature and humidity. These data are used to perform radiative closure
calculations with the two gas absorption models, both of which have been integrated into the Atmospheric Radiative Transfer
Simulator (ARTS, Buehler et al., 2024) to determine their performance at the frequencies of interest. When performing radiative
closure experiments it is important to consider the impact of uncertainties in the spectroscopic parameters on the simulated
brightness temperatures. Cimini et al. (2018) showed how this could be applied to ground-based microwave radiometers, and
a recent study by Gallucci et al. (2024), performed as part of the same EUMETSAT project, has extended the analysis to
sub-millimetre frequencies and satellite and airborne viewing geometries.

The paper is organized as follows: the selected absorption models are described in sec. 2, and details of the airborne dataset
are given in sec 3. Sec. 4 describes the radiative transfer simulations, the result of the closure calculations are discussed in sec.

5 and conclusions are presented in sec. 6.
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Table 1. Comparison of updated AMSUTRAN and Ros22 absorption models.

Feature

AMSUTRAN

Ros22

H2O lines
Pressure shifts

H>O continuum
O3 lines
Os lines

Line shape

Sources

338 lines from AER v3.8 “fast” database
Air-broadened

MT-CKD v3.5, frequency-dependent coefficients
Tretyakov et al. (2005), first-order line mixing
652 lines from JPL v4 database

Van-Vleck Weisskopf (VVW)

Field campaigns to constrain key parameters

20 most significant lines

Air and self-broadened

Turner et al. (2009) coefficients, adjusted for
new absorption line parameters

Makarov et al. (2020), second-order line mixing
464 lines from HITRAN-2020*

VVW with speed-dependent lineshape at
22.23,118.75 and 183.31 GHz

Majority from various laboratory studies

* In this study we use the AMSUTRAN O3 settings with both absorption models.

2 Absorption models

A review and comparison of absorption models applicable across the microwave and sub-millimetre spectral range was per-
formed by Turner et al. (2022). This includes several commonly used absorption models, as well as the configuration of
AMSUTRAN used for RTTOV v12 (described by Turner et al., 2019) and an updated version that was designed to improve its
validity in the sub-millimetre spectral region. The updated version has been used to generate ICI coefficients for RTTOV v13,
which also include measured ICI spectral response functions. Based on this study, we have selected two complete absorption
models suitable for simulating ICI radiances. These are the updated AMSUTRAN configuration, which is effectively a line-
by-line model that incorporates the AER water vapour spectroscopy, and the most recent (2022) iteration of the Rosenkranz
(2017) model (referred to here as Ros22, and available from http://cetemps.aquila.infn.it/mwrnet/lblmrt_ns.html), which uses
a significantly reduced set of spectral lines for computational efficiency. The AER and Rosenkranz models are actively main-
tained and developed and are expected to provide an acceptable framework for use within the 89 to 664 GHz frequency range.
Both models incorporate the results of recent studies, and although they are based on similar principles they adopt different
approaches to updating spectroscopic parameters. In particular, the AER model incorporates adjustments in response to atmo-
spheric measurements from field experiments, and the Ros22 model is based strongly on laboratory studies. Both absorption
models have been implemented within the ARTS radiative transfer model (Buehler et al., 2024) to allow them to be evaluated
in a consistent manner against the airborne observations. The two absorption configurations are described in more detail below,
and they are summarised in tab. 1.

The water vapour spectroscopy in the updated AMSUTRAN configuration now follows the AER model. Specifically, it uses
version 3.8 of the “fast” line parameter database (Cady-Pereira et al., 2020), which contains 338 of the most significant water
vapour lines below 1649 GHz (from a total of 1488 lines in the full AER list). The water vapour continuum uses version 3.5 of

the semi-empirical MT-CKD model (Mlawer et al., 2012), which can be obtained from https://github.com/AER-RC/MT_CKD.
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The line database is based on HITRAN-2012 (Rothman et al., 2013), but includes modifications to key parameters in response
to measurements from atmospheric field campaigns (Mlawer et al., 2019). For consistency with the MT-CKD continuum
the line absorption is calculated using a 750 GHz cut-off. The oxygen absorption in AMSUTRAN is unchanged and uses
parameters from Tretyakov et al. (2005), which is also used by AER in the MonoRTM model. The dry-air continuum is also
unchanged and is taken from Liebe et al. (1993). The original ozone absorption in AMSUTRAN only included 35 of the
strongest ozone lines between 0 and 300 GHz with parameters taken from HITRAN-2000. The updated version includes the
652 ozone lines which are included in the AER “fast” line database. However, their parameters are taken from version 4 of
the JPL line catalogue, with broadening parameters calculated following the standard HITRAN procedure from Wagner et al.
(2002) with some adjustments (Iouli Gordon, Harvard & Smithsonian, personal communication, 2019). These line parameters
are very similar to those included in the latest HITRAN-2020 release, but the line strengths are approximately 4% greater than
the AER v3.8 and HITRAN-2016 values, with the latter being in error (Birk et al., 2019).

The Ros22 model has been developed to increase its suitability for frequencies up to 1000 GHz. The earlier 2017 version is
described in detail by Cimini et al. (2018). The main differences between the 2017 and 2022 versions are the addition of water
vapour lines at 658, 860, 970, 987 and 1097 GHz, the adjustment of broadening and shifting parameters for the 22 and 183
GHz lines (Tretyakov, 2016; Koshelev et al., 2018) and the addition of self-induced pressure shift parameters and pressure shift
temperature dependencies. A speed-dependent line shape has been introduced at 22 and 183 GHz (Rosenkranz and Cimini,
2019; Koshelev et al., 2021), and a second-order approximation for oxygen line mixing is included (Makarov et al., 2020).
Line parameters which are taken from the HITRAN database have been updated to values from the latest 2020 release (Gordon
et al., 2022), and additional ozone lines up to 1 THz have also been included resulting in a total of 464 ozone lines. However,
for simplicity this study uses the same ozone configuration for both the AMSUTRAN and Ros22 absorption models. Since
there are only small differences between the JPL v4 and HITRAN-2020 ozone line parameters, the main differences will be
caused by the slightly different subset of lines included in the two models, which is expected to have minimal impact. Note

that we expect the uncertainty of the Ros22 model to be similar to the 2019 version evaluated by Gallucci et al. (2024).

3 Airborne dataset

A dataset of airborne observations suitable for performing radiative closure calculations was collated from clear-sky observa-
tions collected from the FAAM BAe-146 aircraft covering a wide range of atmospheric conditions. Radiometric observations
from the MARSS (McGrath and Hewison, 2001) and ISMAR (Fox et al., 2017) radiometers cover the spectral region between
89 and 664 GHz. Table 2 lists the available channels, along with the closest-matching equivalent channels from MWI, MWS
and ICI. MARSS and ISMAR are located on the side of the aircraft and are capable of along-track scanning in both upward
and downward viewing directions. The MARSS antenna beamwidths are 11.8°, 11.0°and 6.2°full-width half-maximum at 89,
157 and 183 GHz respectively. All ISMAR beamwidths are less than 4°. Two viewing geometries are considered in this study.
Downward-looking measurements during high-altitude flight segments provide the closest match to the satellite observations,

but can be sensitive to surface properties in some channels. Due to the relatively warm surface radiative background they also
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Table 2. Comparison of MARSS and ISMAR channels with MWI, MWS and ICIL. “H”, “V” and “mixed” refer to horizontal, vertical and

mixed polarisation respectively.

Instrument ~ Channel Satellite instrument  Satellite channel Feature
MARSS 89 GHz (mixed) MWI, MWS 89 GHz (V & H) Window
ISMAR 118+1.1 GHz (V) MWI 118+£1.2 GHz (V)  Oxygen
ISMAR 118+1.5 GHz (V) MWI 118+1.4 GHz (V)  Oxygen
ISMAR 118+2.1 GHz (V) MWI 118+2.1 GHz (V)  Oxygen
ISMAR 118+3.0 GHz (V) MWI 1184+3.2 GHz (V)  Oxygen
ISMAR 118+5.0 GHz (V) Oxygen
MARSS 157 GHz (H) MWI, MWS 165.5 GHz (V) Window
MARSS 183+1.0 GHz (H) ICI 183+2.0 GHz (V)  Water vapour
MWS 183+1.0 GHz
MARSS 183+3.0 GHz (H) ICI 183+3.4 GHz (V)  Water vapour
MWS 183+3.0 GHz
MARSS 183+7.0 GHz (H) ICI 1834+7.0 GHz (V)  Water vapour
MWS 183+7.0 GHz
ISMAR 243 GHz (V& H) ICI 243 GHz (V & H) Window
MWS 229 GHz
ISMAR 325+1.5GHz (V) ICI 325+1.5 GHz (V)  Water vapour
ISMAR 32543.5 GHz (V) ICI 3254+3.5 GHz (V)  Water vapour
ISMAR 32549.5 GHz (V) ICI 32549.5 GHz (V)  Water vapour
ISMAR 448+1.4 GHz (V) ICI 448+1.4 GHz (V)  Water vapour
ISMAR 448+3.0 GHz (V) ICI 448+3.0 GHz (V)  Water vapour
ISMAR 448472 GHz (V) ICI 448+7.2 GHz (V)  Water vapour
ISMAR 664 GHz (V& H) ICI 664 GHz (V& H) Window

have a lower sensitivity to the atmospheric absorption compared to upward-looking views with a cold space background. As
discussed by Hewison (2006), vertical profiles of upward-looking brightness temperatures (i.e. measurements of zenith bright-
ness temperatures made from many different altitudes) have a strong sensitivity to the absorption model, and compared to
ground-based observations they can provide data covering a wide range of temperatures and pressures.

The dataset contains observations from ten flights performed around the UK between March 2015 and August 2021 that
specifically targeted clear sky observations with MARSS and ISMAR. These flights all contain at least one “stepped spiral
descent” that was used to obtain a vertical profile of brightness temperatures. An example is shown in fig. 2, where the aircraft
track consists of a series of straight and level runs lasting approximately two minutes each, starting at high altitude and separated

in height by 2000 ft ( 600 m). The aircraft turned during the descending section between each run to remain within a relatively
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Figure 2. Example aircraft track from a stepped spiral descent during flight C246. The aircraft track is shown between 12:37 and 13:44
UTC and the background MODIS image is taken from the Aqua overpass at 13:51 UTC (imagery provided by services from NASA’s Global
Imagery Browse Services (GIBS)).

compact operating area with a horizontal scale of approximately 50 km. Measurements during the level runs can be averaged
to reduce the impact of noise. A complete spiral descent from maximum altitude to near-surface takes approximately 60
minutes to complete. Eight flights also contained a high-altitude leg (between 8.5 and 10.3 km) flown above the sea during
which downward-looking measurements were made, and dropsondes were released during seven of these flights to measure the
vertical profile of temperature and humidity below the aircraft. Where available, downward-looking observations were cloud-
screened using co-located profiles from the Leosphere ALS-450 Lidar system on board the FAAM aircraft. A small number
of additional observations were also removed, where visual observations noted the presence of low cloud in the area and the
brightness temperatures at 89 GHz were enhanced by ~2 K compared to the rest of the run.

An additional three opportunistic flights were also included in the dataset to increase the range of atmospheric conditions
that were sampled, including one Arctic flight and one tropical flight . These flights contain clear-sky observations from either
a high-altitude run or a continuous profile descent, but the tropical flight does not include any ISMAR observations. The
continuous profiles have a larger horizontal extent than the stepped spirals, and since they do not contain level runs it is not
possible to average the radiometric observations to reduce the impact of noise. However, Hewison (2006) demonstrated that

they can still provide useful observations for absorption model validation. Intermittent problems with several of the ISMAR
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Figure 3. Atmospheric temperature and humidity profiles from FAAM flights. The solid lines represent the ten targeted flights, and the
dashed lines represent the three opportunistic flights. The gray shading shows the range of profiles from the dataset of Eresmaa and McNally
(2014) designed to give diverse sampling of specific humidity; from lightest to darkest these represent the minimum/maximum, 5th-95th

percentile and 25th-75th percentile respectively.

receivers meant that not every channel was available on each flight. A summary of the different flights contributing to the
dataset, including which channels were operational, can be found in tab. 3.

The vertical profiles of atmospheric temperature and humidity required as inputs to the radiative closure calculations were
measured using aircraft in-situ instruments during profile descents. Temperatures were measured using platinum resistance
sensors housed in a Rosemount Aerospace Inc. Type 102 Total Temperature Housing. Humidity measurements were made
using the WVSS-II, Buck CR2 and General Eastern 1011B hygrometers which are described by Vance et al. (2015), although
not all of the instruments were flown on every flight. A manual assessment of the in-situ profiles was performed, considering
the characteristics of the different instruments, to derive a best estimate for the temperature and humidity at each altitude in
the stepped spiral profile, as well as plausible ranges of maximum and minimum temperatures and humidities based on both
the variability sampled along the runs and the differences between the measurements. The individual profiles are plotted in fig.
S1 in the supplement. Dropsondes were released during all but one of the high-altitude runs to provide measurements of the
atmospheric profile below the aircraft. The majority of the measurements used Vaisala RD94 sondes. During flights C244 and
C246 the more recent RD41 sonde type was used, and both sonde types were deployed during flight C248. All sondes were
processed using the ASPEN software. Direct comparisons have since been performed between the two sonde types and show
a dry bias in the older RD94 sondes, probably caused by contamination of the humidity sensor due to long storage times. To
compensate for this the humidity mixing ratio measured by the RD94 sondes was increased by 15%.

Figure 3 shows the atmospheric profiles sampled by the aircraft during each flight compared to the range of values from the
dataset of Eresmaa and McNally (2014) which has been designed to give a representative sample of global diversity. Here, the

data selected to maximise the diversity of specific humidity has been used. Due to the larger number of flights in UK winter
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conditions, the aircraft sampling is biased towards colder, drier profiles, but there is reasonable coverage between the 5th and
75th percentiles of both temperature and humidity. Note that although there are no ISMAR measurements from the single
opportunistic tropical flight (C033), the highest water vapour concentrations in the upper troposphere were encountered during
UK summer flights. The most extreme warm/moist profiles, which are not covered by the airborne dataset, are likely to be
associated with tropical convection and will therefore often occur in cloudy conditions. The column-integrated water vapour
(IWYV) for each profile, calculated from the aircraft in-situ measurements, is reported in tab. 3 and covers the range 2.3 - 31.4

kgm 2.

4 Radiative transfer simulations

The radiative closure was performed by comparing the observed brightness temperatures to simulated values using the atmo-
spheric profiles. The simulations were performed using version 2.5.11 of the ARTS radiative transfer model (Buehler et al.,
2024). Clear sky simulations were performed for a 1-dimensional atmosphere. To minimise errors associated with the spatial
discretisation of the radiative transfer equation the maximum propagation path length was set to 250 m. For downward-looking
calculations the sea surface emissivity was modelled using TESSEM?2 (Prigent et al., 2016). The surface temperature was
taken from infrared measurements made during low-level aircraft runs, and the near-surface wind speed was measured by the
dropsondes. The profiles of temperature, pressure and humidity were extended above the maximum altitude sampled by the
aircraft or dropsondes using values from the Met Office global NWP model, and the ozone profile was taken from the ERA-5
reanalysis.

The simulations covered the frequency ranges of the MARSS and ISMAR channels with a resolution of 25 MHz. Tests at a
finer frequency resolution of 3 MHz showed differences less than 0.06 K. For ISMAR, the frequency-resolved simulations were
convolved with the measured channel spectral response functions (SRFs). For zenith simulations this can lead to differences
of up to 3 K compared with assuming an ideal SRF that is uniform across the channel passband, although for most channels
the difference is less than 1 K. The largest differences occur for channels centred around the 118 and 325 GHz absorption
lines where the SRF has a significant spectral slope, as this shifts the location of the effective centre of the passband. Note that
measured SRFs are not available for MARSS and an idealised uniform SRF is assumed.

For the MARSS window channels, which have rather wide main beams, it is also necessary to include the finite antenna
beamwidth in the simulations. For nadir simulations in these channels the finite width of the main beam leads to differences
up to approximately 0.2 K compared to an ideal “pencil beam”. The beamwidth is modelled using the ARTS capability to
include a 1-dimensional Gaussian antenna pattern. Internally, this calculates “pencil beam” radiances at multiple angles which
are then weighted accordingly. No correction is applied for ISMAR nadir simulations as tests showed that, due to the narrower
beamwidth, the difference is less than 0.1 K. For zenith simulations the finite beamwidth leads to differences of up to 0.7 K
for the largest values of IWV at 157 GHz. However, this is not modelled in ARTS in order to reduce the computational time
associated with simulating radiances at multiple angles. Instead, the correction described by Han and Westwater (2000) (eq. 30)

is applied to correct the simulated brightness temperatures in all channels. Wide antenna beams could also introduce errors due

11
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to atmospheric and surface inhomogeneities across the antenna footprint. However, because of the low altitude of the aircraft
compared to a satellite, even the widest beams have a ground footprint of approximately 2 km and we do not expect significant

spatial inhomogeneities on these length-scales.

5 Results and discussion
5.1 Upward-looking radiative closure

Upward-looking brightness temperatures were simulated for all run altitudes during the spiral descents for each flight using
the best-estimate atmospheric profiles that were derived from the aircraft in-situ measurements as described in sec. 3. The
difference between the observed and simulated brightness temperatures using the AMSUTRAN absorption model are shown
in fig. 4 as a function of the partial column water vapour, i.e. the column-integrated mass of water vapour above the aircraft.
This parameter was selected instead of the run altitude or pressure to give a degree of normalisation between flights with very
different water vapour amounts, although it is perhaps less appropriate for the channels around 118 GHz which are dominated
by oxygen absorption. Also shown in the figure is the range of brightness temperatures simulated using the extreme warm/wet
and cold/dry atmospheric profile estimates from the in-situ measurement, which indicates the range of brightness temperatures
that might be expected due to atmospheric variability.

The figure shows that there can be considerable differences, in some cases greater than 20 K, between observations and
simulations using the best-estimate atmospheric profiles. The differences are smallest for the low-frequency window channel
at 89 GHz and the channels centred on the 118 GHz oxygen line. Since these are the channels which are least sensitive to
water vapour, this suggests that the larger differences seen in the other channels are strongly influenced by uncertainties in the
water vapour profile. The large variability between the flights in both the sign and magnitude of the differences means they are
unlikely to be caused by systematic errors in the measurements or simulations, and in most cases the observed differences lie
within the range of simulations made using the observed extreme warm/wet and cold/dry profiles.

Focusing on the water vapour channels, for a given flight there are clear correlations between the brightness temperature
differences for channels at different frequencies but with similar sensitivity to water vapour. This suggests that a large con-
tribution to the differences comes from the representativity of the atmospheric water vapour profile used in the simulations.
Water vapour can be highly variable, even over the relatively compact area sampled by the spiral descents, meaning that the
best-estimate in-situ measurements may not adequately represent the profiles at the time and location of the radiometric ob-
servations. This is further demonstrated by the large spread of simulated brightness temperatures when using the atmospheric
profiles based on the extremes of the in-situ observations, which is generally larger than the brightness temperature differences
between observations and simulations. This highlights the importance of accurately measuring the water vapour profile across
the field of view of the instrument at the time of measurement when performing such closure studies, although this is difficult
to achieve in practice.

The impact of the representativity error can be reduced by calculating the mean differences across multiple flights. The

brightness temperature differences were grouped into ten bins with equal numbers of points based on the partial column
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Figure 4. Difference between observed and simulated brightness temperatures using the AMSUTRAN absorption model for upward-looking
views during vertical profiles, as a function of the partial column water vapour (column-integrated water vapour mass above the aircraft).
The coloured lines represent the simulations using the best-estimate in-situ atmospheric profiles, and the background shading indicates the
range of simulated brightness temperatures using the extreme warm/wet and cold/dry profiles for each flight. The stepped black line shows
the mean difference across all flights with the error bars indicating the 95% confidence interval (CI) for the mean. The gray dashed lines
show the 95% CI (2-0) spectroscopic uncertainty from Gallucci et al. (2024) for representative tropical and sub-arctic winter profiles. Larger

versions of the individual panels are available in fig. S2 in the supplementary material.
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water vapour, and the bin-mean values and 95% confidence interval (CI) for the mean, based on the spread and number of
values within the bin, were calculated. These are also shown in Fig 4, as well as the spectroscopic uncertainty from Gallucci
et al. (2024) for tropical and sub-arctic winter profiles. This is the uncertainty in simulated brightness temperatures caused by
imperfect knowledge of the spectroscopic parameters in the absorption model, and here we show a 2-¢0 uncertainty, equivalent
to the 95% CI. The largest uncertainties are seen in the window channels, where the dominant source is the water vapour
continuum. At 89 GHz the oxygen line mixing parameters also have a significant impact. The spectroscopic uncertainty for
the two profiles for a given partial column water vapour is generally similar, although the tropical profile extends to larger
values. The small differences in spectroscopic uncertainty are mainly due to the uncertainty in the temperature dependence of
the parameters, which has a greater impact for the colder sub-arctic profile.

Although the sample size is relatively small, the flight mean brightness temperature differences are within, or close to, the
spectroscopic uncertainty for most cases. The biggest systematic deviations occur at 183+1 and 448+1.4 GHz for very low
values of partial column water vapour. These channels are close to the centre of water vapour absorption lines and are sensitive
to low water vapour concentrations which are challenging to measure with the available in-situ instruments. They are also
sensitive to the small amounts of water vapour above the maximum altitude sampled by the aircraft, where the atmospheric
profiles are taken from the NWP model and do not have associated wet and dry extremes.

Note that the figure does not show the uncertainties due to errors in the radiometric observations. Since typically around
thirty measurements are averaged at each run altitude to create the mean brightness temperature profiles, the impact of ran-
dom radiometric noise (i.e. NEAT) is less than 0.5 K even for the noisiest ISMAR channels which have an NEAT of up to
approximately 3 K when measuring very cold brightness temperatures (Fox et al., 2017). Systematic biases in the ISMAR
measurements are also discussed by Fox et al. (2017), and are mainly caused by uncertainties in the effective radiometric tem-
peratures of the calibration black-bodies, with some channels also impacted by standing wave effects (118+3 and 664 GHz)
which can cause an additional slowly-varying systematic error. The bias is dependent on the scene temperature, and is largest
when viewing scenes that are significantly colder than either of the on-board calibration targets. Neglecting the standing waves,
the maximum estimated bias is around 3 K. Although the standing wave effects that are present in some channels increase the
worst-case bias estimate, they are not expected to be consistent between flights so the average impact will be reduced. This is
also a worst-case estimate, and in practice the accuracy is likely to be significantly better than 3 K. Any bias due to uncertainties
in the calibration target temperatures will be correlated between channels which share a common receiver front-end, and such
patterns are not obviously apparent in the flight-mean results shown in fig 4.

An additional uncertainty also arises from the choice of radiative transfer model. Even with consistent spectroscopy, different
models do not produce identical results, mainly due to the method used to discretise the radiative transfer equation and the
assumptions within the model on how the atmospheric profiles vary between the discrete vertical levels provided as inputs. The
differences between models generally reduces as the vertical resolution is increased. Melsheimer et al. (2005) compared the
version of ARTS available at the time to three other models for downward-looking AMSU-B simulations and found that, when

consistent spectroscopy was implemented across the models, differences were less than ~1K with the exception of one outlying
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Figure 5. Overview of the OEM retrieval method used to reduce the impact of profile representativity errors.

model at 183 GHz. Much smaller differences (~0.1K) were seen for upward-looking simulations. We have tried to minimise
the uncertainty due to the radiative transfer model in this study by performing calculations with a high vertical resolution.

Another approach to reducing the impact of errors in the representativity of the in-situ observations of the atmospheric profile
is to use the radiometric observations to retrieve the atmospheric state. For a given gas absorption model this method searches
for an atmospheric profile that best matches the measured brightness temperature profiles. An overview of the retrieval method
is given in fig. 5. The in-situ profile was taken as the a-priori background state, and the optimal estimation method (OEM)
was used to simultaneously adjust the temperature and water vapour profiles to give a better match between the observed and
simulated brightness temperatures using each absorption model. The ability of the retrieval to fit the observations across all
frequencies is an indication of the accuracy of the gas absorption model. In the retrievals presented here, the mean brightness
temperatures observed at each of the altitudes sampled by level runs during the stepped spiral descent are used simultaneously
to retrieve a single atmospheric state. This means the brightness temperatures provide a strong constraint on the retrieved
atmospheric profile, but it assumes that the atmosphere is sufficiently homogeneous both spatially and temporally that it can
be represented by a single profile. Note that the 118+3 GHz channel was excluded from the retrieval as it has potentially
significant calibration biases due to standing wave effects which could result in undesirable large perturbations to the retrieved
temperature profile.

Within the retrieval, observation error is taken as the standard deviation of the observed brightness temperatures along
each run, assuming no correlations between channels. A minimum threshold of 1 K is applied for runs with very low observed
variance. The background error is based on the estimated extreme warm (wet) and cold (dry) temperature and humidity profiles
from the in-situ observations. The errors are set to half the difference between the warm (wet) and cold (dry) extremes. The

temperature errors are limited to the range 0.25-2.5 K, and the humidity errors, which are expressed in relative units, are
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limited to the range 0.2-0.5. For heights above the maximum altitude sampled by the aircraft, where there are no estimates of
extreme values, the maximum limits for temperature and humidity are used. To reduce oscillations in the retrieved profiles,
the background error for water vapour was assumed to have a Gaussian correlation between vertical levels, using a 1 km scale
height.

Figure 6 compares the observed brightness temperatures with the simulated brightness temperatures from the retrieved atmo-
spheric profiles using the AMSUTRAN absorption model. This demonstrates how well the retrieval was able to fit the observed
brightness temperatures. Compared to fig. 4 the brightness temperature differences are significantly smaller, and the variability
between flights is also significantly reduced. This suggests that the retrieval is capable of reducing the representativity errors
of the best-estimate in-situ profiles. In many cases the brightness temperature differences lie close to, or within, the theoretical
estimate of the spectroscopic uncertainty. A notable outlier in fig. 6 is flight C114, which shows large oscillations, particularly
at 183+1, 183+3, 448+7.2 and 664 GHz, with similar patterns also visible in some other channels. This flight encountered
horizontal gradients in water vapour, such that the offset in aircraft track between adjacent levels in the profile resulted in
alternately wetter and drier airmasses being sampled. The oscillations in the brightness temperature differences result from the
retrieval attempting to fit a single water vapour profile to all the brightness temperature observations simultaneously.

Although the retrieval gives a better fit to the observed brightness temperatures it is difficult to show that the retrieved profile
is accurate. However, fig. S4 in the supplement compares the retrieved and a-priori background profiles, and shows that in most
cases the adjustments made by the retrieval are small and within the observed atmospheric variability. The largest changes are
predominantly above the maximum altitude sampled by the aircraft, where the background state is taken from an NWP model.
The fact that the retrieval is able to simultaneously improve the fit to observations across multiple absorption lines is also an
indication that errors in the atmospheric profile are a main cause of the difference between observation and simulation, because
any errors in the absorption model parameters should not be strongly correlated between the different lines.

Comparing the flight-mean results between fig. 4 and fig. 6 there are some differences. The bias observed at channels close
to the centre of the water vapour lines at 18343 and 448+1.4 GHz for low partial column water vapour is significantly reduced
by the retrievals. This is because the retrievals produce systematically lower amounts of water vapour, particularly at heights
above the maximum altitude sampled by the aircraft where the best-estimate profile is taken from NWP model data. Note that a
similar effect is not seen at 325+1.5 GHz, which is also close to the centre of a water vapour line, simply because this channel
was not available during the flights which contribute most strongly to the bias. This suggests that there may be a wet bias in the
upper tropospheric/lower stratospheric water vapour within the NWP model, although it is not possible to completely exclude
deficiencies in the absorption model or measurement biases. However, the fact that a similar effect is seen on two different
absorption lines, and on measurements from independent instruments, suggests that these are less likely to be the cause. There
is also a reduction in the bias in the window channels, particularly at 157 and 243 GHz, and also at 1834+7 GHz, for large
values of partial column water vapour. This is caused by the retrieval slightly increasing the humidity in the vicinity of the top
of the boundary layer. Since the in-situ profile is used with a vertical resolution of 2000 ft ( 600 m), it is not able to capture the
details of the strong gradients in water vapour expected around the top of the boundary layer, and the precise vertical location

of these changes can have a large impact on brightness temperatures measured near the boundary layer top.
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Figure 6. As fig. 4 using the retrieved atmospheric profiles and AMSUTRAN absorption model. Larger versions of the individual panels are

available in fig. S3 in the supplementary material.
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The upward-looking radiative closure results using both the AMSUTRAN and Ros22 absorption models are shown in fig.
7, which compares the flight-mean results for both best-estimate and retrieved atmospheric profiles using the two models.
The figure shows that the AMSUTRAN and Ros22 models give very similar results, although there are a few differences in the
details, for example the Ros22 model provides a slightly better fit to the low-frequency window channels at 89 and 157 GHz for
both the best-estimate and retrieved profiles, and the AMSUTRAN model perhaps provides a better fit at 183+3 and 664 GHz
for intermediate values of partial column water vapour. The mean absolute deviation (MAD) and bias of the binned flight-mean
brightness temperature differences are listed in tab. 4. Since the bias can be small in cases where there are compensating positive
and negative errors at different values of IWV, the MAD is our preferred statistic for overall comparison between the models.
For the best-guess profiles the MAD is less than 2 K for both absorption models, with the exception of 183+1 and 448+1.4
GHz which, as discussed above, are strongly affected by the small amounts of water vapour above the maximum altitude
sampled by the aircraft, and 448+7.2 GHz. The retrieval reduces the MAD compared to the best-guess profiles for almost all
channels, and results in a maximum MAD of 1.6 K for the AMSUTRAN model at 448+7.2 GHz, with many channels having
significantly smaller MAD. The mean value of the MAD across all channels is 1.31 K (1.41 K) for the AMSUTRAN and
(Ros22) models respectively using the best-guess profiles, reducing to 0.84 K (0.85 K) for the retrieved profiles. Considering
only the channels relevant for ICI, i.e. with frequencies of 183 GHz or greater, slightly increases the channel-mean MAD to
1.58 K (1.70 K) for the best-guess profiles, and 0.95 K (0.95 K) for the retrieved profiles. The AMSUTRAN and Ros22 models

therefore have very similar performance, and both are suitable for use in the ICI frequency range.
5.2 Downward-looking radiative closure

The upward-looking radiative closure results discussed in the previous section provide a relatively sensitive test of the atmo-
spheric absorption models due to the well-defined cold radiative background and the wide range of integrated water vapour that
can be sampled by measuring at different altitudes. However, it is also of interest to consider downward-looking observations
measured from high altitude as this gives the closest match to the satellite viewing geometry. Radiative closure calculations
using downward-looking observations will be used to validate the radiometric accuracy of ICI during the post-launch cal/val
period. During nine flights the aircraft performed a high altitude run as shown in tab. 3. These runs were performed at altitudes
between 8.5 and 10.3 km. During eight of the flights dropsondes were released to measure the atmospheric profile below the
aircraft in addition to the aircraft in-situ profiles measured before and/or after the run. A total of 33 dropsondes were released,
although they were not uniformly distributed between the flights.

Figure 8 shows an example of the observations and nadir simulations using the AMSUTRAN absorption model from the
high altitude run during flight B§93. The simulations were performed using atmospheric profiles from the dropsondes, aircraft
in-situ measurements and NWP model fields from the Met Office 1.5 km resolution operational forecast model at a range
of lead times. For the dropsonde simulations the surface temperature was taken from infrared measurements made when the
aircraft was flying at low altitude, and the near-surface wind speed, which is needed to model the surface emissivity, was
measured by the dropsonde. Simulation using the aircraft in-situ profiles were performed for the best-estimate and extreme

wet and dry profiles. For these simulations the wet and dry profiles are used with the coldest and warmest temperature profiles
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Figure 7. Mean differences between observed and simulated upward-looking brightness temperatures across all flights for the AMSUTRAN

and Ros22 absorption models using best-estimate in-situ and retrieved atmospheric profiles.
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Table 4. Mean absolute deviation (MAD) and bias of binned flight-mean upward-looking brightness temperature differences for best-guess

and retrieved profiles using the AMSUTRAN and Ros22 absorption models.

MAD Bias
Best guess Retrieved Best guess Retrieved
AMSUTRAN  Ros22 AMSUTRAN Ros22 AMSUTRAN Ros22 AMSUTRAN  Ros22

89 GHz 0.85 0.67 0.58 0.42 0.53 0.28 0.27 0.05
118+1.1 GHz 0.75 1.07 0.50 0.63 -0.75 -1.07 -0.47 -0.55
118+1.5 GHz 0.37 0.47 0.31 0.15 0.06 -0.33 0.27 0.14
118+2.1 GHz 0.57 0.86 0.46 0.69 -0.44 -0.86 -0.36 -0.57
118+3.0 GHz 0.86 1.15 0.75 1.02 -0.69 -1.12 -0.75 -1.02
118+5.0 GHz 1.14 1.40 1.11 1.45 -0.94 -1.37 -1.11 -1.45
157 GHz 1.67 1.18 0.94 0.50 1.64 1.10 0.92 0.44
183+1 GHz 2.50 2.98 0.66 0.76 -2.43 -2.98 -0.61 -0.76
183+3 GHz 0.67 0.73 0.33 0.51 -0.06 0.13 -0.05 0.45
183+7 GHz 1.40 1.27 0.80 0.80 1.40 1.27 0.50 0.56
243 GHz 0.88 1.09 0.30 0.38 0.72 0.49 0.03 -0.09
325+1.5 GHz 0.88 0.98 0.62 0.58 -0.13 -0.87 0.31 0.25
325+3.5 GHz 1.45 0.98 1.30 1.03 0.90 0.25 0.64 0.35
325+9.5 GHz 0.53 0.82 0.64 0.74 -0.09 -0.73 -0.36 -0.74
448+1.4 GHz 4.41 4.66 1.36 1.24 -4.41 -4.66 -1.36 -1.24
448+3.0 GHz 1.50 1.68 1.43 1.42 -1.28 -1.68 0.41 0.39
448+7.2 GHz 2.13 2.47 1.56 1.46 -2.13 -2.47 -1.44 -1.45
664 GHz 1.01 1.00 1.49 1.50 0.59 0.68 1.03 1.44
Mean 1.31 1.41 0.84 0.85 -0.42 -0.77 -0.12 -0.21
Mean (>=183 GHz) 1.58 1.70 0.95 0.95 -0.63 -0.96 -0.08 -0.08

respectively. This combination will usually lead to the coldest and warmest brightness temperatures respectively, although this
is not the case for channels with very low atmospheric absorption over a reflective surface. The lowest altitude sampled by the
aircraft varied between flights, but was generally less than 600 m. For the aircraft in-situ profiles, data for heights below this
were taken from dropsondes.

In this example there is some variability in the observed brightness temperatures along the run due to changes in the atmo-
spheric profiles. Due to the relatively low water vapour content in this flight some channels also show variations due to changes
in surface temperature and emissivity. The changes are relatively well captured by both the dropsondes and the NWP model,
and there is generally good agreement between the observations and the simulations using both the dropsondes and the shortest
lead-time NWP forecast. The range of simulated brightness temperatures from the estimated in-situ profiles can be quite large,
and mostly spans the range of the observations. For this flight the biggest differences between the observations and dropsonde

simulations occur in the surface-sensitive channels and are likely caused by errors in the surface temperature or emissivity.
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Figure 8. Observed and simulated nadir brightness temperatures for the high-altitude run from flight B§93 using the AMSUTRAN absorption
model. The black lines show the observations (smoothed over 30 s) and the stars show the simulations using the dropsonde atmospheric
profiles, plotted at the time corresponding to the dropsonde release. The simulation using the best-estimate aircraft in-situ profile is shown by
the orange horizontal line, with the shading indicating the range of brightness temperatures obtained using the extreme wet and dry profile

estimates. The blue lines and shading show the simulations using the NWP model fields. The solid line and shading shows the mean and

range of the simulations from different forecast runs, and the dashed line shows the simulation using the shortest lead-time forecast.

21



405

410

415

mmm AMSUTRAN - NWP Ros22 - sonde
44 EEm Ros22 - NWP AMSUTRAN - retrieval
s AMSUTRAN - sonde Ros22 - retrieval

Mean bias (obs - sim) (K)
o
\

‘iwimi"w' " i !Hf“!w H ﬂu“ﬂ\?m” m ”'“!‘H

WA

T T T T T T T T T T T T T T T T T T
N N N N N N N N N N N N N N N N N N
I I I I I I I I I I I I I I I I I I
O o (O] &) o (] G] (U] (] O (G] ] G] (U] ] G] (U] (]
a — n I < S ~ I m ~ ) n 1 n ~ o N 3
o — — N m 0 9 hul + hl N — ) o — ™ ~ S
i i 4l 4 i Q o o 1 4 + H 4 1
@ © ® © © ] 9 o] n n n © @ ©
channel

Figure 9. Flight-mean bias (observation - simulation) for nadir views during high-altitude runs. The black error bars show the estimated un-
certainty (95% CI) in the flight-mean value. The gray shading shows the spectroscopic uncertainty estimates (95% CI) for top-of-atmosphere
views at nadir incidence based on the method of Gallucci et al. (2024) for typical (from left to right) sub-arctic winter, midlatitude winter,

sub-arctic summer, midlatitude summer and tropical atmospheric profiles.

The mean brightness temperature bias was calculated for each flight using both the dropsonde atmospheric profiles and the
shortest lead-time NWP model forecast (which is always within 6 h of the analysis time). For the dropsonde profiles, only
the brightness temperature observations made within 60 s of the sonde release time were used, corresponding to a horizontal
distance of approximately 10 km. Figure 9 shows the mean bias across all flights for simulations using the AMSUTRAN and
Ros22 absorption models. Also shown are the spectroscopic uncertainty estimates (95% CI) for nadir views, that have been
calculated based on the method of Gallucci et al. (2024) for five atmospheric profiles ranging from sub-arctic winter to tropical
conditions. The mid-latitude winter and mid-latitude summer profiles are most representative of the conditions encountered
during the majority of the flights.

The difference between the AMSUTRAN and Ros22 absorption models is rather small, and is often considerably less than
the estimated spectroscopic uncertainty. The difference between the absorption models is also small compared to the bias
between the observations and simulations. This bias is often greater than the spectroscopic uncertainty, particularly for the
channels centred on the water vapour absorption lines, as these have the smallest spectroscopic uncertainties. However, the
variability of the bias between the different flights means that there is still considerable uncertainty in the flight-mean values
as shown by the error bars in fig. 9, which are calculated from the standard deviation of the bias across all flights and the

number of flights. This variability is driven by errors in the NWP forecast model fields, and uncertainties in the dropsonde and
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radiometric measurements. A much larger dataset is needed to reduce the uncertainty in these comparisons, and this is difficult
to achieve from an airborne platform.

The largest biases are found in the window channels at 89 and 157 GHz, consistent with the results of Moradi et al. (2020).
These channels have the largest spectroscopic uncertainty due to the contribution from the water vapour continuum, which is
also significant at 243 GHz in cold, dry conditions. However, it is also likely that they are affected by errors in the surface emis-
sivity. Comparisons with the bias for off-nadir views (not shown), which are sensitive to surface polarisation effects, show the
biggest changes in bias with viewing angle for these channels implying that the surface is having an impact. For the remaining
channels the bias is less than 1.5 K for both NWP model and dropsonde simulations with both absorption models. However,
there are systematic differences between the biases for the NWP model and dropsonde simulations, with the dropsondes lead-
ing to consistently warmer simulated brightness temperatures. This implies that the two sources of profile information have
different characteristics, with the dropsonde profiles containing less water vapour on average. These differences suggest the
atmospheric profiles are likely to be a significant contributor to the overall bias, although systematic errors in the brightness
temperature observations may also be important. Fox et al. (2017) estimate that the systematic bias in the downward-looking
ISMAR observations is less than 0.4 K, with the exception of 118+3 and 664 GHz where standing-wave effects may lead to
errors up to 1.7 K.

Note that we have not attempted to restrict these results to homogeneous scenes as this could overly restrict a relatively
small dataset. As an indication of the inhomogeneity we have calculated the standard deviation of the MARSS brightness
temperatures (at 89, 157 and 183 GHz) over the 120 s window centred on the sonde release times. Averaged across all the
sondes this is between 0.6 and 1.2K, with worst-case values for a single sonde between 1 and 2K, dependent on channel. The
standard deviation is greatest for the 157 and 18341 GHz channels, and smallest for the 89 and 18347 GHz channels. Note
that this figure also includes effect of the instrument NEAT, which for the MARSS channels is typically between 0.3 and
0.65K. This suggests that the impact of inhomogeneity is generally quite small, but cannot be considered negligible. However,
we would expect the impact of inhomogeneity to be reduced when averaging results across multiple sondes.

The retrieval method described in the previous section can also be applied to the down-looking observations, although it
provides a less rigorous test of the absorption models than the upward-looking retrievals. In particular, the warmer radiative
background leads to a lower sensitivity of the brightness temperatures to the absorption model parameters, and uncertainties
in surface temperature and emissivity can influence the results. Additionally, the simultaneous use of observations from many
different altitudes in the upward-looking retrieval provides a strong constraint on the vertical structure of the atmospheric
profile, even for a single channel, as long as there is enough absorption to create a non-negligible vertical gradient of brightness
temperature. The fit of the retrieval across multiple channels therefore provides considerable information on the accuracy of
the absorption model. In contrast, for the down-looking retrieval, the information on the vertical structure can only come from
using multiple channels with different weighting functions, so less information on the accuracy of the absorption model can be
extracted.

Nevertheless, we have applied the retrieval to the downward-looking observations using the dropsondes as the a-priori

background state. Surface temperature and near-surface wind speed were retrieved in addition to the temperature and water
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vapour profiles. The background temperature error was set to 4 K and the water vapour background error was set to 20%. The
background errors for the surface temperature and wind speed were set to 2 K and 3 ms ™! respectively. The observation error
was taken as the standard deviation of the brightness temperature measurements within 60 s of the sonde launch time, and is
assumed to be uncorrelated between the channels. Comparing the results of the retrieval to the dropsonde simulations in fig. 9
it can be seen that the main differences occur in the window channels at 89, 157 and 243 GHz where the biases for the retrieval
are reduced. This is mainly due to the retrieval reducing the near-surface wind speed which reduces the surface emission. There
are also small improvements to the bias in almost all of the water vapour channels due to small adjustments made to the water
vapour profile.

The target radiometric accuracy for ICI is 1 K for the 183 GHz channels and 1.5 K at higher frequencies (Eriksson et al.,
2020). It is planned that these will be validated during the post-launch calibration and validation period through radiative
closure calculations. The results presented in this section show that the source of atmospheric profile information can have
a significant impact on these comparisons, and it is recommended that a wide range of profile data, including radiosondes,
NWP models and reanalyses, are used for this purpose. However, we have shown that using both the AMSUTRAN and Ros22

absorption models it is possible to obtain mean biases close to this level of agreement for the airborne data.

6 Conclusions

In this study, airborne observations between 89 and 664 GHz for clear-sky scenes have been used to evaluate two models for
atmospheric gas absorption using radiative closure calculations. Both upward and downward-looking views were considered.

Although upward-looking brightness temperature profiles are relatively sensitive to the absorption model, they are also
strongly affected by uncertainties in the atmospheric water vapour profile and differences between observed and simulated
brightness temperatures of over 20 K were seen in some cases, with large variability between different flights. The impact
of uncertainties in the representativeness of the water vapour profile can be reduced by averaging across multiple flights.
Alternatively, a method of retrieving the water vapour profile based on the radiometric observations has been demonstrated
which leads to significantly more consistent results between the flights. Both methods gave similar results, with the exception
of the two water vapour channels closest to the centres of the absorption lines at 183 and 448 GHz, which are strongly affected
by the small amounts of water vapour in the upper troposphere and stratosphere which is difficult to measure accurately. For
these channels the retrieval was able to provide a better fit to the observations by systematically reducing the water vapour at
high altitudes. For the retrieved results, both the AMSUTRAN and Ros22 models were able to give a good fit the observations,
with a flight-mean MAD across all water vapour column amounts of 0.85 K. Mean differences between observed and simulated
brightness temperatures were generally close to, or within, the estimated spectroscopic uncertainty.

Radiative closure calculations for downward-looking observations were performed using atmospheric profiles measured by
dropsondes released from the aircraft, and also from NWP model fields. The largest differences were seen in the window
channels at 89 and 157 GHz which are influenced both by the water vapour continuum and the surface properties. For the

remaining channels the flight-mean bias was less than 1.5 K for both the AMSUTRAN and Ros22 models using dropsonde
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and NWP profiles. The flight-mean bias for the channels centred on the water vapour absorption lines, and also at 664 GHz
was greater than the estimated spectroscopic uncertainty. Systematic differences between the two sources of profile information
suggest that uncertainty in the atmospheric profile makes a significant contribution to the bias for these comparisons.

The results of this study suggest that both the AMSUTRAN and Ros22 models are sufficiently accurate for use across all the
ICI channels. The AMSUTRAN model has already been used to train the fast RTTOV model that will be used operationally
for ICI exploitation. Similar radiative closure calculations will also be used for calibration and validation of ICI radiometric
accuracy during the post-launch commissioning phase. This is necessary because no operational satellite sensors exist at ICI
frequencies above 183 GHz to enable direct instrument intercomparison. For the downward-looking results presented here
we obtained flight-mean biases at frequencies above 183 GHz very close to the 1.5 K target radiometric accuracy for ICL
Given the influence of the atmospheric profile uncertainty on these comparisons it will be necessary to average across a large
number of observations to obtain robust results. It is also recommended that different sources of profile information, including
radiosondes, NWP models and reanalyses, are used to characterise the impact of systematic biases.

Although this study has shown good agreement between observed and simulated brightness temperatures, the results will
be affected by any systematic biases in the measurements. Given the relatively small estimated spectroscopic uncertainty, the
close agreement between the AMSUTRAN and Ros22 models, and the impact of the uncertainties in the atmospheric profile,
it is challenging for such radiative closure calculations to discriminate between the absorption models or to show where further
refinement of the spectroscopic parameters could lead to improved results. It would also be desirable to confirm the results of

this study with independent measurements from different instruments.

Code and data availability. Observations from the FAAM aircraft are available via the CEDA archive (Facility for Airborne Atmospheric
Measurements et al., 2024). The processed data used in this study are available under license for non-commercial purposes and on the
condition of no redistribution by contacting EUMETSAT (vinia.mattioli @eumetsat.int), and will be made available via the project webpage
in due course (https://www.eumetsat.int/study-atmospheric-absorption-models-using-ismar-data-0). Brightness temperature uncertainty due
to spectroscopic parameter uncertainty can be calculated using the code described by Larosa et al. (2024). The spectroscopic parameter
uncertainty covariance matrix is available as a supplement to Gallucci et al. (2024). The ARTS radiative transfer model can be obtained from

https://www.radiativetransfer.org/getarts/

Author contributions. VM and SF designed and led the research study. AV and SF collated the airborne dataset. ET performed a review of
available absorption models and provided recommendations for this study. SF and AV analysed the airborne data. DC and DG provided the

analysis of the spectroscopic uncertainty. SF wrote the initial manuscript, and all authors contributed to revisions.

Competing interests. Domenico Cimini is a member of the editorial board of Atmospheric Measurement Techniques and the authors have

also no other competing interests to declare.

25



515

520

Acknowledgements. This work was supported by the European Organization for the Exploitation of Meteorological Satellites (EUMETSAT)
through the study on "atmospheric absorption models using ISMAR data" under Contract EUM/CO0/20/4600002477/VM. The airborne data
were obtained using the BAe-146-301 Atmospheric Research Aircraft (ARA) flown by Airtask Ltd and managed by the FAAM Airborne
Laboratory, jointly operated by UKRI and the University of Leeds. The authors would like to thank the crew and personnel involved in the

airborne campaigns. We acknowledge the use of imagery provided by services from NASA’s Global Imagery Browse Services (GIBS), part

of NASA’s Earth Observing System Data and Information System (EOSDIS).

26



525

530

535

540

545

550

555

References

Accadia, C., Mattioli, V., Colucci, P., Schliissel, P., D’ Addio, S., Klein, U., Wehr, T., and Donlon, C.: Microwave and Sub-mm Wave Sensors:
A European Perspective, pp. 83-97, Springer International Publishing, Cham, https://doi.org/10.1007/978-3-030-24568-9_5, 2020.

Birk, M., Wagner, G., Gordon, I. E., and Drouin, B. J.: Ozone intensities in the rotational bands, Journal of Quantitative Spectroscopy and
Radiative Transfer, 226, 6065, https://doi.org/https://doi.org/10.1016/j.jqsrt.2019.01.004, 2019.

Brogniez, H., English, S., Mahfouf, J.-F., Behrendt, A., Berg, W., Boukabara, S., Buehler, S. A., Chambon, P., Gambacorta, A., Geer, A.,
Ingram, W., Kursinski, E. R., Matricardi, M., Odintsova, T. A., Payne, V. H., Thorne, P. W., Tretyakov, M. Y., and Wang, J.: A review
of sources of systematic errors and uncertainties in observations and simulations at 183 GHz, Atmospheric Measurement Techniques, 9,
2207-2221, https://doi.org/10.5194/amt-9-2207-2016, 2016.

Buehler, S., Jimenez, C., Evans, K., Eriksson, P., Rydberg, B., Heymsfield, A., Stubenrauch, C., Lohmann, U., Emde, C., John, V., Sreerekha,
T.R., and Davis, C.: A concept for a satellite mission to measure cloud ice water path, ice particle size, and cloud altitude, Quarterly Journal
of the Royal Meteorological Society, 133, 109-128, https://doi.org/10.1002/qj.143, 2007.

Buehler, S. A., Larsson, R., Lemke, O., Pfreundschuh, S., Brath, M., Adams, I., Fox, S., Roemer, F. E., Czarnecki, P, and
Eriksson, P.: The Atmospheric Radiative Transfer Simulator Arts, Version 2.6 — Deep Python Integration., Available at SSRN,
https://doi.org/10.2139/ssrn.4815661, 2024.

Cadeddu, M. P, Payne, V. H., Clough, S. A., Cady-Pereira, K., and Liljegren, J. C.: Effect of the Oxygen Line-Parameter Modeling on Tem-
perature and Humidity Retrievals From Ground-Based Microwave Radiometers, IEEE Transactions on Geoscience and Remote Sensing,
45, 2216-2223, https://doi.org/10.1109/TGRS.2007.894063, 2007.

Cady-Pereira, K., Alvarado, M., Mlawer, E., lacono, M., Delamere, J., and Pernak, R.: AER Line File Parameters,
https://doi.org/10.5281/zenodo.7853414, 2020.

Cimini, D., Rosenkranz, P. W., Tretyakov, M. Y., Koshelev, M. A., and Romano, F.: Uncertainty of atmospheric microwave absorp-
tion model: impact on ground-based radiometer simulations and retrievals, Atmospheric Chemistry and Physics, 18, 15231-15 259,
https://doi.org/10.5194/acp-18-15231-2018, 2018.

Clough, S., Kneizys, F., and Davies, R.: Line shape and the water vapor continuum, Atmospheric Research, 23, 229-241,
https://doi.org/https://doi.org/10.1016/0169-8095(89)90020-3, 1989.

Clough, S., Shephard, M., Mlawer, E., Delamere, J., lacono, M., Cady-Pereira, K., Boukabara, S., and Brown, P.: Atmospheric radia-
tive transfer modeling: a summary of the AER codes, Journal of Quantitative Spectroscopy and Radiative Transfer, 91, 233-244,
https://doi.org/https://doi.org/10.1016/j.jgsrt.2004.05.058, 2005.

Eresmaa, R. and McNally, A. P.: Diverse profile datasets from the ECMWEF 137-level short-range forecasts, Tech. Rep. NWP-
SAF_EC_TR_017, NWP SAF, https://www.nwpsaf.eu/publications/tech_reports/nwpsaf-ec-tr-017.pdf, 2014.

Eriksson, P., Rydberg, B., Mattioli, V., Thoss, A., Accadia, C., Klein, U., and Buehler, S. A.: Towards an operational Ice Cloud Imager (ICI)
retrieval product, Atmospheric Measurement Techniques, 13, 5371, https://doi.org/10.5194/amt-13-53-2020, 2020.

Facility for Airborne Atmospheric Measurements, Natural Environment Research Council, and Met Office: Facility for Air-
borne Atmospheric Measurements (FAAM) flights., Centre for Environmental Data Analysis, http://catalogue.ceda.ac.uk/uuid/
affe775e8d8890a4556aec5bcdeOb4Sc, 2024.

27


https://doi.org/10.1007/978-3-030-24568-9_5
https://doi.org/https://doi.org/10.1016/j.jqsrt.2019.01.004
https://doi.org/10.5194/amt-9-2207-2016
https://doi.org/10.1002/qj.143
https://doi.org/10.2139/ssrn.4815661
https://doi.org/10.1109/TGRS.2007.894063
https://doi.org/10.5281/zenodo.7853414
https://doi.org/10.5194/acp-18-15231-2018
https://doi.org/https://doi.org/10.1016/0169-8095(89)90020-3
https://doi.org/https://doi.org/10.1016/j.jqsrt.2004.05.058
https://www.nwpsaf.eu/publications/tech_reports/nwpsaf-ec-tr-017.pdf
https://doi.org/10.5194/amt-13-53-2020
http://catalogue.ceda.ac.uk/uuid/affe775e8d8890a4556aec5bc4e0b45c
http://catalogue.ceda.ac.uk/uuid/affe775e8d8890a4556aec5bc4e0b45c
http://catalogue.ceda.ac.uk/uuid/affe775e8d8890a4556aec5bc4e0b45c

560

565

570

575

580

585

590

Fox, S., Lee, C., Moyna, B., Philipp, M., Rule, L., Rogers, S., King, R., Oldfield, M., Rea, S., Henry, M., Wang, H., and Harlow, R. C.:
ISMAR: an airborne submillimetre radiometer, Atmospheric Measurement Techniques, 10, 477-490, https://doi.org/10.5194/amt-10-477-
2017, 2017.

Gallucci, D., Cimini, D., Turner, E., Fox, S., Rosenkranz, P. W., Tretyakov, M. Y., Mattioli, V., Larosa, S., and Romano, F.: Uncer-
tainty of simulated brightness temperature due to sensitivity to atmospheric gas spectroscopic parameters, EGUsphere, 2024, 1-35,
https://doi.org/10.5194/egusphere-2023-3160, 2024.

Gordon, 1., Rothman, L., Hargreaves, R., Hashemi, R., Karlovets, E., Skinner, F., Conway, E., Hill, C., Kochanov, R., Tan, Y., Wcisto, P.,
Finenko, A., Nelson, K., Bernath, P., Birk, M., Boudon, V., Campargue, A., Chance, K., Coustenis, A., Drouin, B., Flaud, J., Gamache,
R., Hodges, J., Jacquemart, D., Mlawer, E., Nikitin, A., Perevalov, V., Rotger, M., Tennyson, J., Toon, G., Tran, H., Tyuterev, V., Adkins,
E., Baker, A., Barbe, A., Cane, E., Csaszér, A., Dudaryonok, A., Egorov, O., Fleisher, A., Fleurbaey, H., Foltynowicz, A., Furtenbacher,
T., Harrison, J., Hartmann, J., Horneman, V., Huang, X., Karman, T., Karns, J., Kassi, S., Kleiner, 1., Kofman, V., Kwabia-Tchana, F.,
Lavrentieva, N., Lee, T., Long, D., Lukashevskaya, A., Lyulin, O., Makhnev, V., Matt, W., Massie, S., Melosso, M., Mikhailenko, S.,
Mondelain, D., Miiller, H., Naumenko, O., Perrin, A., Polyansky, O., Raddaoui, E., Raston, P., Reed, Z., Rey, M., Richard, C., Tébids, R.,
Sadiek, I., Schwenke, D., Starikova, E., Sung, K., Tamassia, F., Tashkun, S., Vander Auwera, J., Vasilenko, I., Vigasin, A., Villanueva, G.,
Vispoel, B., Wagner, G., Yachmeneyv, A., and Yurchenko, S.: The HITRAN2020 molecular spectroscopic database, Journal of Quantitative
Spectroscopy and Radiative Transfer, 277, 107 949, https://doi.org/https://doi.org/10.1016/].jqsrt.2021.107949, 2022.

Han, Y. and Westwater, E. R.: Analysis and improvement of tipping calibration for ground-based microwave radiometers, IEEE Transactions
on Geoscience and Remote Sensing, 38, 1260-1276, https://doi.org/10.1109/36.843018, 2000.

Hewison, T. J.: Aircraft validation of clear air absorption models at millimeter wavelengths (89—183 GHz), Journal of Geophysical Research:
Atmospheres, 111, n/a—n/a, https://doi.org/10.1029/2005JD006719, d14303, 2006.

Jacquinet-Husson, N., Armante, R., Scott, N., Chédin, A., Crépeau, L., Boutammine, C., Bouhdaoui, A., Crevoisier, C., Capelle, V., Boonne,
C., Poulet-Crovisier, N., Barbe, A., Chris Benner, D., Boudon, V., Brown, L., Buldyreva, J., Campargue, A., Coudert, L., Devi, V., Down,
M., Drouin, B., Fayt, A., Fittschen, C., Flaud, J.-M., Gamache, R., Harrison, J., Hill, C., Hodnebrog, @., Hu, S.-M., Jacquemart, D.,
Jolly, A., Jiménez, E., Lavrentieva, N., Liu, A.-W., Lodi, L., Lyulin, O., Massie, S., Mikhailenko, S., Miiller, H., Naumenko, O., Nikitin,
A., Nielsen, C., Orphal, J., Perevalov, V., Perrin, A., Polovtseva, E., Predoi-Cross, A., Rotger, M., Ruth, A., Yu, S., Sung, K., Tashkun,
S., Tennyson, J., Tyuterev, V., Vander Auwera, J., Voronin, B., and Makie, A.: The 2015 edition of the GEISA spectroscopic database,
Journal of Molecular Spectroscopy, 327, 31-72, https://doi.org/https://doi.org/10.1016/j.jms.2016.06.007, new Visions of Spectroscopic
Databases, Volume II, 2016.

Kangas, V., D’Addio, S., Betto, M., Barre, H., Loiselet, M., and Mason, G.: Metop Second Generation microwave sounding and microwave
imaging missions, in: Proceedings of the 2012 EUMETSAT Meteorological Satellite Conference, Sopot, Poland, Sept. 3-7, 2012.

Koshelev, M., Golubiatnikov, G., Vilkov, I., and Tretyakov, M.: Line shape parameters of the 22-GHz water line for ac-
curate modeling in atmospheric applications, Journal of Quantitative Spectroscopy and Radiative Transfer, 205, 51-58,
https://doi.org/https://doi.org/10.1016/j.jgsrt.2017.09.032, 2018.

Koshelev, M., Vilkov, 1., Makarov, D., Tretyakov, M., Vispoel, B., Gamache, R., Cimini, D., Romano, F., and Rosenkranz, P.: Water vapor
line profile at 183-GHz: Temperature dependence of broadening, shifting, and speed-dependent shape parameters, Journal of Quantitative

Spectroscopy and Radiative Transfer, 262, 107 472, https://doi.org/https://doi.org/10.1016/j.jqsrt.2020.107472, 2021.

28


https://doi.org/10.5194/amt-10-477-2017
https://doi.org/10.5194/amt-10-477-2017
https://doi.org/10.5194/amt-10-477-2017
https://doi.org/10.5194/egusphere-2023-3160
https://doi.org/https://doi.org/10.1016/j.jqsrt.2021.107949
https://doi.org/10.1109/36.843018
https://doi.org/10.1029/2005JD006719
https://doi.org/https://doi.org/10.1016/j.jms.2016.06.007
https://doi.org/https://doi.org/10.1016/j.jqsrt.2017.09.032
https://doi.org/https://doi.org/10.1016/j.jqsrt.2020.107472

595

600

605

610

615

620

625

Larosa, S., Cimini, D., Gallucci, D., Nilo, S. T., and Romano, F.: PyRTlib: an educational Python-based library for non-scattering atmo-
spheric microwave radiative transfer computations, Geoscientific Model Development, 17, 2053-2076, https://doi.org/10.5194/gmd-17-
2053-2024, 2024.

Liebe, H. J.: MPM—An atmospheric millimeter-wave propagation model, International Journal of Infrared and Millimeter Waves, 10, 631—
650, https://doi.org/10.1007/BF01009565, 1989.

Liebe, H. J., Hufford, G. A., and Cotton, M.: Propagation modeling of moist air and suspended water/ice particles at frequencies below 1000
GHz, in: In AGARD, 1993.

Liljegren, J. C., Boukabara, S. A., Cady-Pereira, K., and Clough, S. A.: The effect of the half-width of the 22-GHz water vapor line on
retrievals of temperature and water vapor profiles with a 12-channel microwave radiometer, IEEE Transactions on Geoscience and Remote
Sensing, 43, 1102—-1108, https://doi.org/10.1109/TGRS.2004.839593, 2005.

Makarov, D. S., Tretyakov, M. Y., and Rosenkranz, P. W.: Revision of the 60-GHz atmospheric oxygen absorp-
tion band models for practical use, Journal of Quantitative Spectroscopy and Radiative Transfer, 243, 106798,
https://doi.org/https://doi.org/10.1016/j.jqsrt.2019.106798, 2020.

Mattioli, V., Accadia, C., Ackermann, J., Di Michele, S., Hans, I., Schliissel, P., Colucci, P., and Canestri, A.: The EUMETSAT Polar
System - Second Generation (EPS-SG) Passive Microwave and Sub-mm Wave Missions, in: 2019 Photonlcs & Electromagnetics Research
Symposium - Spring (PIERS-Spring), pp. 3926-3933, https://doi.org/10.1109/PIERS-Spring46901.2019.9017822, 2019a.

Mattioli, V., Accadia, C., Prigent, C., Crewell, S., Geer, A., Eriksson, P., Fox, S., Pardo, J. R., Mlawer, E. J., Cadeddu, M., Bremer, M.,
Breuck, C. D., Smette, A., Cimini, D., Turner, E., Mech, M., Marzano, F. S., Brunel, P.,, Vidot, J., Bennartz, R., Wehr, T., Michele,
S. D., and John, V. O.: Atmospheric Gas Absorption Knowledge in the Submillimeter: Modeling, Field Measurements, and Uncertainty
Quantification, Bulletin of the American Meteorological Society, 100, ES291 — ES295, https://doi.org/https://doi.org/10.1175/BAMS-D-
19-0074.1, 20190b.

McGrath, A. and Hewison, T.: Measuring the accuracy of MARSS-an airborne microwave radiometer, Journal of Atmospheric and Oceanic
Technology, 18, 2003-2012, https://doi.org/10.1175/1520-0426(2001)018<2003:MTAOMA>2.0.CO;2, 2001.

Melsheimer, C., Verdes, C., Buehler, S. A., Emde, C., Eriksson, P., Feist, D. G., Ichizawa, S., John, V. O., Kasai, Y., Kopp, G., Koulev, N.,
Kuhn, T., Lemke, O., Ochiai, S., Schreier, F., Sreerekha, T. R., Suzuki, M., Takahashi, C., Tsujimaru, S., and Urban, J.: Intercomparison
of general purpose clear sky atmospheric radiative transfer models for the millimeter/submillimeter spectral range, Radio Science, 40,
https://doi.org/https://doi.org/10.1029/2004RS003110, 2005.

Mlawer, E. J., Payne, V. H., Moncet, J.-L., Delamere, J. S., Alvarado, M. J., and Tobin, D. C.: Development and recent evaluation of the
MT-CKD model of continuum absorption, Philosophical Transactions of the Royal Society of London A: Mathematical, Physical and
Engineering Sciences, 370, 2520-2556, https://doi.org/10.1098/rsta.2011.0295, 2012.

Mlawer, E. J., Turner, D. D., Paine, S. N., Palchetti, L., Bianchini, G., Payne, V. H., Cady-Pereira, K. E., Pernak, R. L., Alvarado, M. J.,
Gombos, D., Delamere, J. S., Mlynczak, M. G., and Mast, J. C.: Analysis of Water Vapor Absorption in the Far-Infrared and Submillimeter
Regions Using Surface Radiometric Measurements From Extremely Dry Locations, Journal of Geophysical Research: Atmospheres, 124,
8134-8160, https://doi.org/10.1029/2018JD029508, 2019.

Moradi, I., Goldberg, M., Brath, M., Ferraro, R., Buehler, S. A., Saunders, R., and Sun, N.: Performance of Radia-
tive Transfer Models in the Microwave Region, Journal of Geophysical Research: Atmospheres, 125, e2019JD031 831,
https://doi.org/https://doi.org/10.1029/2019JD031831, e2019JD031831 10.1029/2019JD031831, 2020.

29


https://doi.org/10.5194/gmd-17-2053-2024
https://doi.org/10.5194/gmd-17-2053-2024
https://doi.org/10.5194/gmd-17-2053-2024
https://doi.org/10.1007/BF01009565
https://doi.org/10.1109/TGRS.2004.839593
https://doi.org/https://doi.org/10.1016/j.jqsrt.2019.106798
https://doi.org/10.1109/PIERS-Spring46901.2019.9017822
https://doi.org/https://doi.org/10.1175/BAMS-D-19-0074.1
https://doi.org/https://doi.org/10.1175/BAMS-D-19-0074.1
https://doi.org/https://doi.org/10.1175/BAMS-D-19-0074.1
https://doi.org/10.1175/1520-0426(2001)018%3C2003:MTAOMA%3E2.0.CO;2
https://doi.org/https://doi.org/10.1029/2004RS003110
https://doi.org/10.1098/rsta.2011.0295
https://doi.org/10.1029/2018JD029508
https://doi.org/https://doi.org/10.1029/2019JD031831

630

635

640

645

650

655

660

665

Pardo, J., Serabyn, E., and Cernicharo, J.: Submillimeter atmospheric transmission measurements on Mauna Kea during extremely dry
El Nifio conditions: implications for broadband opacity contributions, Journal of Quantitative Spectroscopy and Radiative Transfer, 68,
419-433, https://doi.org/https://doi.org/10.1016/S0022-4073(00)00034-0, 2001.

Pardo, J. R., De Breuck, C., Muders, D., Gonzélez, J., Montenegro-Montes, F. M., Pérez-Beaupuits, J. P., Cernicharo, J., Prigent, C., Serabyn,
E., Mroczkowski, T., and Phillips, N.: Extremely high spectral resolution measurements of the 450 pm atmospheric window at Chajnantor
with APEX, A&A, 664, A153, https://doi.org/10.1051/0004-6361/202243409, 2022.

Payne, V. H., Delamere, J. S., Cady-Pereira, K. E., Gamache, R. R., Moncet, J. L., Mlawer, E. J., and Clough, S. A.: Air-Broadened
Half-Widths of the 22- and 183-GHz Water-Vapor Lines, IEEE Transactions on Geoscience and Remote Sensing, 46, 3601-3617,
https://doi.org/10.1109/TGRS.2008.2002435, 2008.

Pickett, H., Poynter, R., Cohen, E., Delitsky, M., Pearson, J., and Miiller, H.: SUBMILLIMETER, MILLIMETER, AND
MICROWAVE SPECTRAL LINE CATALOG, Journal of Quantitative Spectroscopy and Radiative Transfer, 60, 883-890,
https://doi.org/https://doi.org/10.1016/S0022-4073(98)00091-0, 1998.

Prigent, C., Aires, F., Wang, D., Fox, S., and Harlow, C.: Sea-surface emissivity parametrization from microwaves to millimetre waves,
Quarterly Journal of the Royal Meteorological Society, pp. n/a—n/a, https://doi.org/10.1002/qj.2953, 2016.

Rosenkranz, P.: Shape of the 5 mm oxygen band in the atmosphere, IEEE Transactions on Antennas and Propagation, 23, 498-506,
https://doi.org/10.1109/TAP.1975.1141119, 1975.

Rosenkranz, P.: Line-by-line microwave radiative transfer (non-scattering), https://doi.org/10.21982/M81013, 2017.

Rosenkranz, P. W.: Absorption of microwaves by atmospheric gases, in: Atmospheric remote sensing by microwave radiometry, edited by
Janssen, M. A., pp. 37-90, John Wiley & Sons, Inc., ftp://mesa.mit.edu/phil/1bl_rt, 1993.

Rosenkranz, P. W. and Cimini, D.: Speed Dependence of 22- and 118-GHz Line Shapes for Tropospheric Remote Sensing, IEEE Transactions
on Geoscience and Remote Sensing, 57, 9702-9708, https://doi.org/10.1109/TGRS.2019.2928570, 2019.

Rothman, L., Gordon, 1., Babikov, Y., Barbe, A., Benner, D. C., Bernath, P., Birk, M., Bizzocchi, L., Boudon, V., Brown, L., Campargue,
A., Chance, K., Cohen, E., Coudert, L., Devi, V., Drouin, B., Fayt, A., Flaud, J.-M., Gamache, R., Harrison, J., Hartmann, J.-M., Hill, C.,
Hodges, J., Jacquemart, D., Jolly, A., Lamouroux, J., Roy, R. L., Li, G., Long, D., Lyulin, O., Mackie, C., Massie, S., Mikhailenko, S.,
Miiller, H., Naumenko, O., Nikitin, A., Orphal, J., Perevalov, V., Perrin, A., Polovtseva, E., Richard, C., Smith, M., Starikova, E., Sung,
K., Tashkun, S., Tennyson, J., Toon, G., Tyuterev, V., and Wagner, G.: The HITRAN2012 molecular spectroscopic database, Journal of
Quantitative Spectroscopy and Radiative Transfer, 130, 4 — 50, https://doi.org/10.1016/j.jqsrt.2013.07.002, HITRAN2012 special issue,
2013.

Saunders, R., Hocking, J., Turner, E., Rayer, P., Rundle, D., Brunel, P., Vidot, J., Roquet, P., Matricardi, M., Geer, A., Bormann, N., and Lupu,
C.: An update on the RTTOV fast radiative transfer model (currently at version 12), Geoscientific Model Development, 11, 2717-2737,
https://doi.org/10.5194/gmd-11-2717-2018, 2018.

Serov, E., Odintsova, T., Tretyakov, M., and Semenov, V.. On the origin of the water vapor continuum absorption within
rotational and fundamental vibrational bands, Journal of Quantitative Spectroscopy and Radiative Transfer, 193, 1-12,
https://doi.org/https://doi.org/10.1016/j.jgsrt.2017.02.011, 2017.

Serov, E. A., Koshelev, M. A., Odintsova, T. A., Parshin, V. V., and Tretyakov, M. Y.: Rotationally resolved water dimer spectra in atmospheric
air and pure water vapour in the 188-258 GHz range, Phys. Chem. Chem. Phys., 16, 26 221-26 233, https://doi.org/10.1039/C4CP03252G,
2014.

30


https://doi.org/https://doi.org/10.1016/S0022-4073(00)00034-0
https://doi.org/10.1051/0004-6361/202243409
https://doi.org/10.1109/TGRS.2008.2002435
https://doi.org/https://doi.org/10.1016/S0022-4073(98)00091-0
https://doi.org/10.1002/qj.2953
https://doi.org/10.1109/TAP.1975.1141119
https://doi.org/10.21982/M81013
https://doi.org/10.1109/TGRS.2019.2928570
https://doi.org/10.1016/j.jqsrt.2013.07.002
https://doi.org/10.5194/gmd-11-2717-2018
https://doi.org/https://doi.org/10.1016/j.jqsrt.2017.02.011
https://doi.org/10.1039/C4CP03252G

670

675

680

685

Shine, K. P., Ptashnik, I. V., and Rédel, G.: The Water Vapour Continuum: Brief History and Recent Developments, Surveys in Geophysics,
33, 535-555, https://doi.org/10.1007/s10712-011-9170-y, 2012.

Tretyakov, M.: Spectroscopy underlying microwave remote sensing of atmospheric water vapor, Journal of Molecular Spectroscopy, 328,
7-26, https://doi.org/https://doi.org/10.1016/j.jms.2016.06.006, 2016.

Tretyakov, M., Koshelev, M., Dorovskikh, V., Makarov, D., and Rosenkranz, P.: 60-GHz oxygen band: precise broadening and central
frequencies of fine-structure lines, absolute absorption profile at atmospheric pressure, and revision of mixing coefficients, Journal of
Molecular Spectroscopy, 231, 1 — 14, https://doi.org/http://dx.doi.org/10.1016/j.jms.2004.11.011, 2005.

Tretyakov, M. Y., Serov, E. A., Koshelev, M. A., Parshin, V. V., and Krupnov, A. E.: Water Dimer Rotationally Resolved Millimeter-Wave
Spectrum Observation at Room Temperature, Phys. Rev. Lett., 110, 093 001, https://doi.org/10.1103/PhysRevLett.110.093001, 2013.

Turner, D. D., Cadeddu, M. P, Lohnert, U., Crewell, S., and Vogelmann, A. M.: Modifications to the Water Vapor Continuum in the Mi-
crowave Suggested by Ground-Based 150-GHz Observations, IEEE Transactions on Geoscience and Remote Sensing, 47, 3326-3337,
https://doi.org/10.1109/TGRS.2009.2022262, 2009.

Turner, E., Rayer, P., and Saunders, R.: AMSUTRAN: A microwave transmittance code for satellite remote sensing, Journal of Quantitative
Spectroscopy and Radiative Transfer, 227, 117129, https://doi.org/https://doi.org/10.1016/j.jqsrt.2019.02.013, 2019.

Turner, E., Fox, S., Mattioli, V., and Cimini, D.: Literature review on microwave and sub-millimetre spectroscopy for MetOp Second Gen-
eration, Tech. Rep. NWPSAF-MO-TR-039, NWP SAF, https://nwp-saf.eumetsat.int/site/download/members_docs/cdop-3_reference_
documents/NWPSAF_report_submm_litrev.pdf, 2022.

Vance, A., Abel, S., Cotton, R., and Woolley, A.: Performance of WVSS-II hygrometers on the FAAM research aircraft, Atmospheric
Measurement Techniques, 8, 1617-1625, https://doi.org/10.5194/amt-8-1617-2015, 2015.

Wagner, G., Birk, M., Schreier, F., and Flaud, J.-M.: Spectroscopic database for ozone in the fundamental spectral regions, Journal of
Geophysical Research: Atmospheres, 107, ACH 10-1-ACH 10-18, https://doi.org/https://doi.org/10.1029/2001JD000818, 2002.

Westwater, E. R., Stankov, B. B., Cimini, D., Han, Y., Shaw, J. A., Lesht, B. M., and Long, C. N.: Radiosonde Humid-
ity Soundings and Microwave Radiometers during Nauru99, Journal of Atmospheric and Oceanic Technology, 20, 953 — 971,
https://doi.org/https://doi.org/10.1175/1520-0426(2003)20<953:RHSAMR>2.0.CO;2, 2003.

31


https://doi.org/10.1007/s10712-011-9170-y
https://doi.org/https://doi.org/10.1016/j.jms.2016.06.006
https://doi.org/http://dx.doi.org/10.1016/j.jms.2004.11.011
https://doi.org/10.1103/PhysRevLett.110.093001
https://doi.org/10.1109/TGRS.2009.2022262
https://doi.org/https://doi.org/10.1016/j.jqsrt.2019.02.013
https://nwp-saf.eumetsat.int/site/download/members_docs/cdop-3_reference_documents/NWPSAF_report_submm_litrev.pdf
https://nwp-saf.eumetsat.int/site/download/members_docs/cdop-3_reference_documents/NWPSAF_report_submm_litrev.pdf
https://nwp-saf.eumetsat.int/site/download/members_docs/cdop-3_reference_documents/NWPSAF_report_submm_litrev.pdf
https://doi.org/10.5194/amt-8-1617-2015
https://doi.org/https://doi.org/10.1029/2001JD000818
https://doi.org/https://doi.org/10.1175/1520-0426(2003)20%3C953:RHSAMR%3E2.0.CO;2

