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Abstract We describe studies undertaken in support of the Far-infrared Outgoing Radiation Understanding
and Monitoring mission, European Space Agency's ninth Earth Explorer, designed to investigate whether
airborne observations of far-infrared radiances can provide beneficial information on mid and upper
tropospheric water vapor concentrations. Initially we perform a joint temperature and water vapor retrieval

and show that the water vapor retrieval exploiting far-infrared measurements from the Tropospheric Airborne
Fourier Transform Spectrometer (TAFTS) shows improvement over the a-priori Unified Model global forecast
when compared to in situ dropsonde measurements. For this case the improvement is particularly noticeable

in the mid-upper troposphere. Equivalent retrievals using mid-infrared radiances measured by the Airborne
Research Interferometer Evaluation System (ARIES) show much reduced performance, with the degrees of
freedom for signal (DFS), reduced by a factor of almost 2. Further sensitivity studies show that this advantage
is decreased, but still present when the spectral resolution of the TAFTS measurements is reduced to match that
of ARIES. The beneficial role of the far infrared for this case is further confirmed by performing water vapor
only retrievals using ARIES and TAFTS individually, and then in combination. We find that the combined
retrieval has a DFS value of 6.7 for water vapor, marginally larger than that obtained for the TAFTS retrieval
and almost twice as large as that obtained for ARIES. These results provide observational support of theoretical
studies highlighting the potential improvement that far-infrared observations could bring for the retrieval of
tropospheric water vapor.

Plain Language Summary The Far-infrared Outgoing Radiation Understanding and Monitoring
(FORUM) mission has been selected as the European Space Agency's ninth Earth Explorer. Far-infrared
Outgoing Radiation Understanding and Monitoring will be the first mission to make high spectral resolution
measurements of the Earth's outgoing energy in a region of the spectrum known as the far-infrared. These
observations will complement our existing knowledge of the Earth's outgoing spectrum in the mid-infrared,
where measurements have been made for many years. This paper describes a study in support of FORUM,
using unique aircraft-based observations of far- and mid-infrared spectrally resolved radiation, complemented
by measurements of the vertical profile of water vapor and temperature below the aircraft from dropsonde. We
infer the humidity and temperature profile from the radiation observations and show that using the far-infrared
observations improves our ability to properly capture the observed dropsonde behavior compared to using the
mid-infrared measurements alone. This is the first time that far-infrared aircraft observations have been used
to demonstrate an improvement in our ability to characterize atmospheric humidity. It suggests that FORUM
measurements may be able to enhance our understanding of atmospheric water vapor, with associated benefits
for climate prediction.

1. Introduction

Accurately quantifying upper tropospheric (UT) water vapor concentrations is critical for quantifying the Earth's
greenhouse effect (Allan et al., 2002; Brindley & Harries, 1998), estimating the strength of water vapor radiative
effects and feedback (Dessler et al., 2008; Riese et al., 2012) and characterizing the atmospheric circulation
(Pierrehumbert & Roca, 1998), including upper-tropospheric lower-stratospheric exchange mechanisms (Sher-
wood et al., 2010; Vogel et al., 2014). Measurements of UT water vapor include those performed by radio-
sonde, aircraft-based sensors and a variety of satellite-based instrumentation operating across the electromagnetic
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spectrum. However, despite the substantial effort that has been made to assess, improve and homogenize UT water
vapor estimates (e.g., McCarthy et al., 2009, 2008; Miloshevich et al., 2006, 2009, 2004; Shi & Bates, 2011) best-
case uncertainties from the GCOS Reference Upper Air Network (GRUAN) radiosondes are still of the order 5%,
reaching 15% near the tropopause (Dirksen et al., 2014).

Uncertainties are still significant because current measurement techniques have shortcomings over the UT alti-
tude range. Limb sounding instruments, which offer high vertical resolution, are affected by the variable nature
of the water vapor horizontal distribution; narrow-band nadir sounding instruments have poor vertical resolution
and can suffer from clear sky sampling dry biases (Chung et al., 2014; John et al., 2011); mid-infrared (mid-ir:
667-2000 cm~!) hyperspectral sounders have limited sensitivity to the region and can underestimate humidity
extremes (Chou et al., 2009; Fetzer et al., 2008; Trent et al., 2019) and current GPS radio-occultation based
approaches have reduced sensitivity in the UT (Kursinski & Gebhardt, 2014). Moreover, while the GRUAN
radiosonde measurements are widely recognised as a highly valuable reference data set, providing high vertical
resolution, they need corrections to be applied to account for biases induced by daytime solar heating, instrument
time-lags and calibration (Dirksen et al., 2014). The sites themselves are also spatially and temporally sparse and
are currently not designed to be fully representative of the globe. In situ observations of water vapor concentra-
tions in the UT, derived from instruments on commercial passenger flights under the auspices of the In-service
Aircraft for a Global Observing System (IAGOS) project, have been made since 1994 (Petzold et al., 2015).
There is no doubt that these data constitute a valuable resource for investigating UT humidity interactions (e.g.,
Petzold et al., 2017) but they are also restricted in their vertical and latitudinal/longitudinal coverage because of
the commercial platforms employed.

Therefore, to better quantify the variability and trends in global UT water vapor and understand their impact on
climate, satellite measurements that can provide improved retrieval accuracy with sufficient vertical resolution
and global coverage are needed. Theoretical modeling suggests that this may be achievable, at least in part, using
spectrally resolved radiance measurements in the far-infrared (far-ir), where clear-sky absorption is dominated
by water vapor (Clough et al., 1992; Harries et al., 2008; Merrelli & Turner, 2012; Mertens, 2002; Ridolfi
et al., 2020). The far-ir consists of wavenumbers below 667 cm~! (wavelengths >15 pm) and accounts for around
50% of the total outgoing longwave radiation (OLR) globally under all-sky conditions (Harries et al., 2008).

Despite constituting a large percentage of the Earth's OLR, there are currently no space-based instruments capa-
ble of measuring spectrally resolved radiances across the far-ir However, two upcoming satellite missions, the
European Space Agency (ESA) Far-infrared Outgoing Radiation Understanding and Monitoring (FORUM)
mission (Palchetti et al., 2020) and the NASA Polar Radiant Energy in the Far Infrared Experiment (PREFIRE)
mission (L’Ecuyer et al., 2021) aim to fill this gap.

The FORUM mission is ESA's 9th Earth Explorer and has a key scientific goal of relating variability in UT
water vapor to its radiative signature across the mid- and far-ir. An additional goal is to perform retrievals of the
underlying water vapor profile. This paper describes Phase A studies undertaken in support of FORUM designed
to investigate whether airborne observations of the far-ir spectrum from aircraft can, in practice, be inverted to
provide useful additional information regarding UT water vapor concentrations. The current design goals for
the FORUM Sounding Instrument are a spectral coverage of 100~1600 cm~! and a nominal spectral resolution
of 0.5 cm™! (full-width half maximum). The goal and threshold noise and absolute radiometric uncertainty are
shown in Figure 1 (ESA, 2019). It is worth noting that the characteristics of the airborne instruments used in this
study are not the same as those proposed for FORUM, so the results obtained are not directly transferrable to the
mission. Nevertheless, the results we present represent, to the best of our knowledge, the first demonstration of
mid-upper tropospheric water vapor retrievals from observations of far-infrared spectral radiances. As such, they
give a first indication of the likely benefit of the proposed FORUM measurements for water vapor retrievals.

The layout of the paper is as follows: in Section 2 we describe the aircraft campaign, relevant instrumentation
and auxiliary data. Section 3 describes the retrieval methodology. Sections 4 and 5 describe water vapor and
temperature retrievals performed using far-ir and mid-ir radiance measurements respectively. In Section 6 we
consider water vapor retrievals using a fixed temperature profile for a far-ir, mid-ir and combined case with over-
all conclusions drawn in Section 7.
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Figure 1. (a) Absolute radiometric accuracy and (b) noise equivalent spectral radiance for Far-infrared Outgoing Radiation Understanding and Monitoring (goal and
threshold), Tropospheric Airborne Fourier Transform Spectrometer and Airborne Research Interferometer Evaluation System (ARIES). The random noise for ARIES is
shown for both a single spectrum and the 10 average spectra as used in this study.

2. Flight Campaign and Instrumentation

The PIKNMIX-F campaign was a joint endeavor between the UK Met Office and the FAAM Airborne Labora-
tory, taking place during March 2019 and based out of Stornoway, Scotland. The science goals of the campaign
were to obtain data that could be used to improve the representation of specific cloud-microphysical and bound-
ary layer processes within the Met Office suite of models, and to validate radiative transfer modeling of cloudy
scenes across the microwave, submillimetre and infrared spectrum. However, additional funding from ESA
allowed further dedicated flight hours in support of the FORUM mission.

This paper focuses on flight C153, which took place on 13 March 2019. The goal of flight C153 was to observe
co-incident nadir-viewing spectra in the far- and mid-ir from the Tropospheric Airborne Fourier Transform Spec-
trometer (TAFTS) and the Airborne Research Interferometer Evaluation System (ARIES) at high altitude under
clear-sky conditions, coordinated with frequent characterization of the underlying atmospheric state from drop-
sonde. Following a transit to the operating area over the North Sea (Figure 2), two straight and level runs (SLRs)
were carried out between 57 and 55°N from 11:55 UTC to 12:55 UTC. The first SLR was in a southerly direction
at around 28,000 ft (8,500 m) and the second returned along nominally the same track in a northerly direction at
roughly 30,000 ft (9,100 m). The tracks are shown by the orange line in Figure 2. Dropsonde were periodically
released during these two runs from the locations indicated by the stars in the figure. Conditions were gener-
ally clear, although there was a small amount of low cloud at the southern end of the run which can be seen in
the high-resolution visible channel image from the Spinning Enhanced Visible and InfraRed Imager (SEVIRI)
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Figure 2. Flight track during C153. The high-altitude legs are shown in
orange and the stars mark the dropsonde release locations. The background
is the high-resolution visible image from Spinning Enhanced Visible and
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on Meteosat-11. Following the high-level runs a spiral descent pattern was
performed in the vicinity of the central part of the high-level legs, followed
by a low-level run at 1000 ft (300 m) prior to the return to Stornoway. During
the high-level runs TAFTS and ARIES made coincident measurements of
up-welling radiance.

2.1. Radiation Instrumentation

2.1.1. The Tropospheric Airborne Fourier Transform Spectrometer
(TAFTS)

TAFTS is a Martin-Puplett polarizing interferometer with a nominal spectral
range of 80-550 cm™! (18-125 pm) and a maximum spectral resolution of
0.12 cm™! (Canas et al., 1997). In this study the resolution was reduced to
0.24 cm™ to reduce scan time and make the instrument more robust.

TAFTS is designed in a four-port configuration with two input ports and two
output ports. Measurements are made at each output port by pairs of liquid
helium cooled photoconductor detectors. Both pairs contain a “longwave”
GeGa detector that measures between 80 and 300 cm~! and a “shortwave”
SiSb detector that measures from 330 to 550 cm~!. TAFTS also has two pairs
of internal blackbody calibration targets. Each pair consists of a cold target
held near ambient temperature and a hot target heated to around 323 K. The
temperatures of all calibration targets are monitored by platinum resistance
thermometers. A single nadir scan by the instrument takes approximately
1.5 s and such scans form part of the overall data acquisition cycle, which
consists of internal calibration and external nadir and zenith views.

TAFTS measurement uncertainties contain a systematic and random compo-
nent related to calibration error and random noise, respectively (Figures la

InfraRed Imager on Meteosat-11 at 12:30UTC. and 1b). These random and systematic components are added in quadrature

to find the total uncertainty. The measurement uncertainty on a single TAFTS
spectrum (80-550 cm~") increases markedly toward the detector band edges
but otherwise is of the order +1 mW m=2 sr~! (cm™")~! cm~! in the TAFTS
shortwave channel and substantially less than this in the TAFTS longwave
channel.

2.1.2. The Airborne Research Interferometer Evaluation System (ARIES)

ARIES is a Michelson-type interferometer with a spectral range of 550-3,000 cm~! (3—18 pm) and a spectral
resolution of 1 cm™! (Wilson et al., 1999). To cover this spectral range, ARIES makes use of two photodetectors,
the first is a HgCdTe photodetector covering 5501800 cm~!, the second is InSb with a range from 1700 to
3000 cm~!. ARIES also contains two temperature-controlled blackbody targets, which are monitored by platinum
resistance thermometers. ARIES uses these targets to perform regular calibration views during measurements. A
single scan of the ARIES instrument takes 0.25 s.

The ARIES measurement errors also consist of a systematic (Figure 1a) and random component (Figure 1b).
In this study, we use an average of 10 consecutive ARIES spectra to make the TAFS and ARIES spectra more
comparable in both acquisition time and total uncertainty. This reduces the random component of the ARIES
uncertainty (Figure 1b) but has little impact on the total uncertainty at wavenumbers between 600 and 1600 cm™!
because of the dominance of calibration uncertainties. To make the TAFTS/ARIES instrument combination more
comparable to a FORUM-type measurement we only use ARIES data at wavenumbers up to 1600 cm™.

2.2. Auxiliary Data

Additional data to characterize the atmospheric state were taken from the core instruments on board the FAAM
aircraft (FAAM Instrument Team, 2019). Positional information was measured by the POS AV 410 GPS-aided
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Table 1 Inertial Navigation unit. Static air temperature was derived from measure-
L2M_I Settings for the Retrievals in This Paper ments made using a Rosemount Aerospace Inc. Type 102 De-iced Total

L2M_I general settings for this paper

Temperature Housing fitted with an IST MiniSens PRT sensor, and the Air

Max. number of Levenberg-Marquardt iterations 10

Data Computer on G-LUXE (BAE Systems., 2000). The water vapor volume
mixing ratio was derived from dewpoint measurements made using a Buck

Max. number of Gauss-Newton iterations 5 Research Instruments CR2 Chilled Mirror Hygrometer with heated inlet

Initial value for A parameter

A reduction factor if LM iteration successful 5

A multiplicative factor if LM iteration failed 5

0.1 and information from the Air Data Computer. Flight level ozone concentra-
tions were recorded by a Core Thermo Fisher Scientific Inc. Model 49i UV
absorption ozone photometer (hereafter TECO 49) and static pressure was
recorded by the Air Data Computer.

Maximal relative variation of the chi-square to achieve convergence 0.01

Maximal relative variation of the parameters to achieve convergence  0.01 During the high-level part of the flight described here the Advanced Vertical

Atmospheric Profiling System on the aircraft periodically released Vaisala
RD94 dropsonde, providing measurements of the atmospheric profile below
the aircraft. Miloshevich et al. (2009) assessed the uncertainty in humidity
measurements from the Vaisala RS92 radiosonde which uses the same humidity sensor as the Vaisala RD94.
This uncertainty was assumed to have two components arising from sensor calibration and production variability.
The former was estimated as +5% of the measured relative humidity value plus an absolute offset of +0.5%,
the latter as +1.5% of relative humidity values above 10% or +3% for values below 10%. As there is no similar
information available for the temperature measurement, the manufacturer quoted repeatability of 0.2 K is used to
represent the uncertainty, though it should be noted that this may not capture any bias present in the measurement
(Vaisala, 2017).

We also make use of the global forecast from the operational Met Office Unified Model (UM; Walters et al., 2017).
This model configuration has 70 levels and a grid length of 10 km in the midlatitudes. The background error
covariance matrix (B-matrix) for the UM is symmetric, positive definite and has 144 elements (rows/columns)
in total. These correspond to the correlated errors in temperature and specific humidity on each of the vertical
levels. The remaining four elements of the B-matrix are the errors in the near surface air temperature, near surface
humidity, surface pressure and the surface skin temperature, however of these elements only the skin surface
temperature is used in this study.

3. Retrieval Methodology and Evaluation Metrics

The retrievals were performed using the L2M_I (Level 2 Module — Inversion) code, which was written for the
FORUM End-to-End simulator ESA project (Sgheri et al., 2021). This is a standalone software for the solution
of the inverse radiative transfer problem in clear or cloudy sky conditions and can perform estimates of selected
geophysical parameters including surface temperature and emissivity, and vertical profiles of atmospheric
temperature and volume mixing ratios of several gaseous species. The code can also perform joint retrievals from
co-located observations from up to 5 different sensors. The retrieval algorithm is based on the Optimal Estimation
method (Rodgers, 2000), exploiting the Gauss-Newton (GN) iterative procedure with the Levenberg optimization
introduced to prevent occasional convergence failure of the GN scheme in non-linear problems. Thus, the single
iterative step of the retrieval algorithm updates the retrieval state vector with the following formula:

Xt = X+ (K(S; K + 87" + Acdiag (K,S;'Ki)) ™ [KLS;' (v — F (x0) + 87" (x4 — x0)]

where k is the iteration index, x, is the retrieval state vector, A, is the Levenberg-Marquardt parameter, Ky is
the Jacobian matrix, S, is the Variance-Covariance Matrix of the measurements and x, is the a-priori with Vari-
ance-Covariance Matrix S,. The inversion starts from an initial guess xo, which in the case of this paper is equiv-
alent to x,, and the sequence is iterated until the achievement of one or more convergence criteria, or when a
maximum user defined number of iterations is reached. Then, the IVS (Iterative Variable Strength) regularization
technique (Ridolfi & Sgheri, 2011) is applied to smooth out the retrieved profiles. The specific settings for these
retrieval tests are listed in Table 1.

The simulated spectrum and Jacobians at each step are calculated by the Forward Model of the L2M_I package,
consisting of version 12.8 of the Line-By-Line Radiative Transfer Code (LBLRTM, Clough et al., 2005). These
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are computed at high spectral resolution (0.001 cm™), then convolved with an externally provided instrumental
spectral response function to obtain the simulated spectra and Jacobians at the instrumental spectral resolution.

At the time of running these tests the input structure of the L2M_I code did not allow the specification of the
variance-covariance matrix of the a-priori state from an external file; thus the Met Office B-Matrix could not be
inserted directly into the retrieval code. Therefore, the Met Office B-Matrix was analyzed to define the a-priori
error of each retrieved parameter and a correlation length for temperature and water vapor that would reproduce
the B-matrix as accurately as possible. This correlation length was found to be 0.8 km for both variables. The
cross-correlation between temperature and water vapor could not be included and so was assumed to be zero
given that it was many orders of magnitude smaller than the correlation within the temperature and water vapor
profiles. Plots showing the constructed a-priori variance-covariance matrices for temperature and water vapor can
be found Figure S1 in Supporting Information S1.

We use several parameters to assess the performance of the retrievals. The first is the degrees of freedom of signal
(degrees of freedom for signal [DFS]). This is defined as the trace of the averaging kernel matrix (A) and repre-
sents the number of independent pieces of information in a set of measurements. The averaging kernel represents
the sensitivity of the retrieval to different atmospheric layers and is calculated by:

A= (K'S;'K+8;')'K'S;'K

The second parameter we use is the root mean squared error (RMSE) which is calculated using the difference
between the a-priori or retrieved profile and the nearest dropsonde profile, which for this analysis we assume
represents the true atmospheric profile. As the water vapor concentration varies by several orders of magnitude
over the height of the profile, we calculate the RMSE values for water vapor using the units of the logarithm of
specific humidity, which also has the benefit of being a more appropriate measure of water vapor radiative impact
(Soden & Bretherton, 1993). The RMSE is also split into different height regions to assess the vertically resolved
performance of the retrieval. It should be noted that conclusions about the performance of the retrieval inferred
from the RMSE values may be specific to the atmospheric conditions sampled in this study, however the DFS
values should be more generally applicable for instruments with similar uncertainty characteristics.

4. Water Vapor and Temperature Retrievals From TAFTS
4.1. Initial Retrieval

Retrievals of atmospheric temperature, water vapor and skin surface temperature were performed using the
TAFTS spectrum recorded closest to the release of dropsonde 8 at 12:51 UTC. The a-priori humidity and temper-
ature profiles and skin surface temperature were taken from the 741 hr global forecast from the operational Met
Office UM at an initialization time of 12UTC (Walters et al., 2017), with values extracted for the closest grid-
point to the aircraft observations without spatial or temporal interpolation. In this case the aircraft was 3 km from
the center of the grid box when the dropsonde was released.

The surface emissivity in all retrievals was fixed having been derived using an iterative method based on one of
the Radiative Transfer for TOVS (RTTOV) ocean emissivity models: IREMIS (Saunders et al., 2017). In IREMIS
the spectral emissivity (spanning 100-3,300 cm™) is parameterized as a function of surface skin temperature,
surface wind speed and sensor viewing zenith. For this study, an emissivity spectrum was first generated using
an initial guess of skin surface temperature, a sensor zenith angle of 0° and zonal and meridional wind speeds
of 10 m s~ and 3 m s~!, respectively. Below 100 cm~! an emissivity of one was assumed. This initial surface
emissivity spectrum, together with the temperature and water vapor profiles measured by dropsonde 7, was used
as input to the line-by-line version of the Havemann-Taylor Fast Radiative Transfer Code (HT-FRTC; Havemann
et al., 2018) to simulate ARIES radiances. The simulated radiances were compared with ARIES observations in
the window region between 880 and 920 cm~' and the surface skin temperature (and hence emissivity spectrum)
iteratively adjusted until the RMS difference between the observations and simulation was minimized. The best
fit was seen with a surface skin temperature of 280.25 K. A further match-up between simulations and observa-
tions at the time of the nearest low-level aircraft run yielded the same estimate for the surface skin temperature,
giving confidence in the derived emissivity spectrum.
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Figure 3. (a) Water vapor and (b) temperature retrievals performed using Tropospheric Airborne Fourier Transform Spectrometer radiances. The shading around the
line represents the uncertainty in the retrieval taken from the diagonal elements of the a-posteriori error covariance matrix. The blue line is the a-priori profile taken
from the Met Office UM and the blue shading the uncertainty in the a-priori profile taken from the diagonal elements of the a-priori error covariance matrix. The
gray lines are profiles recorded by dropsonde 1, 2, and 7. The black line is the profile measured by dropsonde 8 with the gray shading representing the limits of the
measurement uncertainty, which is significantly smaller than the a-priori or retrieval uncertainty. Panel (c) shows the differences of the a-priori, retrieved temperature
and dropsonde profiles from dropsonde 8.

Figure 3 shows the water vapor and temperature retrievals, the initial a-priori profiles and four dropsonde profiles.
Dropsonde 8 was released closest both spatially and temporally to the radiance measurements. We therefore use
this as our estimate for the true atmospheric state. However, dropsonde 8 drifted a total of 17 km south-east over
approximately 10 min after it was released from the aircraft. The aircraft also traveled 250 m while the spectra
were taken. Therefore, to assess the variability of the atmosphere we also examined the water vapor and tempera-
ture profiles for dropsonde 1, 2 and 7. Dropsonde 1 and 2 were released closest to dropsonde 8 spatially, at around
30 km away but around an hour prior. Dropsonde 7 was released 9 min before dropsonde 8 but over 60 km away
(see Figure 2).

The profiles from dropsonde 1 and 2 are cooler than profiles 7 and 8 above 3 km, suggesting that the atmosphere
in this region warmed slightly over the course of an hour. The a-priori temperature profile from the UM forecast
and that measured by dropsonde 8 generally agree within their respective uncertainties, with the UM typically
colder than the dropsonde. The water vapor measurements for all four dropsonde have more vertical structure
than the UM profile however in the mid-upper troposphere (specifically 5-6 km) all 4 dropsonde measure a drier
atmosphere than is predicted by the UM. Dropsonde eight includes a notable moist layer at around 3 km which
is not present in the UM or the other dropsonde. There is thus the possibility that this wet layer is very localized.

The TAFTS humidity retrieval captures the drier layer in the mid-upper troposphere well, with the retrieved
profile moving away from the a-priori UM profile toward the profile of dropsonde 8. However, below 3 km the
humidity retrieval is not an improvement over the a-priori and the retrieval does not capture the moist layer at
3 km, instead producing a moist layer lower in the atmosphere which is not present in any of the dropsonde meas-
urements. A positive bias reaching over 2 K is also apparent in the temperature retrieval across the 0-2 km height
range. Conversely the retrieved temperature profile is colder than both the a-priori and dropsonde 8 between 3 and
7 km. The 2 K difference between the retrieval and dropsonde below 2 km is larger than the maximum difference
seen between the temperature profiles of dropsonde 7 and 8 suggesting that this difference cannot be explained
by atmospheric variability.
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Table 2 This visual impression of retrieval performance is confirmed by examining

Root Mean Squared Error Values for the Retrievals in Section 4.1

the RMSE values for the water vapor and temperature retrievals and a-pri-

Water vapor (log (kg/kg))

T () ori profiles (Table 2) compared to dropsonde 8. Overall, the water vapor

retrieval is closer to the dropsonde profile than the a-priori UM profile, with

CIAIIE bl i U0 Refricyal Met office UM Retrieval - the jmprovement mainly occurring between 4 and 8 km. Below 4 km the
Overall 0.42 0.40 0.44 1.23 retrieval is further from the dropsonde than the a-priori. The temperature
0-2 km 0.11 0.28 0.50 1.72 retrieval is not an improvement over the a-priori with the 0-2 km section
24 km 050 061 042 0.84 having a particularly large RMSE.

4-6 km 0.63 0.34 0.33 1.15

6-8 km 031 0.24 0.46 0.70 4.2. Forward Modeling

Note. Root mean squared error (RMSE) values are shown for the retrieval
of water vapor and temperature with respect to the dropsonde values. The
RMSE values for the a-priori are also shown (Met Office UM).

To investigate the behavior of the retrieval, forward modeling of the observed
radiances was performed. These simulations were also carried out using
LBLRTM vI12.8. One simulation, denoted “UM?”, used the profiles and
surface temperature from the UM forecast as per the a-priori in Section 4.1.
The same fixed surface emissivity spectrum was also used. A second simu-
lation combined the temperature and humidity profiles observed by dropsonde 8 and the in situ temperature,
humidity and pressure measurements made at the aircraft level to construct inputs for a “dropsonde” simulation.
In this case a gap of around 800 m between the altitude of the aircraft and start of the dropsonde measurements
was filled using the corresponding UM profile, which did not require scaling to be consistent. The final profile
had 128 levels with a vertical resolution of 80 m, chosen to capture the structure of the dropsonde measurements.
The surface temperature used for this case was 280.25 K as obtained from IREMIS when calculating the surface
emissivity. In both cases an ozone profile was constructed using the in situ data recorded by the aircraft's TECO
49 instrument during the spiral descent later in the flight. CO, concentrations were assumed to follow a standard
mid-latitude winter profile (Anderson et al., 1986), scaled by the atmospheric concentration of CO, on the day of
the flight as reported by NOAA/ESRL which in this case was 410.6 ppm (Dlugokencky et al., 2019).

To estimate the effect of uncertainty in the temperature and humidity profiles on the simulated radiances, two
additional simulations were performed for each case. These simulations were designed to give an upper and lower
bound on the simulated spectra. For the UM case the simulations were constructed by applying a height depend-
ent offset to the temperature and humidity profiles. This offset was determined from the diagonal elements of the
UM B-matrix. For the dropsonde model, offsets to the humidity and temperature profiles were applied in line
with the estimated dropsonde measurement uncertainties (see Section 2.2).

Using LBLRTM, nadir radiances were generated at high resolution from 50 to 1600 cm~!. These radiances were
then Fourier-transformed and apodised with the TAFTS instrument response function before being re-trans-
formed and sampled at the TAFTS wavenumber scale. The resulting simulated spectra for the UM and dropsonde
cases are shown in Figure 4 along with the measured radiance.

Figure 5 shows the difference between the simulated radiances and the TAFTS measurements for each case. The
shading around each line captures the impact of the temperature and humidity perturbations described above,
combined with the TAFTS total measurement uncertainty as illustrated in Figure 2.

In the TAFTS longwave channel the UM and dropsonde simulations are visually similar (Figure 5a). Differences
in this region, and within the shortwave channel, are most marked within micro-windows, between 220 and
550 cm~! (e.g., 230, 325, 390, and 420 cm™!). In most micro-windows the dropsonde simulation is a better match
to the measured radiances. Moreover, between 320 and 400 cm~! the UM simulation tends to show a negative
bias that is less marked in the dropsonde case. This improved agreement is consistent with the retrieved water
vapor profile moving toward the dropsonde profile from the UM a-priori in the retrieval. However, in both models
there is a negative bias of 3-5 mW m=2 sr~! (cm~!)~! cm~! between 440 and 520 cm~!. The shape of this bias is
similar in both cases suggesting either a systematic effect across both simulations or a bias in the measurements.
Additional sensitivity analyses (see Supporting Information Text S2 and Figures S4-S7) indicate that realistic
perturbations to surface temperature and emissivity cannot be entirely responsible. Water vapor spectroscopic
uncertainty is another possible cause, however realistic perturbations to the strength of the foreign-broadened
water vapor continuum in line with the estimated uncertainties in Mlawer et al. (2019) and to the water vapor
line widths as specified in the HITRAN 2012 spectroscopic line database (Rothman et al., 2013) are unable
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Figure 4. Simulated and observed radiance measurements taken at around 12:51 UTC, the time of dropsonde 8 release. Observations from the Tropospheric Airborne
Fourier Transform Spectrometer longwave and shortwave channels are shown in panels (a) and (b) respectively.

to reconcile the simulations and observations. Detailed analysis of the TAFTS observations has not identified
issues with either the instrument noise or calibration uncertainty estimates so further analysis here is restricted to

TAFTS measurements at wavenumbers less than 440 cm™.

4.3. Revised Retrievals

Figure 6 shows equivalent retrievals to those performed in Section 4.1 but with the TAFTS wavenumber range
reduced to 80-440 cm~!. The removal of higher TAFTS wavenumbers markedly reduces the temperature bias
in the bottom 2 km of the atmosphere while also improving the agreement with the dropsonde 8 between 3 and
6 km. The water vapor retrieval still follows the drier dropsonde profile between 4 and 6 km and shows improved
agreement with the dropsonde between 1 and 3 km.

Table 3 shows equivalent information to Table 2 for the TAFTS retrievals illustrated in Figure 6. Compared
to using the full spectral range, limiting the TAFTS range to less than 440 cm~! reduces the RMSE for the
temperature throughout the atmosphere, most notably between 0 and 2 km, as anticipated from Figure 6. The
RMSE is also reduced for the water vapor profile at all heights below 6 km, with this reduction also manifested
when considering the profile as a whole. As might be anticipated, the reduction in spectral range does result in
areduction in DFS for the reduced spectral range retrievals relative to the full range retrievals, but the difference
is less than 0.2 for both temperature and water vapor (Table 4). The DFS for skin temperature are dramatically
reduced, indicating that only the largest TAFTS wavenumbers are sensitive to the surface. The averaging kernels
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Figure 5. Radiance differences between dropsonde (black)/Met Office UM (blue) and Tropospheric Airborne Fourier Transform Spectrometer (TAFTS) observations
for (a) TAFTS longwave and (b) TAFTS shortwave measurements. The shading around the lines represents propagated radiance uncertainty from the forward modeling
added in quadrature with the TAFTS total measurement uncertainty.

for temperature and water vapor and plots of the a-posteriori error standard deviation are shown in Supporting
Information Figures S2 and S3.

Assuming the dropsonde profile represents the truth, the retrievals from TAFTS demonstrably contain significant
information about the water vapor profile and improve the Met Office forecast. Conversely the TAFTS retrieval
cannot improve the original temperature forecast, likely due to the lack of coverage of the 15 um CO, band.

5. Water Vapor and Temperature Retrievals From ARIES

Although Section 4 shows promising results using the far-ir we also consider whether the far-ir retrievals consti-
tute an improvement over what could be gained using mid-ir observations of the same atmospheric state. In this
section we address this question so far as is possible, using observations from ARIES.

5.1. Initial Retrieval

Retrievals of temperature and water vapor were obtained using the approach described in Section 3 but utilizing
the average of 10 ARIES spectra as the measurement vector as explained in Section 2.1.2.

Figure 7 shows the retrieved temperature and water vapor profiles. The restricted wavenumber TAFTS retrievals
of Section 4.3 are shown for comparison. The most notable difference between the two sets of retrievals occurs
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Figure 6. (a) Water vapor and (b) temperature retrievals performed using the full Tropospheric Airborne Fourier Transform Spectrometer (TAFTS) wavenumber range
and using only TAFTS wavenumbers below 440 cm™! (reduced range). The a-priori and dropsonde profiles are also shown. The shading around each line has the same
meaning as in Figure 3. Panel (c) shows the differences of the a-priori and retrieved temperature profiles from dropsonde 8.

in the water vapor profile between 4 and 6 km, where the ARIES retrieval is much closer to the a-priori UM
forecast. A second obvious difference is seen in the temperature profiles above 7 km, where the ARIES retrieval
is significantly warmer than the dropsonde, the UM forecast and the TAFTS retrieval. Table 5 provides RMSE
values for the ARIES retrievals. Comparison with Table 3 shows that the TAFTS retrievals are closer overall to
the dropsonde measurements for both water vapor and temperature. This advantage is retained for the majority
of the vertical layers considered and is also reflected in the DFS values with the ARIES values being lower than
the equivalent TAFTS numbers (Table 4) at 3.03 (water vapor) and 2.41 (temperature). At first look the result for
temperature is perhaps surprising given that the ARIES wavenumber range covers both the center and one wing
of the CO, 15 pm band, such that the instrument can, in theory, sound the atmospheric temperature from close
to the aircraft to the surface. The averaging kernels for temperature and water vapor and plots of the a-posteriori
error standard deviation for this retrieval are also shown in Supporting Information Figures S2 and S3. The water
vapor averaging kernels for ARIES are generally less sharp than those for TAFTS further suggesting that the
TAFTS water vapor retrieval is more sensitive to changes in the atmospheric profile.

5.2. Additional Retrievals and Forward Modeling

Given the relative performance of the ARIES and TAFTS temperature retrievals, additional investigations were
undertaken to establish the cause of this behavior.

We first reduced the spectral resolution of the TAFTS spectrum from 0.24
to 1 cm™! to match that of ARIES. The instrument noise from TAFTS was

Table 3
Root Mean Squared Error Values for the Tropospheric Airborne Fourier reduced to account for the lower resolution, and the resulting total measure-
Transform Spectrometer Reduced Wavenumber Range Retrieval ment uncertainty was interpolated onto the new wavenumber grid. A retrieval
RMSE Water vapor (log (kg/kg)) Temperature (K) of temperature and water vapor was then performed with all other parameters
Overall 034 051 unchanged. The shapes of th.e ensuing retrievals (not shc‘)wn) are very su‘mlar
to those shown for the equivalent full spectral resolution TAFTS retrieval
0-2 km 0.19 0.49 R C . . .
in Figures 6 and 7, indicating that the retrieval performance is not overly
2ot b 0:49 0.60 impacted by the reduced resolution. The DFS values are, as expected, reduced
4-6 km 0.29 0.38 to values of 4.52 and 2.14 for water vapor and temperature, respectively. This
6-8 km 0.34 0.52 brings the DFS for temperature lower than that for ARIES. However, the
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Table 4 DEFS for water vapor is still markedly higher than that for ARIES, indicating
Degrees of Freedom for Signal Values for the Tropospheric Airborne that the equivalent resolution TAFTS far-infrared observations do implicitly
Fourier Transform Spectrometer Retrievals at Full and Reduced contain more information for water vapor than the mid-infrared observations
Wavenumber Range from ARIES.
DFS H,0 T(z) TSKIN . . .

Although reducing the TAFTS spectral resolution results in the DFS for

TAFTS (Full range) 5.282 2812 0.946  temperature from ARIES being relatively higher, still the fairly low ARIES
TAFTS (Reduced Range) 5.129 2.640 0.035 DEFS values require explanation. Forward modeling using LBLRTM was thus
ARIES 3.034 2411 0.999 undertaken in a similar manner to Section 4.2, using the same “UM” and

“dropsonde” profiles. Figure 8a shows the ARIES measurements and simu-
lated radiances while Figure 8b shows the difference between the forward
model and the measurements (simulated—observed). For consistency with
the retrievals, the averaged ARIES spectrum and associated uncertainties are
shown.

A difference of approximately 1 mW m=2 sr~!' (cm~")~! between the two simulations is seen across the atmos-
pheric window between 800 and 1200 cm~!. This difference is driven by the surface temperature predicted by the
UM forecast which is 0.6 K cooler than that derived from IREMIS and used in the dropsonde simulation. There
are also marked differences between both simulations and the observations across the center of the CO, band
from 650 to 700 cm~!, a region which sounds the atmosphere very close to the aircraft. The radiances simulated
in both cases are lower than those observed and show the same spectral shape. Analysis of the corresponding
brightness temperatures in the CO, band (not shown) shows that the ARIES observations are around 3 K warmer
than the air temperature measured by the in situ aircraft sensors. We believe that heating of the instrument hous-
ing, as has been observed in previous measurements (Wilson et al., 1999), may be responsible for this effect. This
could explain the poor temperature retrievals produced by the ARIES measurements in the 6-8 km range, as the
retrieval tries to fit the anomalously warm observations (Figure 7c).

As a final test, we explored the sensitivity of the DFS values to an artificial reduction in the calibration uncer-
tainty associated with ARIES. Assuming a reduction of 50% results in the DFS for temperature increasing to 3.41,

(a) (b) —— Dropsonde (c) —— Met Office UM
—— Met Office UM —— TAFTS retrieval
—— TAFTS retrieval ARIES retrieval
81 ] ARIES retrieval )
— 6 4 4
€
<
[V}
el
2
< 4 h )
2 - - -
0 LR | T T T T T T T
10! 107 103 104 220 240 260 280 300 -2 -1 0 1 2 3
Humidity (ppmv) Temperature (K) Temperature Difference (K)

Figure 7. (a) Water vapor and (b) temperature retrievals performed using Airborne Research Interferometer Evaluation System radiances. The reduced range
Tropospheric Airborne Fourier Transform Spectrometer retrievals of Section 4.3 are shown in green for comparison. The a-priori and dropsonde profiles are also
shown. The shading around each line has the same meaning as in Figure 3. Panel (c) shows the differences of the a-priori and retrieved temperature profiles from

dropsonde 8.
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Table 5 higher than the equivalent TAFTS value (Table 4). However, the associated
Root Mean Squared Error Values for the Airborne Research Interferometer RMSE of the ensuing retrievals also increases, with the retrieved tempera-

Evaluation System Retrievals

ture profile shifting further away from the dropsonde measurements. This

implies that the original calibration errors associated with the measurements

RMSE Water vapor (log (kg/kg)) Temperature (K)
Overall 0.42 0.60
0-2 km 0.20 0.54
24 km 0.50 0.35
4-6 km 0.63 0.32
6-8 km 0.25 1.04

are realistic but high, limiting the temperature information the measurements
can provide.

6. Fixed Temperature Retrievals

As our studies from Section 5.2 indicate that the ARIES spectra may be at

Simulated - Observed
Radiance (W/(mZ2srlicm~1))

worst unreliable and at best poorly constrained in regions of the spectrum
sensitive to atmospheric temperature, we carried out further retrievals of

water vapor and skin temperature only, with the atmospheric temperature profile fixed at the dropsonde meas-

urements. Retrievals were carried out using the reduced range TAFTS spectrum, ARIES spectrum and a joint
spectrum consisting of both the reduced range TAFTS spectrum and the ARIES spectrum. Figure 9 shows these

retrievals.
0.12
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Figure 8. (a) Simulated and observed Airborne Research Interferometer Evaluation System (ARIES) radiance measurements taken at around 12:51 UTC, the time of
dropsonde 8 release. (b) Radiance differences between dropsonde 8 (black)/Met Office UM (blue) simulations and ARIES observations. The shading around the lines
represents propagated radiance uncertainty from the forward modeling added in quadrature with the ARIES measurement uncertainty. Both the ARIES radiances and
the measurement uncertainty are representative of 10 averaged spectra.
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Table 6
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—— TAFTS retrieval —— Joint retrieval
ARIES retrieval
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Figure 9. Water vapor only retrievals for (a) reduced range Tropospheric Airborne Fourier Transform Spectrometer and
Airborne Research Interferometer Evaluation System and (b) a joint retrieval. The a-priori and dropsonde 8 profiles are also
shown. The shading around each line has the same meaning as in Figure 3.

The ARIES fixed temperature retrieval does not show much improvement over the a-priori UM profile and is
significantly drier than the dropsonde above 6.5 km. The TAFTS fixed temperature retrieval shows markedly
lower RMSE values compared to ARIES but appears drier than the equivalent TAFTS retrieval (Figure 6a) in
the 4-5 km region and this is reflected in the slightly higher RMSE value here (Table 6). Slight increases in the
RMSE values are seen throughout the profile, indicating that in this case the retrieved water vapor profile has
to move slightly further away from the dropsonde values to compensate for the effects of using the dropsonde
temperature profile.

Combining TAFTS and ARIES in the joint retrieval significantly reduces RMSE values relative to the ARIES
only case across the majority of the profile. The corollary of this is that the performance of the joint retrieval
is only slightly improved relative to the TAFTS only case, with the marginal improvement also reflected in the
slight increase in the number of DFS (Table 7). Overall, these results reinforce the beneficial impact that the
measurement of the far-infrared radiances has for the retrieval of water vapor for this case study, particularly in
the mid-upper troposphere.

7. Conclusions

In this study we have made use of measurements of clear-sky radiance from

Root Mean Squared Error Values for the Water Vapor Only Retrievals an aircraft flying in the upper troposphere to show, observationally for the

Water vapor (log (kg/kg))

first time, how far-ir radiances (in this case covering wavenumbers from 80

RMSE Met office UM

to 550 cm™!) can be of benefit for the retrieval of mid-upper tropospheric

TAFTS ARIES Joint humidity. Our work builds on previous theoretical studies which have used

Overall
0-2 km
2-4 km
4-6 km
6-8 km

0.42
0.11
0.50
0.63
0.31

0.39 0.51 0.37 idealized simulations to explore the expected relative performance of instru-
023 0.26 0.21 ments operating in the mid and far-ir for humidity retrieval (Merrelli &

051 0.50 0.49 Turner, 2012; Mertens, 2002.; Ridolfi et al., 2020; Rizzi et al., 2002).

0.42 0.72 0.36 We use the retrieval framework developed specifically for the FORUM
0.35 0.55 0.38 End-to-End Simulator (Sgheri et al., 2021), which has, at its heart, an optimal
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Table 7 estimation approach. The a-priori information for the retrievals are the clos-

DFS

TAFTS (Reduced range)
ARIES

Degrees of Freedom for Signal Values for the Water Vapor Only Retrievals est temperature and humidity profiles in space and time taken from the UM
HO Tskin global forecast model. Far-ir observations are from the TAFTS instrument.

For the purposes of evaluation, we consider the dropsonde released from the

6.460 0.049 aircraft at the time of the radiance observations to be representative of the

3.551 1,000 true atmospheric state as captured by the aircraft spectrometers. Analysis of

6.654 1,000 the variability in water vapor across dropsonde releases suggests that this

Joint (TAFTS Reduced range)

assumption is justified for altitudes above around 4 km, although localized
variability in the profile between approximately 2-3 km may compromise
evaluation statistics in this region.

Initial joint retrievals of temperature and humidity using the full TAFTS spectral range showed a shift of the a-pri-
ori toward the generally drier dropsonde profile at altitudes above 4 km. However, below approximately 2 km the
retrieved temperatures showed a strong bias (of up to 2 K) relative to the dropsonde profile. Forward modeling of
the TAFTS radiance spectra indicated that the observed radiances in the range 440-520 cm™! could not be simu-
lated to within instrumental uncertainty, even when accounting for measurement uncertainty in the dropsonde
observations. Further analysis also confirmed that realistic perturbations to surface temperature, emissivity and
water vapor spectroscopy could not fully reconcile the differences. Given these findings we repeated the TAFTS
retrievals restricting the wavenumber range to 80-440 cm~!. The improved agreement between the retrieved
and measured water vapor profile in the mid-upper troposphere was retained, with, in addition the removal of
the lower-level temperature bias seen in the full range retrieval. We note that this analysis suggests that further
measurements of the 440-520 cm ™' region are imperative in order to assess whether the radiance differences seen
persist under different conditions and for alternative instrumentation.

A relevant question to pose is whether the performance of the far-ir retrieval is superior to that which could be
obtained using mid-ir observations. We attempted to answer this by repeating the retrieval using the ARIES
mid-ir observations from 600 to 1600 cm~! as our measurement vector. Evaluation of the results showed a marked
reduction in water vapor retrieval performance relative to TAFTS in terms of both root-mean-square differences
with the dropsonde profiles and DFS, with the latter reducing from 5.1 to 3.0. Importantly, this advantage was
not significantly affected when the TAFTS spectral resolution was degraded to match that of ARIES. A surpris-
ing result here was the relatively small DFS for temperature seen in the ARIES retrievals coupled with a strong
positive temperature bias relative to the dropsonde at altitudes above 7 km. Forward modeling suggests that the
bias is likely due to anomalous warming within the ARIES instrument housing, which is manifested most obvi-
ously across the center of the 15 micron CO, band. This further analysis also implies that the high calibration
uncertainty associated with the ARIES radiances is primarily responsible for the low DFS for temperature seen
in the retrievals.

Given these issues, we performed one set of final “water vapor only” retrievals, fixing the temperature profile to
that observed by the dropsonde. Here again, the far-ir TAFTS retrievals substantially out-performed those from
ARIES, both in terms of RMSE and DFS. This was also demonstrated by a combined retrieval, which used both
the far and mid-ir observations simultaneously. The improvement in water vapor retrieval performance for this
combined approach was marginal when compared to the TAFTS far-ir only case, coupled with a small increase
in DFS from 6.5 to 6.7.

As discussed by Merrelli and Turner (2012) the relative measurement uncertainty in the far and mid-ir is criti-
cal in determining whether humidity retrievals inferred from far—ir observations can outperform those inferred
from the mid-ir. While assuming equivalent measurement noise in both the far-ir and mid-ir results in improved
information content for far-ir humidity retrievals, they argue that current technical capability is most compatible
with a “high-noise” far-ir and a “low-noise” mid-ir design. In their study this implies a far-ir instrument noise
that is of the order at least twice that in the mid-ir, and in this case they show that the mid-ir information content
for humidity retrievals is higher. In our study, measurement uncertainties on a single spectrum in the far-ir are
comparable to those of the averaged spectra used in the mid-ir, excluding wavenumbers below ~250 cm~! where
the far-ir uncertainty is smaller. Exploiting this real instrument configuration, our results show much improved
humidity retrievals utilizing the far-ir as compared to considering the mid-ir in isolation. Given its expected noise
performance (Figure 1) we expect this advantage to be retained for water vapor retrievals using far and mid-ir
measurements solely from the FORUM Sounding Instrument.
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