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Abstract. We present the extension of the Rutherford Apple-
ton Laboratory (RAL) Infrared Microwave Sounding (IMS)
optimal estimation retrieval scheme to include the use of
far-infrared channels in preparation for the upcoming Far-
infrared Outgoing Radiation Understanding and Monitoring
(FORUM) mission. The IMS code has been previously ap-
plied to mid-infrared spectral radiances measured by the In-
frared Atmospheric Sounding Instrument (IASI) to retrieve
temperature and water vapour. Given this, the evolution and
evaluation of the extended scheme is performed in two steps.
First, clear-sky retrievals of temperature and water vapour are
performed on IASI and FORUM simulations. Comparable
retrieval biases are observed for retrievals of temperature and
water vapour; however, there is an increase of ~ 1 degree of
freedom for water vapour and temperature for the FORUM
configuration. Secondly, radiances observed from an aircraft
flight in the upper troposphere are modified to match the
FORUM spectral characteristics. Retrievals from these radi-
ances using the modified code show a strong agreement with
contemporaneous in situ measurements of the atmospheric
state, reducing the root-mean-square error (RMSE) by 18 %
for water vapour from the a priori, giving confidence in its
performance. The extended IMS scheme is now available for
use on FORUM observations and can be easily adapted to
other far- and mid-infrared instrument configurations.

1 Introduction

Water vapour composes approximately 3 % of the Earth’s at-
mosphere and is the most dominant greenhouse gas with ab-
sorption bands in the microwave, infrared, and visible spec-
tral regions (Harries, 1996; Andrews, 2000). Capturing its
spatial and temporal distribution is critical in quantifying the
Earth’s greenhouse effect, characterising atmospheric circu-
lation, and approximating the strength of water vapour’s ra-
diative effect and feedback, which has the potential to ex-
acerbate anthropogenic climate change (Dessler et al., 2008;
Chung et al., 2014).

Water vapour in the upper troposphere strongly regulates
this water vapour feedback (Chung et al., 2014), with current
increases in tropospheric moisture consistent with an ampli-
fying water vapour feedback (IPCC, 2023). However, dis-
crepancies in long-term trends exist between observations,
climate models, and reanalysis datasets (Schroder et al.,
2019; Santer et al., 2021; Allan et al., 2022). Considerable
work has been performed to improve assessments of water
vapour distributions through the use of in situ measurements
such as radiosondes and aircraft-based sensors (Sun et al.,
2021). However, best-case uncertainties from the Global Cli-
mate Observing System (GCOS) Reference Upper Air Net-
work (GRUAN) radiosondes are estimated to still be of the
order 5 %, reaching 15 % near the tropopause (Dirksen et al.,
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2014), with limited homogeneity in the radiosondes’ dis-
tribution, regularity, and vertical sampling (Ferreira et al.,
2019).

Satellite observations across the electromagnetic spec-
trum have also been used to characterise the atmosphere
with increased spatial coverage. However, satellite retrievals
can lack sufficient vertical resolution (Chung et al., 2014),
demonstrate an inherent bias (Santer et al., 2021), or have
a reduced sensitivity to upper tropospheric water vapour
(Kursinski and Gebhardt, 2014), causing inconsistencies be-
tween retrieved upper tropospheric humidities (Shi et al.,
2022). While hyperspectral sounders, such as the Atmo-
spheric Infrared Sounder (AIRS) and the Infrared Atmo-
spheric Sounding Interferometer (IASI), have improved the
vertical resolution of water vapour and temperature (Chahine
et al., 2006; Hilton et al., 2012), radiances in the mid-infrared
region (667-2000cm™") have a limited sensitivity to water
vapour in the mid- to upper troposphere, and upper tropo-
spheric biases remain present (Fetzer et al., 2008; Trent et al.,
2019).

In the global mean, the far-infrared region (100—
667 cm~!) accounts for approximately 55 % of the outgo-
ing longwave radiation (OLR), and the absorption of wa-
ter vapour dominates this region, with its pure rotational
band extending from 6 to 667 cm™! (Brindley and Harries,
1998). As a consequence, radiances in this region are signifi-
cantly more sensitive to middle and upper tropospheric water
vapour than in the mid-infrared region (Sinha and Harries,
1995; Brindley and Harries, 1998).

Due to technical limitations, there are historically no ob-
servations of spectrally resolved far-infrared radiances at the
top of the atmosphere (TOA). However, this is changing due
to space missions such as NASA’s Polar Radiant Energy in
the Far-InfraRed Experiment and ESA’s Far-infrared Outgo-
ing Radiation Understanding and Monitoring (FORUM) mis-
sion, with the former having launched in summer 2024 and
the latter scheduled for launch in 2027 (L’Ecuyer et al., 2021;
Palchetti et al., 2020).

This study is in support of the FORUM mission that aims
to measure the Earth’s spectrally resolved OLR using the FO-
RUM Sounding Instrument (FSI), which will have a spec-
tral range from 100 to 1600 cm™! with a spectral resolution
greater than 0.5cm™! and a target radiometric accuracy of
0.1 K at 30. The FORUM satellite will fly in a loose forma-
tion with the EUMETSAT MetOp-SG-1A satellite, comple-
menting mid-infrared observations of the OLR taken by the
Infrared Atmospheric Sounding Instrument New Generation
(IASI-NG); when combined, these observations will create a
unique dataset of the Earth’s entire OLR spectrum (Palchetti
et al., 2020).

Given the sensitivities and spectral features across the far-
infrared for water vapour, there is a significant potential for
improved retrievals from the upcoming TOA observations in
the far-infrared (Harries et al., 2008; Ridolfi et al., 2020).
Theoretical studies by Merrelli and Turner (2012) demon-
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strated this potential in retrievals of simulated upwelling ra-
diances with realistic instrument configurations, and the ben-
efit of far-infrared information has recently been confirmed
by Warwick et al. (2022), who performed a single retrieval
on a spectrum covering the far- and mid-infrared regions ob-
served from an aircraft flying in the upper troposphere. To
date, other existing retrieval codes built to exploit the far-
infrared have only been tested on simulations of upwelling
far- and mid-infrared radiances, and observations of down-
welling radiances have been limited to the spectral range of
200-1000 cm™! (Di Natale et al., 2020; Ridolfi et al., 2020).

This paper presents the extension of the Rutherford Apple-
ton Laboratory (RAL) Infrared Microwave Sounding (IMS)
retrieval scheme for the upcoming FORUM mission into the
far-infrared, focusing on clear-sky retrievals of water vapour
and temperature using the optimal estimation method. It is a
fast and flexible retrieval code that has been built to perform
multi-target retrievals of instruments on board the MetOp
satellites covering the mid-infrared and microwave spectral
regions. It can simultaneously retrieve several atmospheric
and surface components (Siddans et al., 2017), including
cloud properties, and its ability to retrieve temperature and
water vapour profiles using the mid-infrared has been thor-
oughly evaluated in Siddans (2019) and Trent et al. (2023).

To test this scheme in the far-infrared, it has undergone two
stages of testing. The first is an assessment of the retrieval
performance on a diverse set of simulations of upwelling
TOA radiances, exploiting the entire FSI spectral range. The
second builds on the earlier work of Warwick et al. (2022) by
adapting aircraft-based observations to mimic the expected
FSI instrumental characteristics, developing what we term
“FORUM-aircraft” radiances. We also include a greater num-
ber of radiometric observations from the flight and optimise
the IMS channel selection for the FORUMe-aircraft configu-
ration. The retrieval performance of the extended IMS code
applied to these FORUM-aircraft observations is then eval-
uated through comparison with contemporaneous in situ at-
mospheric measurements.

The layout of the paper is as follows: in Sect. 2, we out-
line the retrieval scheme and methodology; Sect. 3 details the
extension for FORUM; Sect. 4 outlines the testing on simu-
lated cases; Sect 5 describes the aircraft campaign and obser-
vations; Sect. 6 outlines modifications made to the retrieval
framework and the observations to improve their represen-
tation of the FSI; Sect. 7 contains the final retrievals from
observations; and, finally, conclusions are given in Sect. 8

2 Retrieval framework

The RAL Infrared Microwave Sounding (IMS) retrieval
scheme uses the optimal estimation method to simultane-
ously retrieve vertical profiles of atmospheric temperature
and gases, along with surface skin temperature, surface
spectral emissivity and cloud parameters (Rodgers, 2000;
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Siddans, 2019). It was initially developed for joint retrievals
of the vertical methane profile from IASI observations com-
bined with the Microwave Humidity Sounder and the Ad-
vanced Microwave Sounding Unit on the MetOp satellites.
However, IMS is a customisable retrieval framework that
can be easily adapted to other instruments. As part of the
ESA Water Vapour Climate Change Initiative project, Trent
et al. (2023) evaluated the IMS water vapour and tempera-
ture retrieval products from IASI observations across a 9.5-
year period against two sets of radiosonde measurements. A
mean global water vapour bias of 10 % and a temperature
bias of within 1K were seen between retrieved profiles and
radiosonde measurements.

A brief overview of the optimal estimation method used
within IMS is outlined below; however, full details of the
IMS algorithm can be found in Siddans (2019) and Trent
et al. (2023). IMS uses the optimal estimation method from
Rodgers (2000) to fit an observed spectrum (the measure-
ment vector, y) by iteratively perturbing the retrieval targets
(the state vector, x). Estimations of y are calculated from ad-
justed values of x using a forward model, F(x), which (in
this case) is a radiative transfer model. Prior knowledge of
the state is contained in the a priori state vector, x,, with co-
variance, S,, representing the vertical variability and correla-
tion of the profile, and both are used to constrain the retrieval.
Similarly, the measurement covariance, Sy, represents the
uncertainty in the measurement; for IASI, it has been cal-
culated based on the residual between simulations and bias-
corrected IASI observations in the current IMS configuration
(Trent et al., 2023).

The Radiative Transfer for TOVS v12 (RTTOVv12) fast
radiative transfer model is used as the forward model in the
IMS scheme. It can simulate clear-sky and cloudy spectra
with atmospheric profiles input onto 101 fixed pressure levels
using coefficients to increase its operational speed (Haiden
et al.,, 2018). These coefficients are derived by perform-
ing a regression on a database of transmittances of atmo-
spheric gases calculated from the TOA to each fixed pressure
level using the Line-By-Line Radiative Transfer Model v12.8
(LBLRTMv12.8) (Clough et al., 2005), for all of the profiles
in the European Centre for Medium-Range Weather Fore-
casts (ECMWEF) diverse 83-profile dataset that was devel-
oped to capture a large variety of atmospheric states (Cheval-
lier et al., 2006). The LBLRTM transmittances include the ef-
fects of 28 gas species, alongside continua (MT_CKDv3.2)
due to water vapour (self- and foreign broadening), ozone,
carbon dioxide, nitrogen, and oxygen (Saunders et al., 2017).
They are adapted to match the instrument line shape of ~ 90
different satellite sensors; therefore, each set of regression
coefficients is customised to the specific instrument (Haiden
et al., 2018; Saunders et al., 2017).

In this work, we perform simultaneous retrievals of tem-
perature (K), water vapour (ppmv), surface skin temperature
(K), and surface emissivity. We use hourly ERAS reanalysis
data as the a priori for temperature, water vapour, and surface
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skin temperatures, rather than the climatology used in Trent
et al. (2023), as a tighter constraint given the limited num-
ber of observations of far-infrared radiances. Vertical pro-
files for CO,, O3, CHy4, N7, and other trace gases are fixed
to the US 1976 Standard Atmosphere profile unless speci-
fied otherwise. The a priori for surface emissivity is taken
from the IREMIS surface emissivity atlas within RTTOVv12
(Seeman et al., 2008). This uses the input latitude, longitude,
and snow fraction for land to determine the surface emissiv-
ity based on an offline database. For sea, the emissivity is
parameterised in terms of zenith angle, wind speed, and skin
temperature and is calculated offline based on refractive in-
dices from Hale and Querry (1973) and a wave slope model
from Masuda (2006). The a priori covariance for tempera-
ture, water vapour, and skin temperature is a 2-dimensional
matrix derived from the differences between the zonal mean
of ERAS profiles for 3d (17 April, 17 July, and 17 Octo-
ber 2013). The a priori covariance for the surface emissivity
is derived from surface emissivities from the IREMIS atlas
for the same time period. Both of these covariance matrices
contain correlations manifested as non-zero off-diagonal el-
ements.

2.1 Retrieval method

Iterations are based on the Levenberg—Marquardt (LM)
method (Marquardt, 1963):

-1
xior =%+ (KIS K+8 "+ 1)
[KT'Sy" (v = F i) =87 (i x| ()

where i is the iteration; y is the LM parameter controlling the
magnitude of the state vector perturbation, which is initially
set to 0.001 in IMS; and K; is a Jacobian matrix of partial
derivatives of the forward model output to elements of the
state vector.

The fit optimisation is based on minimising the cost, x2,
with the first and second terms on the right-hand side of
Eq. (2) corresponding to the measurement and state cost, re-
spectively:

X2 =0—F@)'S; (y—Fx)+x—x) S, (x—x1). (2)

The measurement cost indicates the fit of the simulated
and observed spectra in relation to the S, in the selected
channels. A larger measurement cost per channel indicates
a worse fit and suggests that the retrieved state vector is less
likely to match the true state. The state cost indicates how far
the retrieved state has deviated from the a priori in relation
to S,. A high state cost could be caused by either an a pri-
ori which is not similar to the true state or a small S,, which
suggests the retrieval is tightly constrained.

The retrieval is performed using selected channels, rather
than for the entire spectral range, to minimise operational
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time and eliminate unreliable channels. It is said to have con-
verged when X2 has reduced, is the lowest value calculated
so far, and the change in x2 is less than one. If the cost in-
creases but is below a set threshold, the retrieval stops based
on a low cost. If 10 iterations are reached and the criteria have
not been met, the retrieval has not converged. These settings
can be varied and have been optimised based on retrievals
from IASI observations.

Several other metrics are used to assess the performance
of the retrieval. The first is the covariance of the retrieved
state, S, which is the covariance of a Gaussian probability
distribution function:

Se=(s;" +KTS;1K)7], 3)

where the square root of the diagonal of this matrix rep-
resents the error in the retrieved state and is equivalent to
1 standard deviation. This will be referred to as the estimated
standard deviation (ESD) in the retrieval.

The second is the averaging kernel (AK) matrix, A, that
represents the vertical sensitivity of the retrieved to the true
state. A larger averaging kernel means that a greater amount
of the retrieval is from the observation, rather than the a pri-
ori. This is, in practice, calculated using the gain matrix, G,
which is the sensitivity of the retrieval to the measurement
and its uncertainty and can be used to smooth a true state, X,
to the resolution of the retrieval:

A=—=GK “

The third parameter is the degrees of freedom for signal
(DOFS), which represents the number of independent pieces
of information and is calculated from the trace of A.

The final parameter is the root-mean-square error (RMSE)
value, which is calculated using the difference between the
a priori or retrieved profile and the true profile. The RMSE
values for water vapour are calculated using the units of the
logarithm of specific humidity, as concentrations can vary by
several orders of magnitude throughout the vertical, and are
used as a summary value to further assess the quality of the
retrieval.

3 Extension of IMS for FORUM

When developing the IMS retrieval scheme for use on FSI
observations, the first thing to consider is the ability of the
forward model to simulate spectra. The RTTOVv12 regres-
sion coefficients used to simulate spectra have already been
built for the FSI and can be easily integrated into the retrieval
framework. The RTTOVv12 FSI radiances cover the full FSI
spectral range at a sampling of 0.3 cm™! and have the strong
Norton—Beer apodisation applied. This results in a total of
5000 channels and a spectral resolution of 0.6cm™!. This
necessitates two key modifications to the retrieval process.
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The first is the adjustment of spectrally varying covariance
matrices used to constrain the retrieval (Sect. 3.1). The sec-
ond is the selection of channels to optimise the spectral fitting
performed in the retrieval (Sect. 3.2).

3.1 Covariance adaptions

The a priori covariance for the surface emissivity and mea-
surement covariance are both spectrally dependent and,
therefore, must be tailored to the specifications of the FSI
defined in RTTOVv12. They are currently configured for the
mid-infrared and microwave spectral regions with spectral
sampling and ranges for instruments on board the MetOp
satellites. Both of these correlated covariance matrices can
be found in the Supplement.

The surface emissivity is also retrieved, as its been shown
to (1) improve the agreement between retrievals of lower tro-
pospheric water vapour and ECMWEF analyses and (2) reduce
cloud contamination (Trent et al., 2023). The same method as
described in Sect. 2 was used to calculate the a priori covari-
ance for sea cases and extend it to the far-infrared. For land
cases, the surface emissivity produced by the IREMIS atlas
is fixed in the far-infrared; thus, the covariance was instead
found using an emissivity database that covers the FSI spec-
tral range (Huang et al., 2016).

The measurement covariance was built using the apodised
target noise-equivalent spectral radiance (NESR) and tar-
get absolute radiometric accuracy (ARA) for the FSI. These
two components have been combined to produce a corre-
lated covariance matrix. The leading diagonal of the matrix
is shown in Fig. 1b. It has been separated into the NESR and
ARA components in Fig. 1c, with the full matrix included in
Fig. S2 in the Supplement. The apodised NESR includes four
sets of non-zero off-diagonals due to the thin instrument line
shape and is the dominant contributor to the measurement co-
variance below 1300 cm ™! and above 1450 cm~!. The target
ARA is 0.1 K between 300 and 1100cm™!, 0.2 K between
200 and 300 and between 1100 and 1300 cm™!, and 1 K else-
where. As the ARA is defined in brightness temperature, it is
converted into radiance units for each individual spectrum,
and the average is shown in Fig. 1c for the 83 ECMWF pro-
files. We assume that the ARA covariance is fully correlated;
therefore, it has contributions off the leading diagonal of up
t0 0.5 (mW m—2 sr! (cm’1 )~ 12 below 100 cm™! and above
1300cm 1.

This measurement covariance relates to the FSI 15km
footprint and acquisition time of 8s. The leading diagonal
of the IASI measurement covariance outlined in Sect. 2
is shown in Fig. la. This corresponds to the IASI 12km
footprint, which also has an acquisition time of 8s. As
can be deduced from Fig. 1, the FSI measurement covari-
ance is between 0.08 and 0.37 (me_2 sr! (cm_l)_l)2
smaller than its IASI counterpart between 750 and
1200cm~!. At wavenumbers above 1300cm™!, the FSI
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Figure 1. An example upwelling FORUM spectrum simulated us-
ing RTTOVv12 overplotted with channels selected for (a) IASI and
(b) FORUM retrievals. The main diagonal of the measurement co-
variance Sy is shown in red in both cases. (¢) The main diagonal of
the FORUM measurement covariance separated into components
from the noise-equivalent spectral radiance (NESR) and the target
absolute radiometric accuracy (ARA). As the ARA is provided in
brightness temperature, it has been converted into radiance units for
each of the profiles in the ECMWF 83-profiles dataset. The me-
dian is shown here, with the shading representing the minimum and
maximum values.

measurement covariance increases, reaching a difference of
0.9mWm Zsr! (cm™1)~1?% at 1600 cm~!.

3.2 Channel selection

IMS uses 139 of the available 8460 TASI channels (Fig. 1a),
each with a channel width of 0.25cm™! and a spectral reso-
lution of 0.5cm™"! (Trent et al., 2023). These were selected
to maximise the information content of the retrieval for tem-
perature, water vapour, and ozone, as well as to filter chan-
nels for noise and reliability. Final channels were added or
removed to enhance the retrieval outputs for these profiles on
an ad hoc basis for general retrievals from IASI observations
(Collard, 2007; Weston, 2011).

A similar analysis is performed here for the channel selec-
tion for the FSI. The 5000 channels available for FORUM are
ranked based on their contribution to the total available in-
formation content for the ECMWF diverse 83-profile dataset
(Chevallier et al., 2006). The parameter for information con-
tent, H, is dependent on the sensitivity of the retrieval to the
measurement and a priori covariance. It is calculated using
Eq. (5) by exploiting A outlined in Eq. (4) (Rodgers, 2000):

1
H=—_Injl-Al 5)

where I is an identity matrix.
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Therefore, H can be used to filter out channels with a
greater uncertainty and weaker sensitivity to the retrieval
products. In this case, the a priori covariance is a weak con-
straint; thus, the measurement covariance plays a more sig-
nificant role in the channel selection.

Improvements in the information content and DOFS val-
ues for temperature and water vapour plateaued for the FO-
RUM configuration at 200 channels, with no notable im-
provements when more channels were included. Therefore,
these 200 channels have been selected for use in IMS for the
FORUM configuration (as shown in Fig. 1b). These capture
~ 66 % of the total available information content, with the re-
maining channels each contributing 0.1 % at most. Unlike the
IASI case in Fig. 1a, no channels are selected at wavenum-
bers greater than 1400 cm™!. Similarly, no channels below
200cm™~! are selected. A markedly reduced percentage of
channels are located between 1000 and 1400cm™!, in com-
parison to the IASI selection, as the noise characteristics as-
sociated with the FSI have effectively shifted the locations
of peak information to the 400-700cm™! range for water
vapour, and information relating to ozone (and other trace
gases) has not been prioritised.

4 Simulated test cases

Given the limited number of observations of upwelling TOA
radiances in the far-infrared region, preliminary testing was
performed using simulated test cases for the IASI and FO-
RUM configurations. The input or “true” profiles are known
for each test case; as a result, the retrieved products can be
compared against the truth without any introduction of uncer-
tainty in the atmospheric state. The ability of IMS to retrieve
from IASI observations is well documented, and so we use
this as a reference output to assess the performance of the
updated FORUM configuration.

A number of existing artificial datasets have been crafted
to encompass variable atmospheres, such as the ECMWF di-
verse 83-profile dataset; however, these have already been
used in generating the RTTOVv12 coefficients and for the
channel selection in Sect. 3.2 (Saunders et al., 2017). Reanal-
ysis datasets, including but not limited to ERAS and CAMS,
have also been used in the development of IMS and, al-
though the reliance of IMS on these datasets is very weak,
they do not provide an independent basis for testing IMS
(Siddans, 2019). Therefore, we constructed a test set from
Modern-Era Retrospective analysis for Research and Appli-
cations, Version 2 (MERRA-2) reanalysis data produced by
the NASA Global Modeling and Assimilation Office (Gelaro
et al., 2017). MERRA-2 has been shown to perform compa-
rably to ERAS when assessed against observations and is an
independent base for this test set (Jiang et al., 2015; Arshad
et al., 2021; Huang et al., 2021; Johnston et al., 2021).

Instantaneous 3-hourly MERRA-2 reanalysis data are
used for temperature, water vapour, and ozone vertical pro-
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Figure 2. The spatial distribution of the 240 cases selected for test-
ing IMS: 70 tropical cases, 95 mid-latitude cases, and 75 Arctic
cases. Profiles were derived from MERRA-2.

files (Global Modeling and Assimilation Office, 2015a).
Ozone is not a retrieval target in this work and is fixed to
the “true” profile in each retrieval, but it has been chosen to
vary across the test cases given its strong absorption in the
mid-infrared range. Instantaneous hourly MERRA-2 reanal-
ysis data are used for skin temperatures and surface pressures
(Global Modeling and Assimilation Office, 2015b).

The MERRA-2 data were first restricted to 1 March, 1
June, 1 September, and 1 December 2019 to cover a broad
range of seasons and conditions. From this dataset, 240 test
cases were selected to capture variations in temperature and
water vapour near the surface and in the upper troposphere.
The spatial distribution of test cases can be seen in Fig. 2,
and the distributions of skin temperature and total column
water vapour (TCWYV) are shown in Fig. 3. The selected test
cases, shown in red, capture the upper and lower limits of the
restricted MERRA-2 data, shown in blue, for skin tempera-
ture and TCWYV; however, the distribution of test cases has
a slightly smaller proportion of cases with a TCWV below
2.5kgm™2. Overall, the finalised test cases demonstrate a
comparable spread relative to the initially selected MERRA-
2 days.

The US 1976 Standard Atmosphere profile for CO;, CHy,
and N>O were scaled to match National Oceanic and At-
mospheric Administration (NOAA) flask measurements av-
eraged from 2019 (Saunders et al., 2017; Dlugokencky et al.,
2021) and were kept constant across all of the test cases.
Realistic surface emissivities were selected based on their
MODIS surface type from the IREMIS atlas and residuals
between the IREMIS atlas and the Huang et al. (2016) emis-
sivity database for sea and land, respectively (Platnick et al.,
2003; Seeman et al., 2008), and were also retrieved as out-
lined in Sect. 3.1.

4.1 Retrievals from simulations

Retrievals on RTTOVv12 simulations of all 240 tests cases
outlined in Sect. 4 have been performed for both the IAST and
FORUM configurations. Details of the temperature and wa-
ter vapour retrievals using each configuration are presented
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Figure 3. The percentage of total cases with respective (a) skin tem-
perature and (b) total column water vapour (TCWV) values in the
MERRA-2 reanalysis dataset for 1d in March, June, September,
and December in 2019 (shown in blue) and used in the test dataset
(shown in red). Overlapping regions, where the same proportion of
cases are present in the test set and MERRA-2 reanalysis dataset,
are shown in purple.

Table 1. A summary of the median and median absolute deviation
in diagnostic parameters outlined in Sect. 2.1 for the FORUM re-
trievals of the 240 test cases for the IASI and FORUM configura-
tions.

Variable IASI FORUM
Water vapour DOFS 5.0£0.8 5.6+£0.8
Temperature DOFS 99+0.4 10.4£0.3
Measurement cost per channel  0.06+0.04 0.04 £0.01
State cost 7+2 9+3

in this section. The retrievals of surface emissivity and skin
temperature can be found in the Supplement. The perfor-
mance of the IASI configuration shows comparable retrieval
biases to those observed in Trent et al. (2023) from IASI ob-
servations, with a mean bias of within 12 % and 0.3 K for
water vapour and temperature retrievals, respectively. These
are driven by inherent biases between the a priori state vec-
tor, taken from ERAS, and the MERRA-2 profiles used to
simulate the test cases (Johnston et al., 2021).

Table 1 summarises the evaluation metrics for retrievals
performed using both the IASI and FORUM configurations.
Broadly speaking, the performance of the two configurations
is similar, with each metric agreeing within the associated
uncertainty seen across the test cases. The FORUM configu-
ration does appear to have a slightly increased state cost, in-
dicative of a greater divergence from the a priori state, which
iterative tests suggest is linked to the addition of information
from the far-infrared channels and the channel optimisation,
in line with findings in Merrelli and Turner (2012). It is worth
recalling that the FORUM measurement covariance consists
solely of the estimated FSI NESR and target calibration un-
certainty, while the IAST measurement covariance implicitly
also includes forward model error.

The average DOFS values for water vapour and tempera-
ture were also greater for the FORUM configuration in this
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Figure 4. The median cumulative degrees of freedom for signal
(CDOFS) values for (a) water vapour and (b) temperature averaged
across all 240 cases for the IASI and optimised FORUM config-
uration, shown in red and blue, respectively. Shaded regions rep-
resent the median absolute deviation. This shows how the vertical
distribution of the information content can be related to the vertical
resolution of the retrieved profile.

comparison, with observed improvements primarily in the
upper troposphere. This is shown in the median cumula-
tive degrees of freedom for signal (CDOFS) values in Fig. 4
which are indicative of the vertical resolution of the retrieved
profile. The FORUM configuration (blue) has a sharper in-
crease in the CDOFS values between 200 and 400 hPa for
both temperature and water vapour. This suggests a slightly
higher vertical resolution for the FORUM configuration in
the upper troposphere in comparison to the IASI configura-
tion. Below 600 hPa, both configurations have a CDOFS that
aligns with a vertical resolution of approximately 200 hPa per
DOFS for water vapour and temperature.

The median retrieval biases for both configurations are
presented in Fig. 5. The FORUM and IASI retrieval config-
urations perform comparably throughout the vertical, with
biases within 2 % and 0.2 K of each other for water vapour
and temperature, respectively. Generally, the FORUM con-
figuration has a lower median water vapour bias of up to
2 %. Between 600 and 700 hPa, the FORUM retrieval does
not perform as well, with its water vapour bias reaching up
to —2.5 %; however, this remains within the median esti-
mated standard deviation (ESD) of the retrieval. Noticeably,
the ESD associated with the FORUM configuration for wa-
ter vapour is up to 7 % smaller throughout the vertical profile
than its IASI counterpart, suggesting a higher confidence in
the retrieved state. However, this is not observed in the tem-
perature retrievals, with the ESD being comparable between
configurations and the IASI temperature retrievals perform-
ing better above 900 hPa.
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Figure 5. The median (a) water vapour (WV) and (b) tempera-
ture (T') bias of the retrieved profile to the true state across the
testing cases for the optimised IASI and FORUM configurations,
shown in red and blue, respectively. Biases are evaluated between
300 and 1000 hPa in 100 hPa bins, as in Trent et al. (2023). The
water vapour percentage bias is calculated from absolute values (in
ppmv). Dashed lines show the median estimated standard deviation
(ESD) for a single retrieval for the test cases in each bin. For water
vapour, this is plotted with an offset of —10 % for clarity.

5 Observations for testing

The next stage of testing involves assessing retrievals from
aircraft-based observations of upwelling radiances in the far-
and mid-infrared taken during the PIKNMIX-F campaign.
This will highlight limitations in the forward model as well
as the wider retrieval framework not explored in the previous
section.

5.1 Flight C153 overview

The PIKNMIX-F campaign took place in March 2019, based
out of Stornoway, Scotland, and was a joint venture between
the UK Met Office and the Facility for Airborne Atmospheric
Measurements (FAAM) Airborne Laboratory. The primary
science goals were to (1) obtain data that could be used to im-
prove the representation of specific cloud microphysical and
boundary layer processes within the Met Office suite of mod-
els and (2) validate radiative transfer modelling of cloudy
scenes. Additional funding from ESA allowed further flight
hours in support of the FORUM mission, such as the C153
flight that occurred on 13 March 2019.

The C153 flight path and altitude variation are shown
in Fig. 6. This flight aimed to observe simultaneous nadir-
viewing spectra in the far- and mid-infrared using the Tropo-
spheric Airborne Fourier Transform Spectrometer (TAFTS)
and the Airborne Research Interferometer Evaluation Sys-
tem (ARIES) (Canas et al., 1997; Wilson et al., 1999). Two
straight and level runs (SLRs) were conducted between 57
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Figure 6. (a) The track of the C153 flight. (b) The altitude measured by the aircraft during the SLRs. Dropsonde releases are marked in

panel (a) and correspond to the dashed lines in panel (b).

and 55° N from 11:55 to 12:55 UTC at speeds ranging from
175 to 190ms~!. The first SLR travelled south-west at an
altitude of approximately 8.2 km. The aircraft then ascended
and flew back over the same path at approximately 8.8 km,
as highlighted in Fig. 6b. Clear-sky conditions were gener-
ally observed throughout the flight, with a small amount of
low cloud observed near the southern end.

5.1.1 Radiometric instrumentation

TAFTS is a four-port Martin—Puplett interferometer (Canas
et al., 1997). Measurements are made at the output ports by
pairs of detectors, each containing a “longwave” and ““short-
wave” detector made of GeGa and SiSb, respectively. The in-
strument has two pairs of blackbody calibration targets held
at ambient temperature and 323 K, respectively. There is an
internal calibration before scans, with a single nadir scan
taking ~ 1.5 s and having an angular field of view of 1.6°.
TAFTS has a nominal spectral range of 80-300cm™! (long-
wave channel) and 330-600 cm™! (shortwave channel) with
a sampling of 0.06cm™!. It has a nominal spectral resolu-
tion of 0.12cm™L; however, to reduce the instrument noise
and allow more spectra to be collected, this was reduced to
0.24cm™! by reducing the optical path difference and scan
time. The uncertainty of a single TAFTS spectrum is com-
posed of the random noise and calibration error added in
quadrature (Fig. 8a). In the shortwave channel, this is of the
order of £1-2mW m~2sr~! (cm™!)~!, whereas this value is
of the order of £0.5mW m—2 sr~! (cm™1)~! in the longwave
channel. In both channels, the uncertainty increases towards
the detector band edges.

ARIES uses a Michelson-type configuration with a
HgCdTe photodetector for the “longwave” channel and an
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InSb photodetector for the “shortwave” channel (Wilson
et al., 1999). It also has two temperature-controlled black-
body targets and performs periodic calibrations during its
measurement sequence. A single ARIES scan takes ~0.25 s
and has an angular field of view of 2.5°, with a maximum
optical path difference of 1.01cm. The instrument spec-
tral range covers 550—-1800cm™' (longwave channel) and
1700-3000 cm™! (shortwave channel), with a spectral res-
olution of 1cm™' and a spectral sampling of 0.42cm™!.
Only observations from the longwave channel are consid-
ered here, as the shortwave channel exceeds the FSI spec-
tral range. The ARIES measurement uncertainty also con-
sists of the random noise and calibration error added in
quadrature (Fig. 8b). Between 650 and 1350 cm™!, this is
at most =1 mWm—2sr! (em~YH~L, but it can reach up to
+4mWm~2sr~! (cm™!)~! outside of this spectral range.

5.1.2 Auxiliary information

On board the FAAM aircraft, additional core instruments
have been used to characterise the atmospheric state. Po-
sitional information was measured by the POS AV 410
GPS-aided Inertial Navigation Unit, and static pressure was
recorded by the air data computer. Flight level ozone concen-
trations were recorded by a Core Thermo Fisher Scientific
Inc. Model 49i UV absorption ozone photometer. Measure-
ments from the aircraft’s spiral descent after the second SLR
have been used to build a vertical profile of ozone that is
assumed constant throughout the flight and fixed in the re-
trievals.

The aircraft was also equipped with the Airborne Ver-
tical Atmospheric Profiling System (AVAPS), which re-
leased eight Vaisala RD94 dropsondes throughout both SLRs
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Figure 7. (a) The normalised standard deviation of water vapour
(WV) and (b) the standard deviation of temperature (7') taken from
the ERAS data surrounding the path of each dropsonde (30 min,
+48km). The spatial resolution of ERAS is 0.25 x 0.25° with a
temporal resolution of 1 h; thus, this plot gives an indication of the
variability in the atmosphere at these scales.

(Fig. 6b). Five dropsondes were released during the lower
SLR and three during the higher SLR. The Vaisala RD94
dropsondes use the same humidity sensor as the Vaisala
RS92 radiosonde, whose uncertainty in humidity measure-
ments was assessed in Miloshevich et al. (2009). The sen-
sor calibration uncertainty was estimated to be +5 % of the
measured relative humidity value plus an absolute offset of
40.5 %. The production variability uncertainty was 1.5 %
of relative humidity values above 10 % or +3 % for values
below 10 %. No equivalent information is available for the
temperature sensor, so a manufacturer-quoted repeatability
of 0.2 K is used to represent the uncertainty.

After release, each dropsonde drifted in a south-westerly
direction away from the flight path, remaining within 25 km
of their release point. The standard deviation in the ERAS
grid surrounding the path of each dropsonde is shown in
Fig. 7. Figure 7a suggests a low spatial variability in the wa-
ter vapour between 4 and 6 km and below 2 km. More varia-
tion in ERAS water vapour is seen between 3 and 4 km, par-
ticularly around dropsondes 1 and 2, and above 6 km. Smaller
variability is seen in the ERAS temperature (Fig. 7b) around
the path of each dropsonde; however, the variation that is
present peaks between 4 and 8 km and closer to the surface.
Given the temporal and spatial resolution of the ERAS data
used (hourly and 0.25 x 0.25°, respectively), this variation
can be taken as a lower limit on the in situ variability that
should be considered when evaluating the quality of the re-
trievals against the dropsonde profiles.
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Figure 8. The uncertainty associated with developing FORUM-
aircraft observations. The purple line is the residual between an
FSI-apodised LBLRTMv12.11 simulation and RTTOVv12 FSI sim-
ulation using the aircraft-level coefficients in the (a) TAFTS and
(b) ARIES spectral ranges. The green line shows the residual be-
tween LBLRTMv12.11 simulations of the TAFTS and ARIES ob-
servations during the C153 flight that have had the FORUM apodis-
ation directly applied and been made to look like TAFTS or ARIES
first, as outlined in Sect. 6.1. The dashed line is the noise and
calibration uncertainty combined in quadrature associated with the
ARIES longwave channel and both TAFTS channels.

5.2 Selection of radiance observations

The dropsondes provide an in situ measurement of the atmo-
spheric state. Therefore, the TAFTS observation that is clos-
est in time to the release of each dropsonde has been selected.
Six ARIES scans centred on each selected TAFTS spectrum
were chosen to create an average ARIES spectrum that is best
matched to the TAFTS’ field of view and scan time. This av-
eraging reduces the random component of uncertainty. How-
ever, the calibration uncertainty for ARIES tends to be rela-
tively large between 600 and 1600 cm™'; thus, averaging has
only a small impact on the total instrument uncertainty.

Final selection times are shown in Table 2. For dropson-
des 3, 4, 5, and &, there are observations from TAFTS and
ARIES within 5s of the dropsonde release. During the re-
lease of dropsonde 8, the ARIES instrument was calibrat-
ing; therefore, there is a greater time difference between the
TAFTS and ARIES measurements. However ARIES scans
in this period are consistent with simulations using the pro-
file from dropsonde 8 (Warwick et al., 2022). For dropsonde
2, the TAFTS and ARIES observations are 10s away from
the dropsonde release, whereas there is over 1 min difference
for dropsondes 1 and 7, which should be considered in later
comparisons.

6 Development of aircraft-level retrievals

The coincident aircraft-level observations taken by TAFTS
and ARIES present a unique opportunity to assess the po-
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Table 2. The times of each dropsonde release and the closest
TAFTS scan in time. For each TAFTS scan, the closest six ARIES
scans are averaged to provide the best match for the field of view
and scan time between the instruments. The time of the central
ARIES scan is shown.

Dropsonde  Dropsonde TAFTS ARIES

release  measurement measurement

(UTC) (UTC) (UTC)
1 11:55:29 11:57:17 11:57:17
2 11:59:53 11:59:43 11:59:42
3 12:04:43 12:04:47 12:04:47
4 12:09:55 12:09:58 12:09:58
5 12:22:27 12:22:23 12:22:22
6 12:32:12 12:32:07 12:32:07
7 12:41:49 12:40:43 12:40:46
8 12:50:39 12:50:39 12:51:07

tential of what FORUM observations could deliver, as when
combined TAFTS and ARIES cover the full FSI spectral
range. To evaluate this potential, the TAFTS and ARIES ob-
servations have been altered to mimic the FSI instrument
response function and spectral sampling, thereby creating
the FORUM-aircraft observations. Specialised RTTOVv12
transmission coefficients have also been developed, using
LBLRTMv12.11, to enable simulations of upwelling spectra
at the altitude of each SLR with the spectral characteristics
of the FSI. This version of LBLRTM uses the MT_CKDv3.5
continuum model, which, most notably for this study, con-
tains an update to the water vapour continuum that increases
water vapour absorption within the far-infrared (Mlawer
et al., 2019). A comparison of directly simulated radiances
from LBLRTMv12.11 with RTTOVv12 simulations using
the new coefficients typically generated differences that were
much smaller than the instrument uncertainty, except for
three or four isolated channels in the far-infrared (Fig. 8b)
that were subsequently excluded from the channel selection
process described in Sect. 6.2.

This section will focus on evaluating the specialised RT-
TOVv12 coefficients and adapting the TAFTS and ARIES
observations (Sect. 6.1), before optimising and testing IMS
for this FORUM-aircraft configuration (Sect. 6.2) on the test
cases from Sect. 4.

6.1 Constructing FORUM-aircraft observations

The FORUM-aircraft observations are constructed by apply-
ing the FSI instrument line shape (ILS) and apodisation to
the observed TAFTS and ARIES radiances. Both TAFTS
and ARIES each have their own ILS, and TAFTS also has
an apodisation applied to its observed radiances. These can-
not be removed, creating a source of error that needs to be
quantified to constrain the retrieval of the FORUM-aircraft
observations. To do this, we take the native, high-resolution
LBLRTMvI12.11 output spectrum and treat it in two ways.
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Figure 9. The uncertainty used for FORUM-aircraft configurations
is overlaid on an example simulated upwelling spectrum at the alti-
tude of the higher SLR. This is composed of the instrument uncer-
tainty and the uncertainty that arises from the FORUM apodisation
process discussed in Sect. 6.1. This uncertainty squared is used as
the main diagonal of Sy. The instrument uncertainty is the radio-
metric calibration and random noise for each instrument combined
in quadrature for a single TAFTS scan and six ARIES scans. For
both instruments, this uncertainty is dominated by the calibration,
particularly for ARIES, where the random noise is reduced due to
multiple scans. The impact of the FORUM apodisation process can
be seen most clearly in the 15 um CO, band and between 1200 and
1400 cm ™. The 200 channels selected for the aircraft retrievals are
also shown.

First, we directly apply the FSI ILS and apodisation. Sec-
ond, we apply the individual TAFTS and ARIES ILS and
apodisation and then apply the FSI characteristics. By taking
the difference between these two methods, we can evaluate
the impact of the original instrument characteristics on the
FORUM-aircraft measurements.

Figure 8a shows (in green) that the previous TAFTS spec-
tral characteristics have a minimal effect on radiances over
the majority of the TAFTS spectral range. Closer to the
shortwave and longwave detector band edges, this effect
increases; however, residuals are predominantly within the
measurement uncertainty. In comparison, there is a larger
impact on the ARIES spectrum (Fig. 8b) due to its coarser
spectral sampling, with residuals often exceeding the mea-
surement uncertainty. This effect is most prominent in the
667 cm™! CO, band wings which are typically exploited to
obtain the vertical temperature profile and is likely to degrade
the performance of the temperature retrieval. Therefore, the
uncertainty caused by the FORUM apodisation process has
been combined with the instrument uncertainty (the dashed
lines in Fig. 8) in quadrature, and these uncertainties together
form the main diagonal of the measurement covariance for
the FORUM -aircraft configuration shown in Fig. 9.

6.2 Channel selection and testing on simulations

Using the FORUM-aircraft measurement covariance in
Fig. 9, new channels have been selected to optimise the infor-
mation content for the FORUM-aircraft configuration, em-
ploying the same approach as in Sect. 3.2.

The 200 channels with the highest information content
are shown in Fig. 9 and represent 63 % of the total avail-
able information content, comparable to the FORUM con-
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figuration’s channel selection in Sect. 3. Similar to the FO-
RUM configuration, the FORUM-aircraft configuration se-
lects channels in the 350-500 cm ™! region and the 667 cm™!
CO; band wings, despite the larger measurement covariance
(cf. Fig. 9 and Fig. 1b). However, as the uncertainty for the
FORUM-aircraft configuration is considerably reduced be-
low 200 cm™! relative to the rest of its spectral range, 23 %
of the channels have been selected in this region, whereas
none were identified in this range for the FORUM configura-
tion.

To compare the performance of the FORUM-aircraft
against the FORUM configuration, the testing in Sect. 4.1 has
been repeated using the newly selected channels and mea-
surement covariance calculated for the FORUM-aircraft con-
figuration. These FORUM-aircraft retrievals have been per-
formed using the same test cases identified in Sect. 4 but for
an observing sensor at the pressure level of the higher SLR
of the C153 flight. A full bias comparison can be seen in the
Supplement; however, there is an improvement of up to 2 %
and 0.1 K in the water vapour and temperature bias, respec-
tively, against the FORUM configuration below the pressure
level of the higher SLR. The median DOFS for temperature
was also reduced by ~ 0.4 due to the larger measurement co-
variance in the CO; band wings. The similarity between the
FORUM-aircraft and FORUM retrieval performance across
the test cases suggests that, when we apply the IMS FORUM-
aircraft configuration to real observations in the next section,
the FORUM -aircraft results will give a realistic indication of
the potential quality of retrievals that can be expected from
the FSI.

7 Retrievals from aircraft observations
7.1 Initial retrieval

Retrievals of temperature and water vapour were performed
(using the approach described in Sect. 2.1) on the selected
aircraft observations (Sect. 5.2) that have been modified to
mimic the FST’s instrument line shape. Retrievals of the spec-
tral surface emissivity and surface skin temperature were
also obtained simultaneously (results can be found in the
Supplement). In each case, the closest hourly ERAS data
were used as the a priori for surface skin temperature, at-
mospheric temperature, and water vapour, accompanied by
the weak, global a priori covariance outlined in Sect. 2. The
average retrieved surface skin temperature was found to be
280.3 + 0.2 K across the eight cases consistent with the iter-
ative process used in Warwick et al. (2022).

Figure 10 shows the mean temperature and water vapour
retrievals for all eight observations (red curves) co-located
with the release of each dropsonde. The black curve shows
the average of all of the dropsonde measurements with their
respective averaging kernel applied. These are referred to as
AK-treated dropsonde measurements, x sk, and are calcu-
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lated using the following equation:
XAK =Xa +A(x —x,), (6)

where the averaging kernel used is calculated for each indi-
vidual retrieval.

The water vapour retrieval captures the AK-treated drop-
sonde profile below approximately 5Skm within its uncer-
tainty. However, the temperature retrieval has a limited per-
formance, particularly above 4 km and near the surface, with
a mean retrieval bias of up to 2 K.

Warwick et al. (2022) indicated that the ARIES spectra
were, at best, poorly constrained in regions of the spectrum
sensitive to atmospheric temperature due to possible heat-
ing of the instrument housing. Here, the additional impact
of the apodisation in the CO; band on the measurement ex-
acerbates this unreliable information and results in the large
temperature residuals between the AK-treated dropsonde and
retrieved profiles, as the retrieval attempts to fit anomalously
warm observations. It is unlikely that this is due to the drop-
sondes’ representation of the state. While Fig. 7b shows a
variation of up to 0.5 K in ERAS5 around each of the drop-
sondes between 4 and 7 km, a systematic effect is observed
across all of the retrievals.

To compensate for this, the a priori covariance for tem-
perature has been tightened to the local covariance of ERAS
temperature profiles surrounding the SLRs for the duration
of the flight. The a priori covariance for water vapour has not
been tightened and is still derived from global ERAS5 data
across 3d. The impact on the mean temperature and water
vapour AKs across the eight cases is shown in Fig. 11. As ex-
pected, Fig. 11d shows a reduction in the temperature AKs,
with a 60 % reduction in the average temperature DOFS val-
ues. This tightening of the a priori temperature covariance
also leads to an increase in the water vapour AKs focused
below 4 km with a 17 % increase in the water vapour DOFS
values in Fig. 11b.

Figure 10 shows that the implementation of the local
temperature constraint significantly improves agreement be-
tween the temperature retrievals (blue curve) and the AK-
treated dropsonde profiles, with a mean temperature resid-
ual of 0.8 K at most. A similar improvement is observed in
the percentage difference between the water vapour retrievals
and AK-treated dropsonde, with an improvement of up to
20 % at 3km and up to 33 % at 6 km. A smaller effect is ob-
served in the retrievals at higher altitudes. This method en-
ables the joint retrieval of temperature, water vapour, surface
emissivity, and surface skin temperature that was not possi-
ble in Warwick et al. (2022) due to the limitations outlined
for the ARIES spectra.

7.2 Revised retrievals

Given the findings in Sect. 7.1, we focus on the retrievals
performed using the local a priori covariance for temper-
ature derived from ERAS temperature profiles surrounding
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Table 3. The RMSE value relative to each AK-treated dropsonde
profile for temperature (7") and water vapour (WV) for the eight ob-
servations against the a priori (ERAS) and retrieved profiles. RMSE
values have been separated into above and below 5 km.

A priori  Retrieval
Full T (K) 021 0.57
Full WV (log(kgkg 1)) 0.50 0.41
Below 5km T (K) 0.15 0.59
Above 5km T (K) 0.29 0.53
Below 5km WV (log(kgkg™1)) 0.41 0.30
Above 5km WV (log(kg kgfl )) 0.65 0.57

the SLRs for the duration of the flight, and the global a pri-
ori covariance for skin temperature and water vapour. The
surface emissivity a priori covariance is derived from the
UWIREMIS atlas for sea surface types and the Huang et al.
(2016) emissivity atlas for land surface types, as outlined in
Sect. 3.1.

Figure 12 shows each retrieved water vapour and tempera-
ture profile compared to the a priori and to the reference AK-
treated and untreated dropsonde profiles. Retrievals of water
vapour typically bring the a priori estimate closer to the AK-
treated dropsonde profile. This is reflected by an 18 % re-
duction in the RMSE relative to AK-treated dropsonde pro-
files throughout the vertical profile (Table 3). Retrievals of
temperature have a restricted movement from the a priori, as
outlined in Sect. 7.1; as a result, applying the AKs in Fig. 11d
brings each dropsonde profile to within 0.6 K of their corre-
sponding a priori.

Atmos. Meas. Tech., 18, 717-735, 2025

Both the retrievals of temperature and water vapour gen-
erally capture their reference state within their uncertainty.
However, some issues are apparent; for example, the water
vapour retrievals struggle with a persistently dry layer mea-
sured by the dropsondes between 5 and 7 km, and the tem-
perature retrievals generally have a warm bias above 5km
and a cold bias closer to the surface. A deeper analysis of
the retrievals follows, divided into altitudes above and below
5 km. To aid this analysis, Fig. 13 shows the average weight-
ing function for selected 100cm™! wavenumber bands (in
panel a), the spectral residuals between the final retrieved
state and the observations (in panel b), and the improvement
in the residuals relative to the original from the a priori (in
panel c).

7.2.1 Above Skm

Figure 12a shows that the retrieved water vapour concen-
tration is generally overestimated relative to the dropsonde
measurements at altitudes above 5km. The most obvious
discrepancy occurs in a layer between approximately 5 and
7km, where the dropsondes are persistently drier than the
a priori estimate. Although, in most cases, the retrieved pro-
files (blue lines) move towards the corresponding AK-treated
dropsonde profiles (black lines) between 5 and 6 km, the shift
is small and the difference between them can exceed 2 ESDs
of the retrieval. Above 6 km, movement from the a priori to-
wards the AK-treated dropsonde is less obvious.

As the AK-treated dropsonde also does not deviate sub-
stantially from the original dropsonde profile in this region,
it is not expected that these differences are caused by a
weak sensitivity to the profile or the a priori. Figure 13a

https://doi.org/10.5194/amt-18-717-2025
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Figure 11. Rows of the mean averaging kernels (AKs) for (a, b) wa-
ter vapour and (c, d) temperature calculated from retrievals of the
C153 observations, with colours representing the dropsonde alti-
tude of each profile level. Panels (a) and (c) follow the same colour
scheme and are the rows of the AKs for which the a priori temper-
ature covariance was derived from 3 d of global ERAS data. Pan-
els (b) and (d) follow the same colour scheme and are the rows of
the AKSs for which the a priori temperature covariance was derived
from the ERAS data surrounding the SLRs for the duration of the
flight. The water vapour a priori covariance used is the same in both
sets of retrievals. The mean and standard deviation of the respective
DOFS values from the eight retrievals are shown for each plot.

shows that the channels with the highest sensitivity between
5 and 7km tend to be clustered between 100 and 400 cm™'
and above 1400 cm™!, within the water vapour rotation and
vibration—rotation bands. Between 100 and 400 cm™!, water
vapour spectroscopy, including line and continuum contribu-
tions, has been continuously updated over the last couple of
decades, but it is still subject to relatively large uncertainty
(Mlawer et al., 2019, 2023), which will contribute to for-
ward model error. Above 1400 cm™!, the fitted radiances are
on average underestimated by —0.6mW m=2sr~! (cm™1)~!;
however, this remains within the measurement covariance
(Fig. 13b).

The temperature retrievals broadly capture the AK-treated
dropsonde within the uncertainty of the retrieval but gener-
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ally do not present an improvement from the a priori. As dis-
cussed in Sect. 7.1, an overestimation of up to 1.3 K is seen
above 5 km due to the ARIES spectra. However, there is also
an underestimation observed closer to the aircraft. In War-
wick et al. (2022), there were notable differences between
simulated radiances and ARIES observations between 650
and 700cm™~!. Six out of the eight channels in the 600—
700cm™! bin are within this spectral range. As Fig. 13a
shows, the channels used within this bin show a greater sensi-
tivity to the atmosphere above 7 km, and the fitted radiances
within this bin are generally underestimated (Fig. 13b).

7.2.2 Below 5km

When making comparisons to the dropsonde profiles at lower
altitudes, it is important to note that the dropsondes have trav-
elled up to 23 km from their release when they reach the sur-
face. This is most significant for the retrievals closest to drop-
sonde 1 and 7, for which the radiometric observations are
taken over 1 min from the dropsonde releases and so have
a weaker reference of the atmospheric state at lower alti-
tudes. Furthermore, the ERAS reanalyses surrounding each
dropsonde in Fig. 7 imply a higher variability in the water
vapour concentrations between 2 and 4 km, reaching up to
30 % in water vapour for dropsonde 2. The corresponding
temperature standard deviation reaches up to 0.5 K closer to
the surface for all dropsondes. Hence, it is feasible that the
dropsonde profiles are less representative of the atmosphere
sounded by the aircraft spectrometers at these altitudes.

Nonetheless, below 5 km the a priori for water vapour for
dropsondes 3-7 is close to the dropsonde profile, particularly
below 2 km. For dropsondes 1, 2, and 8, there is a larger dis-
crepancy that the retrieval successfully reduces, shifting the
retrieved values closer to the relevant AK-treated dropsonde
profile. Indeed, in all cases except dropsonde 2, the retrieval
uncertainty fully encompasses the dropsonde values below
4km. Even for the case closest to dropsonde 2, the retrieval
significantly shifts from the a priori closer to the dropsonde
profile, with the largest spectral shifts observed between 200
and 600 cm™~! (Fig. 13b).

Between 2 and 5 km, all of the temperature retrievals cap-
ture the AK-treated dropsonde profile within their retrieval
uncertainty with limited movement from the a priori, as
would be expected from the AKs (Fig. 11d). Nearer the sur-
face, the average retrieval bias for the retrievals closest to
dropsondes 2-8 is —0.9 £0.2K relative to the AK-treated
dropsonde profiles. Of these cases, only the retrieval clos-
est to dropsonde 5 underestimates the AK-treated dropsonde
temperature outside of both their uncertainties, and this un-
derestimation is by only 0.1 K. The retrieval closest to drop-
sonde 1 is the only case that shows a warm bias to the AK-
treated dropsonde profile nearer the surface; however, as pre-
viously mentioned, the dropsonde provides a weaker refer-
ence of the true profile in this instance.

Atmos. Meas. Tech., 18, 717-735, 2025



730 S. Panditharatne et al.: Retrievals of water vapour and temperature exploiting the far-infrared
D1 D2 D3 D5 D7 D8

(@) g 4 q q q J q
—_ 6 1 \ T ) 1 T
£
&
2 41 1 E — 1
2
g 2

2 - - - - -

10210°10°  10210°10°  10210°10°  10710°10 10210°10°  10210°10°  10210°10°  10210°10%
WV (ppmv) WV (ppmv) WV (ppmv) WV (ppmv) WV (ppmv) WV (ppmv) WV (ppmv) WV (ppmv)

(b)g 1 1 1
—_ 6 1 ) 1 T
£
&
2 4 1 1 1
2
e

) | | | (

T Diff (K) T Diff (K) T Diff (K) T Diff (

Il Retrieval A-priori

0
-2.5 00 2.5-25 00 2.5-25 00 2.5-25 00 25 2.5 00 25— 25 0.0 2.5-25 00 2.5-25 00 2.5

Il Drops

T Diff (K) T Diff (K) T Diff (K) T Diff (K)

Il Drops_AK

Figure 12. (a) Water vapour retrievals and (b) the difference between the retrieved temperature and AK-treated dropsonde profiles performed
using the FORUM-aircraft radiances. The shaded region in each retrieved value represents two ESDs of the retrieval derived from the square-
root diagonal of Sy. The a priori is shown in orange, with the shaded region showing the a priori standard deviation. The dropsonde profiles
from each case are shown in red, and each one has had their respective averaging kernels (Drops_AK) applied, which are shown in black. The
shading around the dropsonde and Drops_AK profiles represents the uncertainties outlined in Sect. 5.1.2. For temperature, the dropsonde
uncertainty is represented as 0.2 K. For water vapour, the dropsonde uncertainty varies with altitude but remains below 9 %.

These temperature and humidity changes are manifested
in radiance space as shown in Fig. 13b. Figure 13a high-
lights that the spectral regions between 400 and 600 and
1200 and 1400cm™~! are most sensitive to lower altitudes,
particularly below 3km. In these bins, particularly in the
far-infrared, the retrieval reduces the spectral residuals by
up to SmWm2sr~! (em™!)~! from the first-guess spectra
(Fig. 13c). Despite these improvements, the retrievals closest
to dropsondes 1-3 still demonstrate a limited fit in the 500—
600 and 1300-1400cm~! bins. While the timing of drop-
sonde 1 is somewhat offset from the radiometric aircraft mea-
surements, the same is not true for dropsondes 2 and 3. Drop-
sondes 1 and 2 also show enhanced water vapour variability
between 3 and 4 km in the surrounding ERAS profiles com-
pared to the other cases (Fig. 7b), but this enhancement is not
seen around dropsonde 3.

8 Conclusions

We present the extension of the Infrared Microwave Sound-
ing (IMS) retrieval scheme into the far-infrared in prepara-
tion for the upcoming FORUM mission. Retrievals of tem-
perature and water vapour have been evaluated through a
two-stage testing process: on simulated FORUM clear-sky

Atmos. Meas. Tech., 18, 717-735, 2025

radiances and on observed clear-sky radiances from the up-
per troposphere. For the former, we make comparisons to
the “true” profiles used to generate the simulations, whereas
we make comparisons to in situ measurements of the atmo-
spheric state for the latter.

For the FORUM configuration, the measurement covari-
ance is based on the expected apodised NESR and target
ARA for the FORUM Sounding Instrument (FSI). An infor-
mation content analysis was performed to optimise the chan-
nels used in the retrieval, resulting in the selection of 200
channels. The highest channel density was seen in the 400—
600cm~! region due to the sensitivity of radiances to wa-
ter vapour and temperature coupled with the relatively low
NESR and ARA in this region.

The performance of IMS was first assessed using 240 RT-
TOVv12 simulations of TOA radiances based on MERRA-2
reanalysis profiles. Retrievals using the FORUM configura-
tion had a tighter measurement covariance than the TASI con-
figuration below ~ 1200 cm™'. Both configurations demon-
strated comparable retrieval biases. However, slight improve-
ments in the FORUM median retrieval bias were observed in
the mid- to upper troposphere for water vapour, with a re-
duced median uncertainty of at most 7 % and an increase of
approximately 1 DOFS for both water vapour and tempera-
ture due to additional information in the upper troposphere.
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S. Panditharatne et al.: Retrievals of water vapour and temperature exploiting the far-infrared 731

(a) (b)

\ WN (cm™1)
— 100

| ~—— 300
“ — 400

500
600
700
800
900

Retrieved - Observed Rad
(MW m=2 sr-/cm1)

— Unc. -3 D3 D6
% D1 =& D4 D7
= D2 =k D5 -3 D8

400 600 800 1000 1200 1400

J—

400 600 800 1000 1200 1400

1000 -3
1100 !
= 1200 200
< 1300
§ 1400 (c) R
£ )
< EEY
g
EN,w 21
=
-2
Y E 0+
2=
200
(d)
€ 40
o
o
S 20
£
@)
0 . . 0 .
0.0 0.2 0.4 0.6 200

dTr/dz (km™1)

400 600 800 1000 1200 1400
Wavenumber (cm™1)

Figure 13. (a) The mean weighting function (change in transmission (Tr) with altitude (z)) for each wavenumber (WN) bin averaged across
the 200 selected channels for all eight dropsondes. (b) The radiance residuals in the selected 200 channels between the retrieved and FORUM-
aircraft observed spectra for all cases. Residuals have been averaged over 100 cm~! bins, and the mean and standard deviation for each bin
are shown. The black line represents the mean uncertainty (Unc.) from Fig. 9, which is the square-root diagonal of Sy, in that bin. (¢) The
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bin.

We stress that the goal of the comparison is not to assess
which instrument is better in terms of their retrieval perfor-
mance; rather, it is a sanity check of the new, extended IMS
code. In particular, it is worth noting that the measurement
covariance used for IASI in this comparison is not the quoted
instrument NESR but, instead, implicitly includes the effects
of instrumental and forward model error. For FORUM, the
instrumental error has been approximated using the target in-
strument specifications; therefore, it is likely that the com-
parison overstates the improvement that FORUM will bring
relative to IASI observations.

Coincident aircraft observations of far- and mid-infrared
radiances were then used to test IMS on clear-sky cases.
These were taken during an aircraft flight in the upper tro-
posphere, with the periodic release of dropsondes to mea-
sure the atmospheric state. Eight observations closest to each
dropsonde release were selected and modified to emulate the
FSI’s spectral characteristics. The combination of the air-
craft and FSI characteristics results in an increased spectral
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uncertainty, particularly in the 15 um CO; absorption band.
This propagates through to change the channels selected for
the retrievals when compared to the TOA simulation study.
Applying this revised FORUM-aircraft configuration to sim-
ulated aircraft-level radiances from the MERRA-2 test set
shows only a limited impact on the retrieved temperature and
water vapour profiles compared to values derived using the
original FORUM configuration from the equivalent TOA ra-
diances. This gives confidence that the results obtained here
from the aircraft observations are indicative of what might be
expected from FORUM when it is operating.

Retrievals of the FORUM-aircraft observations required
the a priori covariance for temperature to be tightened to the
local ERAS grid of the SLRs for the duration of the flight due
to the larger measurement uncertainty associated with the
observed spectra, particularly across the 15 um CO, band.
This enabled simultaneous retrievals of temperature and wa-
ter vapour, exploiting the full FSI spectral range. Tighten-
ing this constraint had the additional benefit of reducing the
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bias in the water vapour retrieval by up to 33 %. The final re-
trievals of temperature and water vapour generally captured
the dropsonde measurements of the atmospheric state, with
the RMSE in water vapour concentration reducing by 18 %
from the a priori to the retrieved state across all eight cases.
We note that the results do still highlight some inconsisten-
cies, with both the ERAS a priori and retrievals consistently
overestimating the humidity between 5 and 7 km, and a per-
sistent cold bias below 2 km in seven out of the eight cases
analysed. These deficiencies are manifested in the radiance
residuals seen in the final, fitted spectra, and we use these
to postulate that the humidity bias may be related to water
vapour spectroscopic uncertainty in the far-infrared. While
our analysis implies that the variability around each drop-
sonde is relatively small, the near-surface bias may be partly
related to the dropsonde drift away from the aircraft as it de-
scends through the atmosphere.

To summarise, the IMS scheme has been extended to cover
the far-infrared spectral range in preparation for the FORUM
mission. It has now been tested on multiple aircraft-level ob-
servations of upwelling far-infrared radiances as well as on a
diverse set of TOA simulated upwelling radiances, exploiting
channels from the full FORUM spectral range. Pending the
real FSI systematic and random uncertainties, IMS is ready
to use for clear-sky retrievals from the FSI.

Data availability. The ERAS5 data are from the Coperni-
cus Climate Change Service (C3S) Climate Data Store
(CDS) (https://doi.org/10.24381/cds.bd0915¢6, Hersbach
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servations can be found on the CEDA archive (https://catalogue.
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