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Abstract: In 2019 the Far-Infrared Outgoing Radiation Understanding and Monitoring (FORUM)
mission was selected to be the 9th Earth Explorer mission of the European Space Agency (ESA). In the
preparatory phase of the mission there was the need for accurate and versatile codes to compute the
spectrally resolved Earth radiation escaping to space ( outgoing long-wave radiation, OLR), targets
for the FORUM measurements.Moreover, for the study of planetary atmospheres, several instruments
measuring the planetary radiation escaping to space have been deployed (i.e., the planetary Fourier
spectrometer on Mars express or composite infrared spectrometer on Cassini). For both the analysis of
the measurements of these instruments and the design of new instruments, reliable radiative transfer
codes need to be available. In this paper, we describe two full physics codes, Geofit broadband-Nadir
(GBB-Nadir) and Kyoto protocol-informed management of adaptation (KLIMA), both able to compute
the OLR spectrum, while GBB-Nadir is only a forward model, and therefore computes the spectra only,
KLIMA implements the computation of spectral radiance derivatives with respect to atmospheric
parameters and therefore it is suitable to be used in retrieval codes. The GBB-Nadir code can be
interfaced with radiative transfer solvers that include representations of multiple scatterings, making
it suitable to compute the radiances in all-sky conditions. KLIMA has been extensively validated
comparing its radiances to ones generated by the widely used line-by-line radiative transfer model
(LBLRTM) code. In this paper, we describe the latest version of both codes and their comparison.
We compared the optical depth computed by GBB-Nadir and KLIMA for given values of pressure,
temperature and gas columns for most gases active in the far-infrared and thermal-infrared spectral
regions. We show that the optical depths computed by the two codes are in very good agreement. We
compared the simulated spectra in clear sky conditions for three different atmospheres (equatorial,
mid-latitude and polar) at resolutions of the FORUM instrument. The differences found are well
below the expected noise of the FORUM instrument. The KLIMA code has already been used to
simulate the observations of the Mars atmosphere, while the limb version of the GBB code has been
used to simulate the radiances measured in the limb geometry of planetary atmospheres (Titan
and Jupiter). Therefore, we may safely affirm that both codes can be used to simulate the nadir
measurements of planetary atmospheres.

Keywords: radiative transfer; forward models; infrared; planetary atmospheres

1. Introduction

The thermal emission of the Earth and the atmosphere system escaping to space is
called outgoing long-wave radiation (OLR). Its spectrum mainly covers two wide sub-
ranges of the infrared radiation, namely, the medium or thermal infrared (MIR or TIR,
from 667 to 2500 cm ! and from 15 to 4 um wavelength, respectively) and the far infrared
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(FIR, from 100 to 667 cm~! and from 100 to 15 pm wavelength). The OLR is a critical
regulator of the terrestrial radiative balance, and it is strongly sensitive to the surface
emissivity, cloud coverage and various absorbing species in the FIR and TIR spectral
regions. In particular, the FIR spectral region is strongly sensitive to mid-upper-level
tropospheric humidity, that produces a peak in the cooling rate of the atmosphere [1,2].
The most important green house gas, CO;, has its strongest absorption band across the FIR
and TIR spectral regions (from ~ 500 to ~ 800 cm~!) and other important molecules such as
O3, N2O, and HNOj3 have pure rotational or vibro-rotational transitions in the FIR and TIR
spectral regions. Moreover, in the OLR spectrum many important signatures are present,
signatures that enable the study of various phenomena driving the Earth climate. An
example is cirrus clouds, that are essential in determining the Earth’s energy budget [34].
They may have both warming and cooling effects and their relative importance depends
on the cloud’s optical and micro-physical properties [5-8].

To date, space missions have only sampled part of the Earth’s OLR spectral range (only
extending up to 25 pum), and only a few spectral measurements have been collected in the
FIR region [3,9,10]. Conversely, its has been a long time since planetary atmospheres have
been observed in the FIR and TIR spectral regions. For example, the Martian atmosphere
is and has been measured by the planetary Fourier spectrometer (PFS), on board Mars
express (MEx) [11] with a channel covering the FIR and TIR spectral regions. Another
example is the composite infrared spectrometer (CIRS) on Cassini [12] that has observed
Saturn and its moons in the FIR and TIR spectral regions from 2004 to 2017.

To provide the entire spectrum of the Earth’s OLR, the Far-Infrared Outgoing Radia-
tion Understanding and Monitoring (FORUM) mission [13] was proposed and selected in
September 2019 to be the Earth Explorer 9 (EE9) mission of the European Space Agency
(ESA). FORUM will deliver an improved understanding of the climate system by supplying
for the first time, in conjunction with the measurements provided by the infrared atmo-
spheric sounding instrument-next generation (IASI-NG) instrument (flying on board the
Meteorological Operational Satellite, Second Generation (Metop SG)), a complete spectral
characterisation of the Earth’s OLR. FORUM will measure the outgoing thermal radiation
between 100 and 1600 cm !, at 0.5 cm ! spectral resolution, while IASI-NG will supply the
OLR in the spectral range 645 and 2760 cm ™. In this way, FORUM together with IASI-NG,
will deliver a truly unique dataset of the Earth’s entire emission spectrum from 100 to
2760 cm~! (from 3.62 to 100 um in wavelength) that will help the scientific community
understand links between crucial underlying physical processes driving climate change,
their spectral signatures, the greenhouse effect, and the overall Earth radiation budget [14].

Designing a forward model to describe the instrument and the physics of the measure-
ment is one of the fundamental parts in the exploitation of satellite OLR measurements (i.e.,
solving an atmospheric retrieval problem, assimilate the measured radiances in weather
forecasting models and/or perform the preparatory studies for the development of satellite
missions such as FORUM). The codes that compute the OLR spectrum starting from the
spectroscopic parameters and implement a thorough representation of the physics which
the radiative transfer is based on are called full physics codes. Examples of full physics
codes used to simulate the OLR are: the line-by-line radiative transfer model (LBLRTM)
code [15], widely used to simulate the spectrum at the top of the Earth’s atmosphere,
and the atmospheric radiative transfer for Titan (ARTT) for Titan’s atmosphere [16,17].
Usually, running a full physics model is very time-consuming. To overcome this problem
fast codes simulating the measured spectra have been developed . For example, the ¢-IASI
code ([18], and references therein) is a fast code developed for the simulation and analysis
of the IASI measurements, which, given their enormous number, could not be handled by
a full physics code. Another example is the radiative transfer for TOVS (RTTOV) code [19],
commonly used by meteorological and climate models to both assimilate the radiances
measured by different satellites and to compare the outputs of the models with observa-
tions. For planetary atmospheres we cite the code developed by Ignatiev et al. [20] for the
analysis of the PFS measurements. To speed up the computation time, fast codes make
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use of several approximations. These approximations should be validated through com-
parisons with the outputs of full physics radiative transfer codes. The Geofit broadband
nadir (GBB-Nadir) code and the Kyoto protocol-informed management of the adaptation
(KLIMA) code, described in this paper, are two of these codes. GBB-Nadir was initially
designed to simulate the spectra recorded by the along-track scanning radiometer (ATSR)
instrument series [21,22], and therefore optimised for the computation in a smaller spectral
range than the one covered by FORUM or IASI-NG. In particular, the strong CO, band at
700 cm ! and the FIR part of the spectrum were not covered. Moreover, the only scattering
properties used in the code were the ones of cloud particles approximated as spheres of
both water and ice. The KLIMA code was originally designed to analyse IASI spectra
and retrieve the CO; vertical concentration [23]; therefore, it only covered the TIR spectral
region. Over the years KLIMA has been extensively validated against the spectra simulated
with the widely recognised LBLRTM code [15].

This paper describes the latest versions of the GBB-Nadir and KLIMA codes, both
updated during an Italian Space Agency (ASI) project (FORUM-Scienza) connected to the
FORUM mission, and the extensive inter-comparison exercise both for single gas optical
depths and spectra performed within the project. Because of the focus of the project, all
the inter-comparisons reported here refer to the expected spectral resolution (0.5 cm~!) and
noise equivalent spectral radiance (NESR) of the FORUM mission. The paper is organized
as follows: Section 2 is dedicated to the GBB-Nadir code, with a thorough description of the
various implementation strategies (some of which are similar to the KLIMA code). Section 3
describes the KLIMA code, while Section 4 reports the results of the inter-comparison tests
between GBB-Nadir and KLIMA. Finally, Section 5 discusses the conclusions of the work.

2. The GBB-Nadir Code

The GBB-Nadir code is a stand-alone forward model (FM) that can simulate high-
resolution top of atmosphere (TOA) radiance using a line-by-line calculation of the absorp-
tion properties of a stratified and plane-parallel atmosphere. The GBB-Nadir code is the
nadir version of the GBB code. The original GBB code was the broadband version of the
Geofit FM [24], developed for the simulation of the limb TIR measurements of the Michel-
son interferometer for passive atmospheric sounding (MIPAS) instrument on ENVISAT,
and included a line-by-line computation of the absorption cross-sections of the atmospheric
gases similar to the one developed by Ridolfi et al. [25]. The geometrical part of the code
was modified in the frame of the ATSR long-term stability (ALTS) project, funded by ESA,
to allow simulations of spectra acquired by a Nadir-looking instrument (ATSR), as reported
by [21,22]. In the frame of the FORUM-Scienza project, funded by the ASI, the GBB code
was extensively modified to become the GBB-Nadir code described in this paper.

For each atmospheric layer, the GBB-Nadir code stores the optical depths, both the
gaseous absorption and clouds or aerosols, and the scattering properties, such as the
single scattering albedo and the scattering phase function, in external files. In the second
step GBB-Nadir solves the radiative transfer equation (RTE) for a user-defined number
of viewing geometries targeting the Earth’s surface, making use of an internal radiative
transfer routine described in this paper and used for clear sky simulations. Alternatively,
GBB-Nadir solvesdiscrete ordinate radiative transfer (DISORT) [26] or linearized discrete
ordinate radiative transfer (LIDORT) [27] RTE in cases where multiple scattering has to be
taken into account. Convolutions with any instrumental response function or field of view
function have to be performed in a separate step.

GBB-Nadir can be interfaced with any spectroscopic database. In fact, the spectro-
scopic data used in simulations of the atmospheric spectra are processed by a separate code
that reads the chosen spectroscopic databases, selects the data to be used and writes them
in the appropriate format used by the GBB-Nadir code. Each molecule has an internally
assigned code, similar to the codes used in the HITRAN (high-resolution transmission)
database [28]. The transitions are chosen according to their intensity at the average atmo-
spheric temperature and expected atmospheric gas concentration to be simulated.
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Scattering bodies such as aerosol particles or cloud particles can be added to the
modelled atmosphere, and GBB-Nadir will compute their scattering properties. The scat-
tering particles can be spherical or non-spherical. In the former case, their single scattering
properties (scattering and extinction coefficients and Legendre polynomial coefficients
approximating their scattering phase function) can be computed starting from the refractive
index. These can be provided as a function of the frequency or wavelength using the
Lorentz—Mie theory, implemented by the code developed by Mishchenko [29], for the
scattering of light by poly-disperse homogeneous spherical particles. For non-spherical
particles, the GBB-Nadir code reads external files containing pre-computed single scattering
properties. The handling of non local thermodynamic equilibrium is not implemented in
the GBB-Nadir code, because its effect is negligible in Nadir-viewing geometries.

2.1. The Main Body of the GBB-Nadir Code

GBB-Nadir computes the high-resolution radiances in the required spectral region
dividing it into 5 cm~! wide contiguous spectral regions, called micro-windows (MW),
overlapped over a 0.1 cm~! wide interval. For each MW, spectroscopic data are provided
in separate files, using the code mentioned in the previous section. For heavy molecules,
for which spectroscopic properties are provided as tabulated cross-sections, the code
directly reads the database files distributed by the developers. The spectral grid at the
optical depths and the radiance to be computed can be selected by the user. The two grids
can be coincident or the radiance can be computed from a grid that is a multiple of the one
used to compute the optical depths . The vertical distribution of the temperature, pressure
and volume mixing ratio (VMR) of the atmospheric gases are selected by the user among
an internally provided database or using external files. The code computes the atmospheric
vertical layering starting from a set of altitude levels provided by the user and from the
lowest and topmost altitudes, again decided by the user. The code automatically inserts
additional altitude levels if the temperature difference between two adjacent points is
larger than a user-defined threshold. The user can also skip all these controls and use the
vertical levels only at which the atmospheric input profiles are provided.

Surface emissivity is read from an external file, interpolated onto the internal spectral
grid, and then transformed into reflectivity assuming no transmission below the surface.
The interpolation of the atmospheric quantities on the used atmospheric vertical grid is
linear for temperature and exponential for pressure. For the VMRs, the user can choose
between linear or exponential interpolation. If no requirement is made, the default value is
to use linear interpolation for all the VMRs.

After interpolating the atmospheric profiles on the required vertical grid and acquiring
and storing the needed spectroscopic parameters, GBB-Nadir computes the atmospheric
status relative to each layer using the Curtis-Godson integrals [30,31]. Then the actual
calculation of the absorption cross-sections on the required spectral grid for each spectral
layer is performed.

2.1.1. Absorption Cross-Section Calculation

The contribution of a single absorption line to the absorption cross-section of the
gaseous species m in the layer [ at wave number ¢ can be represented by the product of the
line strength at the equivalent temperature T of the atmospheric layer S(T) and the wave
number-dependent line shape function as follows:

K(o,p,T) = S(T)L(e, p, T) )

where K is the single line cross-section at the frequency o, pressure p and temperature
T, and L(c, p, T) is the line shape. Precisely, the line strength is temperature-dependent,
and the line shape depends on the layer temperature and pressure. The line strength is
corrected for the temperature of the layer using the expression given in [32] using the latest
version of the total internal partition function (TIP) of [33]. If, for a molecular species,
the TIP-tabulated coefficients are not available, the line strength is scaled with the ratio
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between the layer temperature and the reference temperature elevated to the power of 1.5.
The central frequency of the absorption line is computed taking into account the frequency
shift due to pressure effects.

The broadening of the absorption lines in the atmosphere is mainly due to collisions
among molecules (linked to pressure) and the Doppler effect due to the absorbing molecules
thermal velocity (linked to temperature). The Lorentzian function typically represents
the line shape due to the pressure broadening, while the line shape due to the thermal
motion can be represented by a Gaussian distribution of width equal to the Doppler
broadening. While the Doppler broadening can be computed simply using the molecular
mass and temperature of the atmospheric layer, the pressure broadening is usually obtained
by combining the tabulated self and foreign broadening coefficients, weighting them
according to the atmospheric gas abundance and scaling the result for the correct pressure
and temperature.

In general, the final line shape is a combination of the shape resulting from both
the Doppler and pressure broadening, which can be represented by the Voigt function,
a convolution between the Doppler and Lorentz line shapes. The convolution integral of
the Voigt line shape is very time-consuming; therefore, the GBB-Nadir code implements the
Voigt function with the rational approximation (with a relative accuracy of 10~#) introduced
by Humlicek [34]. In order to speed up the computation, the line shape is computed with
the Lorentz function and the Voigt line shape is only used in the region close to the line
centre, where the difference between the Voigt and Lorentz line shapes is relatively large.
The frequency region where the Voigt function is used is automatically decided according
to the value of the Doppler and Lorentz widths of the considered transition. The line shape
is estimated for each line whose frequency is within an interval of £25 cm~! from the
considered spectral point unless its contribution to the cross-section is lower than a fixed
threshold (typically 103° cm?/molecule). Moreover, for computational efficiency, the line
shape is calculated in two different regions using different spectral grids (that may not
coincide with the user-required spectral grid), finer close to the central line and coarser
elsewhere. At the end of the computation, the line shape is linearly interpolated onto the
spectral grid required by the user.

For the correct modelling of water vapour absorption and emission, GBB-Nadir imple-
ments the water vapour continuum parameterisation MT_CKD (Mlawer Tobin_Clough
Kneizys Davies url: http:/ /rtweb.aer.com/continuum_description.html, accessed on 23
March 2023) accounting for the cumulative effects of neglecting the weakest H,O lines and
the representation of the collision-induced absorption. Different versions of the MT_CKD
model (v2.5 to v4.1) are available, with most included in the GBB-Nadir code, and can
be chosen by the user. Code in the continuum models for N, Oy, O3 and CO; are also
implemented. The use of each molecular continuum model can be decided by the user.

The line-mixing effect produces a distortion of the observed line shape and is mainly
observed for CO; in spectral regions with dense rotational or vibration-rotation bands.
This effect can be reproduced using a modified Voigt line shape, called the speed-dependent
Voigt (SDV) line shape or performing a full line mixing treatment (FLM).

The HITRAN database distributes a code to reproduce the line mixing effect that
applies the treatment developed by [35] to compute either the FLM or the broadening
coefficients to be used in the SDV approximation. It should be noted that the FLM is
very time-consuming and increases the computing time by a factor of 26. The SDV is
computationally more efficient but in some spectral regions it produces negative cross-
sections; therefore, it should be used with some precautions. The spectroscopic database
linked to LBLRTM [15] (AER url: http:/ /rtweb.aer.com/line_param_frame.html, accessed
on 23 March 2023) directly provides the broadening coefficients to be used in the SDV
approximation; therefore, it is the fastest way to reproduce the CO; line mixing. The team
also developed a continuum model that avoids the negative cross-sections produced by
the HITRAN SDV distribution. In the GBB-Nadir code, the option to compute the line
mixing with the HITRAN code or LBLRTM approach is implemented. In the latter case,
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the CO, AER spectroscopic data and CO, continuum model released by the LBLRTM
team are used (and substituted in for the original CO, spectroscopic data read in the
provided spectroscopic files). Figure 1 shows the radiances computed with GBB-Nadir
for polar (light-blue), mid-latitude (green) and tropical (purple) atmospheres without the
LM treatment. The three lower panels of the same figure (Figure 1) show the differences
in the FORUM spectral region between the spectra simulated with the three approaches
described above the spectra shown in the top panel, computed without the LM treatment.
The first two panels show the differences in the HITRAN LM case (top panel FLM and
central panel SDV). The bottom panel of Figure 1 shows the differences between the
simulations with the LBLRTM approach for LM using the AER v3.8 spectroscopic dataset
instead of HITRAN2020 as in the cases shown in the other two panels of the same figure.
We see that both the HITRAN FLM and the LBLRTM approach produce very similar
results. The HITRAN SDV approach produces large differences in the CO, spectral region,
much larger than the FLM approach, that can be ascribed to the negative cross-sections it
sometimes produces.
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Figure 1. Top panel: Spectral radiances simulated with GBB without accounting for CO, LM
for equatorial (purple), mid-latitude (green) and polar (light-blue) atmospheres. Bottom panels:
Difference between the spectrum simulated with the various methods to compute the LM for the
CO, cross-sections and the same spectrum where the LM was not taken into account; top panel
using FLM, central panel using the HITRAN SDV model, bottom panel using the LBLRTM SDV +
continuum approach.

The tabulated cross-sections in the various spectroscopic databases for complex molec-
ular species for which line-by-line data are unavailable contain data on the molecular
absorption for sparse pressure and temperature (p, T) pairs. In order to obtain accurate
cross-sections for the (p, T) values of the layer, the code performs a two-dimensional inter-
polation using a triangulation approach. When only one (p, T) pair is present, the tabulated
cross-sections are scaled with the reference temperature and required temperature ratio at
the power of 1.5.

2.1.2. Calculation of the Optical Depth of Each Atmospheric Layer

The optical depth is a quantity that describes how much absorption occurs when the
radiation travels through an absorbing medium, such as the atmosphere of a star or planet,
before it is absorbed or scattered. A completely transparent medium has an optical depth of
zero. A medium with a low optical depth is described as optically thin, whereas one with a
high optical depth is optically thick. Absorption and scattering vary with wavelength or
frequency, so the optical depth has to be computed for a particular wavelength or frequency.
The optical depth T of a generic atmospheric layer I (comprised between the altitudes z
and z + Az) at wave number ¢ is given by the following formula:

w(0,1) = (3 K(o,Lm)Xy)yse @

m=1

where K(o,1,m) and X; n, are the gaseous cross-section and the volume mixing ratio of
species m and layer /, respectively, 7 is the atmospheric layer number density and Az is
the optical path along with the radiation travels within layer /.
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To avoid discontinuities in the final spectrum, the MWs are defined in slightly overlap-
ping spectral regions. The optical depths computed in the overlapping frequency regions
are saved and combined with the values computed in the subsequent one throughout
a weighted linear interpolation. The optical depths for each layer are then sequentially
written in an output file specified by the user. This strategy enables the computation
of the optical depths to be skipped if we want to repeat the simulations using the same
atmospheric status with different scattering bodies or RTE solvers.

2.2. Scattering Properties

If the contribution to the spectrum of scattering bodies has to be included, the GBB-
Nadir code performs all the computations needed to include it in the simulated spectrum.
As a first step the vertical profiles of the particle density and effective radii for each type
of scattering particle (i.e., ice, water, aerosols) are read. Then the scattering properties of
the particles (Legendre polynomial coefficients, extinction and scattering coefficients) are
either internally calculated or read from look-up tables (LUTs). In the case of more than
one particle type, the properties are computed for each kind of scatter and then weighted
using the relative abundance of the particles to obtain a single set of scattering properties
for each atmospheric layer.

When internally calculated, the scattering properties are computed starting from the
real and imaginary part of the refractive index of the considered particles (provided by
the user) applying the Mie scattering theory for spherical particles implemented in the
Mishchenko subroutine [29] on a coarse frequency grid (one point any 5 cm ') and then
interpolated with a second-degree polynomial to the frequency grid required by the user.
Alternatively, the single scattering properties of each type of particle can be provided in
one or more external files. GBB-Nadir can cope with different size distributions of the same
particle type for different atmospheric layers. The tabulated properties are interpolated for
the required spectral grid with the same interpolation method used for spherical particles.
Then, the optical depths due to the scattering particles are added to the pre-computed
clear sky optical depths and stored in a new file. The scattering albedo and the Legendre
polynomial coefficients used to represent the scattering phase functions are stored in a
separate file.

2.3. Radiative Transfer Solver

Once the final total optical depths of each atmospheric layer (and the scattering proper-
ties if required) are computed and stored, GBB-Nadir performs the actual radiative transfer
to compute the spectrally resolved radiance escaping to space. The radiance is a function of
both the vertical distribution of the temperature and the atmospheric gases included in the
optical depths computation. For the sake of simplicity in this section, all the temperature
and composition dependencies in the reported formulas are omitted. The radiative transfer
can be performed either with the DISORT method (directly implemented in the GBB-Nadir
code) or with the internal radiative transfer equation (RTE) solver described in this section.
The latter can only be exploited when clear sky simulations are required, while the DISORT
RTE solver can be used in all sky conditions. If other RTE solvers are used (e.g., LIDORT) a
different code is required, that reads the files computed by GBB-Nadir and translates them
into the format required by the chosen RTE solver.

The internal RTE solver implements the following equation for the evaluation of the
TOA signal S at each single frequency point o:

S(o) = ¢e(o)B(Ts)Trior + R(e(0)) +
/oZTOP B(T(2))(1— e " )T (z, z10p)dz 3)
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Trror = (Trror)" (4)

Tr'(z,zrop) = (Tr(zzrop))¥ %)

Y(0,2) = (02 ©)
where

R(e(0)) = Trror

e B(Ts) and B(T(z)) are the Planck functions at temperature T at the surface and T(z)
at the layer at altitude z representing the thermal emission of the surface and source
function of the atmospheric layer;

e ¢(0) is the surface emissivity;

*  17(0,z) is the optical depth of the layer at altitude z;

*  Tr(z,zrop) is the transmittance of the atmosphere from z up to the top of the atmo-
sphere (zrop);

e Trror is the total transmittance of the atmospheric column along the vertical direction;

* 1 =1/cos(0) is the so-called airmass factor, with 6 as the angle between the viewing
geometry and the vertical direction;

e R(¢(0)) is the atmospheric thermal radiation emitted downwards that reaches the
surface in the point intercepted by the line of sight (LOS), reflected back towards the
observer and attenuated by the atmosphere along the optical path.

Considering a Lambertian surface albedo, R(¢(¢)) is computed as:

1—¢(o)

27 0 1 /
/ d¢ dz/ cos(0)dcos(0)B(T(z))(1 — e ™ TN T¥ (2, ) (7)
0 ZTOP 0

where Tr'(z,zp) is the transmittance of the slant atmospheric column from the level at
altitude z down to the surface. Precisely, the integral over the vertical coordinate, the zenith
and azimuth angles represent the total downward atmospheric emission reaching the
observed point on the surface. The integration on the azimuth is just a multiplicative factor,
since the modelled atmosphere is assumed horizontally homogeneous. In Equation (7) 7t
is not a dimensionless number but has the dimension of an angle (radiants). Obviously,
in the implementation of Equations (3) and (7) in the GBB-Nadir code the integrals are
replaced by a summation and the values that refer to the altitudes are replaced by the
Curtis—Godson equivalents of the layers. The measurement unit of the resulting spectral
radiance S(0) depends upon the unit used to express the Planck function B. Usually the
spectral radiance is expressed in nW/ (st cm~! cm?) or W/ (sr cm ™! m?).

Because we assume the atmosphere in local thermodynamic equilibrium, B(T(z))
represents the source function at the temperature of the layer of average altitude z; however,
when the layer’s optical depth is very large (larger than the threshold value of 107°),
the source function is corrected considering both the layer’s optical depth and the Plank
function at temperatures at the borders of the considered atmospheric layer using the
following expression (see Equation (13) of [36]):

—1(0,z)
B'(T(z)) = B(Tup) +2[B(T(2)) — B(Tup”[,[(allz) 1 i el

®)

where B(T,) is the black body emission at the temperature of the upper boundary of the
layer (T,p). Therefore, the more optically thick the layer is, the more B'(T(z)) converges to
B(Typ). The same equation is applied to the downward-emitted radiation, substituting T},
with the temperature of the bottom layer (T,), with the emissions approaching the black
body emission B(T},) of the lower boundary of the layer for high values of 7(c,z).

This weighting is also applied in the radiative transfer codes KLIMA, described in
Section 3, LBLRTM [36], DISORT [26] and LIDORT [27]. Figure 2 shows a comparisons
of the radiances obtained using the internal radiative transfer and the DISORT solver on
the same optical depths, for the FORUM spectral region and at the FORUM resolution.
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The major differences (shown by the purple line in Figure 2) are due to the fact that
DISORT makes use of a series expansions of the Plank function B(T(z)), while in the
internal radiative transfer we use the exact expression. When the exact Plank expression is
substituted with the same series expansions used by the DISORT solver, the differences
approach zero, as shown by the green line in Figure 2. In any case the differences are within
1/10 of the FORUM goal noise.

20 : ,
EXACT PLANK
L DISORT PLANK ———
5¢ FORUM noise * 0.1 ]

10 | ——

5 F

0

W
Mk b b

-5

-10

Intensity (nW/(sr cm™ cm2))
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Frequency (cm™)

Figure 2. Differences of the spectra (at FORUM resolution and over the FORUM spectral region)
computed with the GBB-Nadir code using DISORT and the internal RT solver compared to the
FORUM NESR divided by 10 (light blue lines), using the exact Plank function in the internal radiative
transfer (purple line) or the DISORT approximated version of the Plank function (green line).

3. The KLIMA Code

The KLIMA code is a self-standing algorithm, developed in FORTRAN, able to both
simulate and analyse the atmospheric spectral radiance acquired by remote sensing
measurements in clear sky conditions. KLIMA is an extension of a previous code called
MARC (millimetre-wave atmospheric-retrieval code) [37] specifically developed for the
millimetre-wave spectral region and limb geometry. The updated version of this code,
KLIMA, can be used in various geometrical configurations (limb [38,39], zenith [40] and
nadir [23,41-44]) and spectral bands (from millimetre and sub-millimetre wave [37] to
near-infrared [45]). Finally, the KLIMA code was also used to simulate the nadir and limb
radiances for a Martian atmosphere in the context of some internal tests related to the
planetary Fourier spectrometer (PFS) instrument on board of Mars express (MEXx) [11] and
compared with the simulations obtained using the code described by Ignatiev et al. [20].

A summary of the instruments whose measurements can be simulated by the KLIMA
code is reported in Table 1. Moreover, KLIMA can simultaneously simulate and analyse
the observations of two or more instruments [46].

Table 1. List of instruments simulated with the KLIMA code. The table reports the name of the
instrument, the viewing geometry, and the spectral band.

Instrument or Mission Band Geometry
MARSCHALS [37] 290-350 GHz Limb
REFIR-PAD [41] 100-1000 cm ! Nadir
PFS-MEx 200-9000 cm 1 Limb/Nadir
FLEX [45] 0.7 um Nadir
IASI [23] 645-2760 cm ! Nadir
IASI-NG [43] 645-2760 cm ! Nadir
FORUM [44] 100-1600 cm ! Nadir
FIRMOS [40] 100-1600 cm ™~ Zenith
FIRMOS-B [46] 100-1600 cm ! Nadir/Zenith
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The KLIMA code is made up of two distinct modules, the forward model (FM) and
the retrieval model (RM). The most recent and complete version of the FM was developed
in the context of the FORUM-Scienza project [46], funded by ASI, and the KLIMA ESA
study ”Application of the KLIMA Algorithm to CO, Retrieval from IASI/METOP-A Obser-
vations and Comparison with TANSO-FTS/GOSAT (Thermal Furthermore, Near infrared
Sensor for carbon Observation)/Greenhouse Gases Observing Satellite) Products [47]” by
upgrading the algorithm used for the analysis of REFIR-PAD (radiation explorer in the far-
infrared—prototype for applications and development) measurements [48]. The latter code
was an update of the MARC inversion code used for the MARSCHALS (millimetre-wave
airborne receivers for spectroscopic characterisation in atmospheric limb-sounding) ESA
study [37].

The KLIMA FM is a line-by-line radiative transfer algorithm able to model a stratified
and spherical atmosphere and simulate wide-band spectral radiances. As for the GBB-
Nadir code, to reduce the memory allocation required to simulate wide-band radiances,
the required spectral band is divided into regular contiguous spectral regions that can be
defined by the user (generally 100 cm ). Finally, the high-resolution radiance simulated
by the radiative transfer routine is convolved with the spectral response function of the
simulated instrument. Because some of the implementation strategies are similar to the
ones used by the GBB-Nadir code, we only describe the major differences in this section.
KLIMA is based on the following key features:

*  The radiative transfer calculation is performed as described in Section 2.3. Both the
reflection of the atmospheric radiation emitted downward and the surface thermal
emission are modelled as in GBB-Nadir;

*  The atmosphere is represented by homogeneous layers and the status of each layer is
evaluated using the Curtis-Godson approximation [30,31], as described in Section 2.1;

*  Atmospheric gas absorption cross-sections are calculated using the line shape mod-
elled with the Voigt profile [34] (see Equation (1)). The Voigt function is switched to
the Lorentz function when the frequency distance from the line centre is larger than
30 times the Doppler half-width, guaranteeing an accuracy better than 0.05% on the
radiance. The line shape function is calculated up to £25 cm ™! from the line centre.
In this case GBB-Nadir uses a different approach.

*  As for GBB-Nadir, the Planck function is corrected to consider for the optical depth of
the atmospheric layer at the different frequencies [36] (see Equation (8));

e As for GBB-Nadir, the atmospheric continuum model included in KLIMA is the
routine MT_CKD_3.5, or earlier versions if needed, which considers the contribution
of lines external to the region of 25 cm~! from the line centre. The gases used to
simulate the continuum are N5, O,, O3, H,O, and CO,;

* As for GBB-Nadir, the spectroscopic databases adopted for the simulations are the
AER version aer_v_3.8.1 (http:/ /rtweb.aer.com/line_param_frame.html, accessed on
23 March 2023) and HITRAN 2020 [49], or earlier if needed,;

*  As for GBB-Nadir, a dedicated spectroscopic database and line shape have been
adopted for CO,, to take into account the line mixing effect both when using the
AER (http:/ /rtweb.aer.com/line_param_frame.html, accessed on 23 March 2023) and
HITRAN databases [35,50].

* A scattering model is not implemented in KLIMA, while GBB-Nadir can simulate the
multiple scattering effect.

The KLIMA RM uses a constrained non-linear least square fit (NLSF) approach and
the cost function to be minimized takes into account the a priori information (optimal
estimation method) and the Marquardt parameter [51]. Exploitation of broadband measure-
ments is made possible by implementing a procedure that reduces the impact of systematic
uncertainties. The code implements multi-target retrieval: more than one species is simul-
taneously retrieved with the advantage of reducing the systematic errors due to interfering
parameters. KLIMA is able to manage the full variance—covariance matrix (VCM), includ-
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ing both the measurement errors and errors in the calibration procedure and/or in FM
parameter estimates [37].

Validation of the Radiance Calculated with the KLIMA Code

Validation of the radiance calculated with the KLIMA code has been performed with
respect to the LBLRTM code [15]. We used LBLRTM as a reference because it is the most
referenced code in the considered spectral range. The validation was compared the up-
welling radiances related to six representative atmospheres (AFGL—Air Force Geophysical
Laboratory, from 1 to 6 [52]): (1) tropical; (2) mid-latitude summer; (3) mid-latitude winter;
(4) subarctic summer; (5) subarctic winter; (6) U.S. Standard. The agreement between the
two FMs is evaluated with respect to the measurement error of the FORUM instrument.

The comparison was performed both at high resolution, to avoid the smoothing intro-
duced by the convolution with the FORUM ISRF (instrumental spectral response function),
and at low resolution, by convolving with the FORUM ISRE, to better quantify the differ-
ence in measurement error. The results of the comparison are shown in Figure 3 relative
to the FORUM spectral band (100-1600 cm~'). The differences between the simulated
radiances were compared with the nominal FORUM NESR (noise equivalent spectral ra-
diance). The two simulations are in very good agreement with except the v, band of the
COs,. The low-resolution differences (reported in the bottom plot of Figure 3) are within
the NESR of the instruments (brown curve) with the exception of the central part of the
bands between 666 and 668 cm~!. Both the difference in the 1, band of the CO, and the
peaks visible in the high-resolution differences are due to the different line shape used by
the two codes. In fact, KLIMA uses the Voigt line shape, while LBLRTM uses an optimized
linear combination of faster functions and adopts a strategy to group the rows when they
are very close. The peaks are strongly attenuated by convolution with the ISRFE.

To verify this hypothesis, we simulated the upwelling radiance for the AFGL six
standard scenario using monoRTM [15]. MonoRTM is ‘a radiative transfer model, designed
to process a number or a range of monochromatic wavenumber values with high accuracy.
It is more accurate than LBLRTM but also much slower’ (from https://github.com/AER-
RC/monoRTM /wiki, accessed on 23 March 2023). The results of the comparison at high
resolution are shown in Figure 4 relative to the band 664-670 cm~! where the higher
differences between KLIMA and LBLRTM are found. The differences between the simulated
radiances were compared with the nominal FORUM NESR (brown curve). The comparison
shows that KLIMA is perfectly in agreement with monoRTM and that LBLRTM introduces
some significant approximations due to the faster routine implemented.
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Figure 3. Cont.
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Figure 3. Differences between KLIMA and LBLRTM radiance simulations for six standard scenarios
(AFGL 1 to 6) compared with the nominal value of FORUM NESR in the FORUM band. (top) FORUM
instrumental effects are not included. (bottom) FORUM instrumental effects are included.
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Figure 4. Differences between LBLRTM and monoRTM radiance simulations (green curve) and
between KLIMA and monoRTM radiance simulations (red curve) compared with the nominal values
of FORUM NESR (brown curve). Simulations refer to AFGL six standard scenario. Instrumental
effects are not included.

4. Comparisons Between GBB-Nadir and KLIMA

Since the GBB-Nadir code has undergone profound modifications compared to the
original code, which worked for a narrower spectral range with limb geometry instead
of nadir, it was necessary to validate it. The validation was performed by comparing
GBB-Nadir with the KLIMA code, described in Section 3.

4.1. Comparison of the Optical Depths

The validation of the GBB-Nadir code started with a comparison of the optical depths
(ODs) of single gases with the ones generated by KLIMA. In order to do this, GBB-Nadir
and KLIMA were ran with the same spectroscopic database (AER 3.8), frequency step
(2.5 x 10~* cm~!) and atmosphere. In particular the atmosphere was divided into 60 layers
and for each layer the same values of pressure, temperature, air and gas columns used by
KLIMA were used. As already explained in Section 2, GBB-Nadir computes the absorption
cross-sections on a spectral grid that is tailored to the pressure and temperature of each
layer and then linearly interpolated onto the final fine grid. This spectral grid may not
coincide with the one used by the KLIMA code; therefore, we decided to inter-compare the
ODs computing them directly onto the fine grid.

Therefore, both GBB-Nadir and KLIMA were forced to always use the fine grid (no
interpolation performed). Figure 5 shows an example of the comparison of the ODs
computed by GBB-Nadir and KLIMA for water vapour (all isotopes but HDO) in the
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GBB-Nadir MW number 73 (410-415.1 cm ™) for the bottom layer (pressure 1008.99 hPa
and temperature 287.98 K, water vapour column 1.286 x 10*! mol/cm?). The top panel
of the figure shows the value of the ODs computed by GBB-Nadir, while the central and
bottom panels show the differences between of ODs computed by GBB-Nadir and KLIMA
using the percentage difference with respect to the maximum value the OD assumed in the
GBB-Nadir MW. Correspondingly to the emission lines, as can be seen in the central panel
of Figure 5, we found a relatively large difference in the form of the first derivative of the
signal. The cause of this behaviour was that the frequency grid used by KLIMA to compute
the ODs for each band (bandy: 0-650 cm ™!, band,: 640-1215 cm ™!, band,: 1205-2005 cm ™1,
bands: 1995-2765 cm~!) was reconstructed starting from the initial frequency of the band
and by recursively adding the frequency step. GBB-Nadir always divides the frequency
region into intervals 5 cm~! wide, and the frequency grid is reconstructed with the same
strategy used by KLIMA, but the starting wave number is reset at the beginning of each
interval. Thus, if the starting frequency of the MW is not a multiple of the high-resolution
frequency step, there is a discrepancy between the KLIMA and GBB-Nadir frequency grids
that increases with frequency in the interval of each KLIMA band. This source of error
was eliminated making the GBB-Nadir code read and use the same frequency grid of the
KLIMA. After this change (bottom panel of Figure 5), the differences between the optical
depths of KLIMA and GBB-Nadir are of the order of 0.002%. In the intermediate layer
(layer 30, not shown here) the absolute value of the OD differences for water vapour is
below 0.012% and in the upper layer it is below 1.8 - 107%. This difference is mainly
due to the different approximation used by KLIMA and GBB-Nadir in representing the
line shape. Despite both KLIMA and GBB-Nadir only using the Voigt function close to
the line centre, and the Lorentz function elsewhere, the frequency at which the two line
shapes are swapped is different. Furthermore, for HDO the larger absolute value of the
OD percentage difference with respect to the maximum is in the intermediate layer, and
does not exceed 0.008%. The size of the differences suggest that they mainly depend on the
numerical precision of the computations.
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Figure 5. Top panel: H,O (all isotopes but HDO) OD of the bottom layer (pressure 1008.99 hPa and
temperature 287.98 K, water vapour column 1.286 x 10?! mol/cm?) computed by GBB-Nadir in the
spectral region 410-415.1 cm~!. Central panel: percentage difference of the H,O OD computed by
GBB-Nadir and KLIMA in the two native frequency grids. Bottom panel: percentage difference of
the HyO OD computed by GBB-Nadir and KLIMA using the same frequency grid.

N;O has a large concentration in the intermediate layer (pressure 187.59 hPa, temper-
ature 216.70 K, gas column = 3.95 x 101 mol/cm?), where its OD almost reaches 0.012 in
the analysed spectral region (1190-1195.1 cm ') and the absolute OD difference are below
0.03% of the maximum (see Figure 6). In the other atmospheric layers the differences range
from 5 x 107%% in the top layer to 0.02% in the bottom layer. These results confirm the
findings for H,O and the dependency of the differences on the numerical precision of the
used computer .
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Figure 6. Top panel: N,O (all isotopes) OD of the intermediate layer computed by GBB-Nadir in the
spectral region 1190-1195.1 cm™~!. Bottom panel: percentage difference (relative to the maximum
value of the OD in the MW) of the N,O OD computed by GBB-Nadir and KLIMA using the same
frequency grid.

A separate check was performed for the CO; ODs, since the GBB-Nadir code com-
putes them in dedicated subroutines, one for the HITRAN approach to the LM (FLM)
and one for the LBLRTM approach. The CO, ODs computed by KLIMA with the LM
approach of LBLRTM include the contribution of its continuum. Therefore, in computing
the CO, ODswith the LBLRTM approach GBB-Nadir included the same version of the CO,
continuum.

The results of the comparison of the CO, ODs for the frequency interval 665-670.1
cm~! are shown in Figure 7. This MW was selected because it shows a strong absorption
of CO,, a large LM contribution and the largest discrepancy between the KLIMA and
LBLRTM. We see in the central panel of Figure 7 that in the LBLRTM method the maximum
percentage differences do not exceed 0.02%. This difference is further reduced in the
HITRAN FLM approach, shown in the bottom panel of Figure 7.
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Figure 7. Top panel: CO,; ODs computed by GBB-Nadir for the bottom layer. Central and bottom
panels: percent difference between the ODs computed by GBB-Nadir and KLIMA with respect to
the maximum OD in the micro-window for the layer using the LBLRTM method and AER v3.8 data
(centre) and FLM method and HITRAN2020 data (bottom).

In general the ODs computed by the GBB-Nadir code show very good agreement with
those computed by the KLIMA code. However, it is worth pointing out the main causes of
the discrepancies in the results. In almost all cases (except HNOj3 and the upper layers of
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N>O and CO,) the differences show peaks in single grid points, each of which are placed
on the right side of an absorption line (see Figure 5 bottom panel). This may be due to a
one-grid point shift of the point at which the switch between the Voigt and Lorentz line
shapes occurs in the two codes. Moreover, in many cases, not shown here, the difference
shows a step. This is caused by the fact that KLIMA calculates the contribution of all the
absorption lines in the spectral range of +-25 cm™~! from their centre, whereas the GBB-
Nadir excludes all the lines whose centre is further than 25 cm ™! from the borders of the
considered MW, and only computes lines within the spectral range where the contribution
to the cross-section is lower than the fixed threshold.

4.2. Validation of the Spectra

The radiances computed by GBB-Nadir were compared to the radiances computed
by KLIMA, since, as described in Section 3 KLIMA was extensively compared to the
widely used LBLRTM code [15]. The tests were performed using the same atmosphere in
both codes. In order to highlight the possible problems due to the RTE solver, the same
atmospheric stratification was used in both codes. Since the DISORT code implements
an approximated form of the Plank function, while both the GBB-Nadir internal radiative
transfer solver and KLIMA use the exact Plank expression, the radiances of the GBB-
Nadir were computed with an internal solver. Separate tests were performed for two
different spectroscopic databases: the AER v3.8 (using the LBLRTM CO; line mixing
implementation) and the HITRAN2020 spectroscopic databases (using the FLM model
distributed by HITRAN). The spectra were compared at the FORUM instrument resolution,
since we knew that the high-resolution grid used by KLIMA and GBB-Nadir were not
completely coincident. As an example, in Figure 8 the differences between the spectra
simulated with GBB-Nadir and KLIMA and convolved at the spectral resolution of FORUM
are reported. They were compared to the expected FORUM noise level and to 1/10
of the FORUM noise. As shown in the two panels of Figure 8, the difference between
the two simulations are mainly below the 1/10 FORUM noise level, with slightly better
performances when the HITRAN2020 data were used. The differences are mainly due to
the different threshold used when computing the Curtis-Godson integrals to compute the
equivalent pressures and temperatures of the atmospheric layers.
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Figure 8. Top panel: differences between the simulated spectra of GBB-Nadir and KLIMA using the
AER V3.8 database and the LBLRTM line mixing model for equatorial (purple), mid-latitude (green)
and polar (light blue) atmospheres. Bottom panel: the same differences but using HITRAN2020 and
the full line mixing model. The differences (purple line) are compared to the FORUM noise (yellow
lines) and the FORUM noise divided by 10 (blue lines).

5. Conclusions

In this paper, we have described two full physics codes, GBB-Nadir and KLIMA,
both able to compute the spectrum of the Earth’s radiance escaping to space, while GBB-
Nadir is only a forward model, computing the spectra only, KLIMA also implements the
computation of the spectral radiance derivatives with respect to atmospheric parameters,
and therefore suitable to be used in retrieval codes. KLIMA was extensively validated
comparing its radiances to ones generated by the widely used LBLRTM code. Therefore, in
this paper we used the KLIMA code to extensively validate the GBB-Nadir code in clear
sky conditions. We have shown that the ODs computed by the two codes are in very good
agreement, using both HITRAN2020 spectroscopic data and AER v3.8 data. The radiances,
compared at the FORUM instrument resolution, show differences well below the expected
noise of the FORUM instrument.

The GBB-Nadir code can also be interfaced with RTE solvers that include representa-
tion of multiple scattering, making the code suitable to compute the radiances in all-sky
conditions. The limb version of the GBB-Nadir code has already been used to simulate
the radiances measured at limb by the visible and infrared mapping spectrometer (VIMS)
for Titan’s atmosphere [53,54] and by the Jovian infrared auroral mapper (JIRAM) for
Jupiter’s ionosphere and atmosphere [55], while the KLIMA code was used to simulate the
nadir and limb radiances for a Martian atmosphere with satisfactory results. Therefore,
we may safely affirm that both codes can be used to simulate nadir measurements in
planetary atmospheres.
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