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Relevance of the work. Accurate radiative transfer modeling with suffi-
cient computational efficiency remains a challenging problem for Venus cli-
mate studies and other applications, involving broad spectral analysis of ra-
diative transport in Venus atmosphere. Molecular absorption — a central
component in radiative transfer schemes — must be represented under con-
ditions of strong vertical inhomogeneity, high pressures and temperatures,
uncertain continuum behavior and incomplete spectroscopic constraints. At
the same time, full line-by-line calculations are too computationally expen-
sive for direct use in general circulation models or time-marching radiative-
convective models. Consequently, the development of compact but physically
justified parameterizations of molecular absorption is a significant and inde-
pendent research problem. This problem is especially important for Venus,
where the accuracy of heating and cooling rates directly affects the interpreta-
tion of atmospheric energetics and circulation, while the available radiative
schemes often rely either on correlated-k approaches with a large number
of terms or on simplified parameterizations (e.g. Mendonça et al. [2015]).
The present work addresses this gap by developing parameterizations that
require the minimum number of radiative transfer solver calls for a given
level of accuracy. These parameterizations, constructed with the flux-fitting
k-distribution approach outperform existing correlated-k-based solutions by
1-2 orders of magnitude. Parameterizations are provided in a form suitable
for implementation in radiative transfer schemes for the ultraviolet and ther-
mal infrared spectral ranges.

The work also introduces MARFA, a newly developed flexible high-resolution
line-by-line tool for efficient calculation of atmospheric absorption cross-
sections. The method is based on an efficient interpolation technique [Fomin,
1995], which makes it possible to perform high-resolution calculations over
wide spectral ranges, including the far wings of spectral lines, which is partic-
ularly important under conditions of uncertain continuum absorption, as in
the case of Venus. In addition, a web-based implementation of the MARFA
tool has been developed, providing online access to high-resolution calcu-
lations (up to 5 × 10−4 cm−1), with fast computation times, interactive
plotting capabilities, and the ability to download computed cross-sections.
While several online tools for spectroscopic calculations already exist, the
proposed solution provides competitive performance at very high spectral
resolution together with convenient access to computed data. More broadly,
Venus serves as a natural benchmark for dense CO2-dominated atmospheres
and therefore it is an interesting reference case for modeling Venus-like ter-
restrial exoplanets [Kane et al., 2019]. In this sense, the methods developed
in this work may be adapted for applications in comparative planetology and
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exoplanet climate studies.

Dissertation goals and objectives. The aim of the dissertation is to de-
velop parameterizations of molecular absorption for radiative transfer mod-
eling in the atmosphere of Venus that require the minimum possible number
of radiative transfer solver calls for a given level of accuracy with respect to
reference line-by-line calculations.

To achieve this aim, the following objectives were addressed:

1. To adapt and formulate the flux-fitting k-distribution technique for the
conditions of the Venus atmosphere and to identify its differences from
the conventional correlated-k method.

2. To develop a flexible and efficient line-by-line tool for recalculation of
molecular absorption cross-sections under uncertain spectroscopic and
atmospheric conditions and at high resolution. The tool is intended to
support both the construction of parameterizations, reference calcula-
tions of fluxes and sensitivity studies.

3. To develop the reference radiative transfer model, based on the Monte-
Carlo method, to calculate fluxes and cooling/heating rates across var-
ious atmospheric, spectroscopic and geometry parameters.

4. To construct compact parameterizations of shortwave absorption for
the main absorbers of Venus, including the unknown UV absorber,
and to determine representative spectral points for Rayleigh scattering
and cloud optical properties.

5. To construct a longwave parameterization for the 10–6000 cm−1 spec-
tral range for the main gaseous absorbers of Venus, with effective ab-
sorption coefficients suitable for direct use in radiative transfer solvers
and climate models.

6. To validate the obtained parameterizations against reference radiative
transfer calculations for representative Venus atmospheric profiles.

7. To develop software implementations of the proposed parameteriza-
tions to make them accessible to the scientific community and suitable
for integration into existing radiative transfer models.

Scientific novelty. The scientific novelty of the dissertation lies in the devel-
opment and application of the flux-fitting k-distribution technique for Venus
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atmospheric radiative transfer, aimed explicitly at minimizing the number of
radiative transfer evaluations in parameterized model, while retaining con-
trol over accuracy through comparison with reference line-by-line calcula-
tions. Unlike the conventional correlated-k method [Lacis and Oinas, 1991],
the proposed approach does not rely on the assumption of inter-level corre-
lation of monochromatic absorption and is formulated in terms of vertically
resolved effective absorption coefficients constrained by fluxes and cooling
rates, computed with reference line-by-line model.

For the ultraviolet region of Venus, an effective parameterization of absorp-
tion by gaseous species and the unknown UV absorber was obtained for
125–400 nm. It was shown that the entire UV range can be represented
using only eight effective absorption coefficients, while maintaining flux dis-
crepancies below 3% and heating-rate discrepancies below 1% in the tested
cases. For the thermal infrared region, a new parameterization was devel-
oped for 10–6000 cm−1, based on 16 spectral bands and requiring only 32
radiative transfer evaluations for the whole longwave range. It was shown
that this compact representation reproduces upward fluxes within about 2%
below 95 km and cooling rates with acceptable accuracy below 90 km for
representative Venus atmospheric profiles. The efficiency of the parameteri-
zation in the longwave region has a substantial performance advantage over
existing solutions (e.g. Takahashi et al. [2023], Eymet et al. [2009]).

An additional element of novelty is release of the MARFA line-by-line tool as
a flexible computational backend for planetary molecular absorption studies
under uncertain spectroscopic conditions. The tool combines high spectral
resolution with efficient multi-grid interpolation, support for large line cut-
offs and wing corrections, and open-source implementation suitable for repro-
ducible sensitivity analysis. Over the course of this work, the development
evolved from a local tool into a complete computational platform for molec-
ular absorption, which has already been used in planetary research [Marleau
et al., 2025].

Theoretical and practical significance. The theoretical significance
of the work is connected with the further development of alternative k-
distribution methods for strongly non-Earth-like atmospheres. The disser-
tation demonstrates that, for Venus conditions, molecular absorption can
be parameterized not only within the standard correlated-k framework, but
also through a flux-fitting approach that directly targets the accuracy of
radiative fluxes and cooling rates and yields compact minimal sets of effec-
tive coefficients. Essentially, the suggested numerical scheme for the flux-
fitting k-distribution technique can be considered as a viable alternative to
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correlated-k method, overcoming some of its limitations in non-homogeneous
atmospheres (e.g. [Pincus et al., 2019]). This is important for the the-
ory of radiative transfer parameterization in vertically inhomogeneous, high-
pressure CO2-dominated atmospheres.

The practical significance of the work lies in the fact that the developed pa-
rameterizations are suitable for direct insertion into radiative transfer mod-
ules of Venus climate models and related numerical tools. Parameterizations
are presented as collection of effective absorption coefficients k∗i,j(z). How-
ever, the temperature dependence of the parameterizations must be taken
into account. In the longwave spectral region, this dependence is handled
using an interpolation procedure, since climate models compute temperature
profiles at each time step. For this purpose, a publicly available Fortran
module has been developed, which accepts temperature profiles as input and
computes the corresponding effective absorption coefficients k∗i,j(z) together
with band-averaged Planck function values. These quantities are required as
inputs for radiative transfer modules within climate models. The parameter-
ization for the UV region was found to be temperature-independent. This
makes the developed parameterizations directly transferable to general cir-
culation models and radiative–convective models with minimal modification
of the host code.

The practical significance is further enforced by the creation of the MARFA
open-source software and web platform, which make it possible to recalculate
molecular absorption spectra efficiently for varying atmospheric profiles, line-
shape assumptions, and spectroscopic datasets. This is especially valuable
for Venus, where uncertainties in continuum absorption, line-wing behavior,
and available line databases remain substantial [Haus et al., 2013]. The tool
is available both as a source code and as a web platform. Its deployment
provides convenient access for both offline calculations and online use.

Research methods of this study belong to the domain of theoretical at-
mospheric physics, molecular spectroscopy and numerical radiative transfer
modeling. The central methodological element is the flux-fitting k-distribution
technique, in which effective absorption coefficients are constructed by match-
ing line-by-line reference radiative fluxes and cooling rates within selected
spectral intervals.

Reference radiative fields were computed using high-resolution line-by-line
Monte Carlo radiative transfer modeling [Liou, 2002] for representative Venus
atmospheric profiles. The calculations account for the main gaseous ab-
sorbers relevant to the corresponding spectral ranges and use realistic as-
sumptions for cloud optical properties and atmospheric structure. The val-
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idation criterion was the agreement of parameterized and line-by-line fluxes
and heating/cooling rates.

To compute molecular absorption spectra used in the construction and test-
ing of the parameterizations, the MARFA line-by-line code was employed.
MARFA uses a multi-grid interpolation approach, supports user-defined at-
mospheric profiles, line-shape functions, and wing corrections, and is de-
signed for rapid recalculation under uncertain spectroscopic inputs. The
code is written in Modern Fortran [Metcalf et al., 2024], which provides high
computational performance together with modular program structure and
portability across computing platforms. In benchmark comparisons, its com-
putational speed was shown to be about two orders of magnitude higher than
that of HAPI [Kochanov et al., 2016] for the tested setup, while preserving
accuracy sufficient for radiative applications.

Statements submitted for defense.

1. A flux-fitting k-distribution approach is introduced for the atmosphere
of Venus to construct compact parameterizations of molecular absorp-
tion with a minimal number of effective absorption coefficients k∗i,j(z).,
while avoiding the inter-level correlation assumption inherent in the
standard correlated-k method.

2. A reference Monte Carlo radiative transfer model for vertically inhomo-
geneous atmospheres has been developed and used for the construction
and validation of the proposed parameterizations.

3. In the ultraviolet spectral range 125–400 nm, absorption by the main
relevant species of Venus atmosphere, including the unknown UV ab-
sorber, can be represented with only eight effective radiative transfer
evaluations, while preserving agreement with reference line-by-line cal-
culations at the level required for climate-model applications.

4. In the thermal infrared spectral range 10–6000 cm−1, molecular absorp-
tion in the lower and middle atmosphere of Venus can be represented
by a 16-band parameterization requiring only 32 radiative transfer eval-
uations, with flux errors below about 2% and acceptable cooling-rate
accuracy below 90 km.

5. Efficient construction and validation of such parameterizations for Venus
require a flexible line-by-line computational tool capable of handling
uncertain spectroscopic inputs, large line cut-offs, and line-wing cor-
rections; this requirement is satisfied by the developed MARFA code.
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6. The developed parameterizations and computational tools are publicly
available in the form of open-source repositories, including implementa-
tion modules and documentation, and are suitable for integration into
radiative transfer blocks of Venus climate models. The developed meth-
ods can also serve as a methodological basis for studies of Venus-like
terrestrial planets and dense CO2-dominated exoplanet atmospheres.

Personal contribution. The main results presented in the dissertation were
obtained by the author either personally or with his direct participation. The
author personally introduced and formulated the flux-fitting k-distribution
technique in its present form for application to the atmosphere of Venus,
including its mathematical formulation, its distinction from the conventional
correlated-k method, and the quantitative framework for efficiency compari-
son based on the parameter η. The author participated in the development
of ultraviolet and thermal-infrared parameterizations of molecular absorption
for the atmosphere of Venus, in their construction and validation against ref-
erence line-by-line radiative transfer calculations, and in the preparation of
the corresponding publications.

A major part of the dissertation is associated with the development of the
MARFA line-by-line tool, which was designed and implemented by the au-
thor from the ground up. The author’s contribution included the conceptual
design of the code, development of the numerical methodology, software ar-
chitecture and implementation, validation, data curation, web-platform de-
velopment, project administration, and manuscript preparation. The earlier
exoplanet study performed by the author is considered as a preliminary stage
that helped shape the broader planetary-atmosphere context of the present
dissertation.

Compliance with Passport of Speciality 1.3.1 Space physics, as-
tronomy

The dissertation complies with the passport of speciality 1.3.1 Space Physics,
Astronomy and corresponds primarily to passport items 1, 5, and 14, and
additionally to item 6. Item 1 covers research on the generation, propagation,
and absorption of radiation in cosmic media and particularly — in planetary
atmospheres; item 5 covers theoretical and experimental studies of Solar
System bodies, including the structure and composition of planetary atmo-
spheres; item 6 includes exoplanet research; and item 14 covers experimental
methods, scientific instruments, methods of computational astrophysics, and
data-processing algorithms for space and astronomical studies.

Below is the correspondence between the statements submitted for defense
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and the items listed in the speciality passport.

Statements 1, 3 and 4 correspond to passport items 1 and 5, since they
are devoted to the development of methods for parameterizing molecu-
lar absorption and radiative transfer in the atmosphere of Venus in the
ultraviolet and thermal infrared spectral ranges. These results concern
the study of radiation absorption and radiative transfer in a cosmic
medium, as well as the investigation of the structure, composition, and
radiative properties of a planetary atmosphere of the Solar System.

Statement 2 corresponds to passport items 1 and 14, since it involves the
development and application of a Monte Carlo radiative transfer model
for vertically inhomogeneous planetary atmospheres. This relates to
the study of radiation propagation and absorption in cosmic media
(item 1), as well as to computational astrophysics methods and numer-
ical algorithms for radiative transfer modeling (item 14).

Statement 4 corresponds to passport items 1 and 5, because This also falls
within the study of absorption of radiation in planetary atmospheres
and theoretical research on Solar System planets.

Statement 5 corresponds primarily to passport item 14, and also supports
item 1, since the MARFA code is a computational tool for high-resolution
line-by-line calculation of molecular absorption in planetary atmospheres
under uncertain spectroscopic conditions. Therefore, this result be-
longs to the development of methods of computational astrophysics
and algorithmic tools for space and astronomical research and at the
same time serving radiative transfer studies of planetary media.

Statement 6 corresponds to passport item 5 and 14, in a broader com-
parative planetology sense, to item 6, because the developed param-
eterizations are aimed primarily at the atmosphere of Venus but are
methodologically applicable to Venus-like terrestrial exoplanets as well.

Approbation of the results. The main results of the dissertation were pre-
sented and discussed at international and national conferences and seminars,
including:

• 22nd All-Russian Open Conference “Modern Problems of Remote Sens-
ing of the Earth from Space (Physical Foundations, Methods and Tech-
nologies for Environmental Monitoring, Potentially Hazardous Phe-
nomena and Objects)”, Moscow, Russia, 2024.
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• 11th Moscow Solar System Symposium (11M-S3), Moscow, Russia, Oc-
tober 5–9, 2020.

• Seminar of Department 53 “Planetary Physics”, Space Research Insti-
tute of the Russian Academy of Sciences (IKI RAS), Moscow, Russia.

• 62nd All-Russian Scientific Conference of MIPT, Dolgoprudny, Russia,
2019.

• 1st International Aerospace Symposium Silk Road 2018 (IASS “Silk
Road” 2018), Dolgoprudny, Russia, December 6–8, 2018.

Structure of the dissertation. The dissertation is organized into an intro-
duction, three chapters, a conclusion, a bibliography, a glossary of symbols
and abbreviations, a list of figures, and supplementary materials.

The contents of the work

In Chapter 1, the physical and computational foundations of the MARFA
line-by-line tool are presented. The calculation of molecular absorption is
based on the classical line-by-line approach, in which the absorption coeffi-
cient is obtained by summing contributions from individual spectral lines:

k(ν; p, T ) = n(p, T )
∑
j

Sj(T ) fj
(
ν − ν0; γ(p, T )

)
, (1)

where Sj(T ) is the temperature-dependent line intensity, fj is the line shape
function (Lorentz, Doppler, or Voigt profile), ν0 is the line center, and γ(p, T )
is the pressure- and temperature-dependent half-width. The number den-
sity n(p, T ) is determined from the atmospheric pressure and temperature
profiles. In MARFA, Lorentz, Gaussian, and Voigt line profiles are imple-
mented. These correspond to pressure broadening, Doppler broadening, and
the combination of both effects, respectively. Particular attention is given to
numerical schemes for the evaluation of the Voigt function, because these are
usually the most computationally expensive. MARFA implements its own
numerical scheme for Voigt function evaluation. Special emphasis is placed on
the treatment of far line wings, which are especially important in dense CO2

atmospheres such as the atmosphere of Venus. Experimental data suggest
that the far wings of spectral lines deviate from Lorentz or Voigt behavior,
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and to account for this, so-called χ-correction functions [Burch et al., 1969]
are introduced:

fcorrected(ν − ν0) = fL(ν − ν0)χ(ν − ν0), (2)

MARFA supports user-defined line-shape functions and χ-correction factors.

A review of existing computational tools for line-by-line modeling is pro-
vided, and the main computational challenges are discussed, including the
high computational cost of line-by-line calculations when large line cut-offs
are required and when continuum absorption is poorly constrained. These
conditions are typical for planetary atmospheres with incomplete spectro-
scopic data. Chapter 1 further discusses the interpolation technique algo-
rithm by Fomin [1995] which is considered fast and suitable for calculations
with various line contour models. MARFA employs the scheme with 11 grids
with increasing resolution, as it was independently confirmed that in pres-
ence of large line cut-offs, 2 or 3 grids are not enough to achieve the desired
balance between speed and accuracy. Interpolation technique is performed
on 10 cm−1-length intervals. Number of points in the finest grid is set to
N = 20481 leading to a resolution of 10/(N − 1) ≈ 4.88 · 10−4cm−1. This
is usually sufficient to resolve typical Doppler lines in upper atmosphere in
IR-region.

The chapter also describes the spectral data used in the calculations, in-
cluding spectroscopic databases. MARFA relies on HITRAN2020 database
[Gordon et al., 2022], while other spectral data sources, such as HITEMP
database [Rothman et al., 2010a] can also be incorporated due to the flexible
code architecture. Total internal partition sums (TIPS) are needed to de-
termine temperature-dependent spectral line intensities. In MARFA, TIPS
data are set in an external file and are implemented based on the study by
Gamache et al. [2016]. A notable feature of MARFA, which makes it suitable
for use within larger radiative transfer frameworks, is that a full atmospheric
pressure–temperature profile can be provided as input, and the corresponding
absorption cross-sections can be computed on the same vertical grid simul-
taneously for all atmospheric levels.

A separate section of the chapter is devoted to the validation and bench-
marking of the MARFA code. The accuracy of the calculations is evaluated
through comparison with reference line-by-line calculations performed using
the HAPI Python package [Kochanov et al., 2016]. The comparison shows
that MARFA provides comparable accuracy while achieving a significant in-
crease in computational speed, especially for large line cut-off values. The
Venus atmosphere is used as a benchmark test case due to the high tempera-
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Figure 1: Monochromatic absorption cross-sections of CO2 at 92.1 bar and 735.3 K as a
function of wavenumber in dependence on sub-Lorentzian profile and line-cut condition.
Continuum absorption is neglected.

ture, high pressure, and uncertainty in spectroscopic parameters, which make
it a challenging environment for radiative transfer modeling. An example cal-
culation of monochromatic absorption cross-sections for several χ-factors and
line cut-off values is shown in Fig. 1.

The final part of the chapter describes the software architecture of the MARFA
project, with emphasis on the modular organization of the source code, the
compilation and execution workflow, and the principles adopted to ensure ex-
tensibility, transparency, and open-source development. The MARFA code is
organized as a collection of Fortran modules responsible for specific physical
and numerical tasks, which improves readability, maintainability, and further
development. Particular attention is given to the refactoring of the initial
legacy implementation into a more structured Modern Fortran codebase. In
this context, the dissertation also discusses a number of practical principles
referring to the use and avoidance of specific Fortran language features in the
development of scientific software. The source code, documentation, instal-
lation instructions and usage examples are publicly available in the project
repository.1

1https://github.com/Razumovskyy/MARFA
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Figure 2: User interface of the MARFA web platform for molecular absorption calcula-
tions

A separate part of the chapter is devoted to the MARFA web platform2,
which provides browser-based access to a lightweight version of the MARFA
kernel. The web interface allows users not only to perform molecular absorp-
tion calculations online, but also to visualize the results and download the
generated datasets. Example of the web interface is presented on Fig.2.

MARFA is distributed through several public scientific platforms. The code
is registered in the Astrophysics Source Code Library (ASCL), which pro-
vides a persistent software record and facilitates citation and discoverability.
MARFA has also been invited for inclusion in the Exoplanet Modeling and
Analysis Center (EMAC) at NASA Goddard Space Flight Center, where mi-
gration of the code and associated data is currently in progress. Additional
visibility is provided through the NASA Astrophysics Data System (ADS),
which links the software to the corresponding publication and related mate-
rials.

Chapter 1 concludes with a discussion of the current scope of application of
MARFA, its present limitations, and directions for future development.

Chapter 2 of the dissertation is devoted to the reference radiative trans-
fer model based on the Monte-Carlo method, which is used as a benchmark
tool for validating the developed absorption parameterizations. However,
it has a significant standalone importance, due to limited number of such
tools developed by Venus scientific community. The reference model pro-
vides a physically complete solution of the radiative transfer problem in a
vertically inhomogeneous atmosphere with absorption, multiple scattering,
and cloud extinction, and therefore serves as a standard against which radia-

2https://marfa.app
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tive schemes based on parameterized absorption are tested. A key advantage
of the Monte-Carlo method is that multiple scattering is treated explicitly,
while the statistical error of the solution decreases proportionally to K−1/2,
where K is the number of photon histories, and does not depend on the
number of spectral grid points [Fomin, 2006]. This makes the method partic-
ularly suitable for optically thick and strongly scattering media such as the
Venus cloud layer.

Particular attention in the dissertation is given to the specification of phys-
ically realistic input data for the reference modeling, using atmospheric and
spectroscopic parameters consistent with modern studies of the Venus at-
mosphere. In the shortwave spectral region, the atmospheric setup follows
the general approach of Haus et al. [2015] and includes gaseous absorption,
Rayleigh scattering, and the optical properties of sulfuric-acid cloud parti-
cles. Absorption cross-sections for the main UV-active species are assembled
from datasets summarized in the MPI-Mainz spectral atlas [Keller-Rudek
et al., 2013], while the unknown UV absorber is introduced using baseline
retrieved parameterization of Haus et al. [2015]. The model also incorporates
representative abundance profiles of the main minor absorbers [Tsang et al.,
2008], VIRA-consistent pressure–temperature structure [Zasova et al., 2006],
and a four-mode sulfuric-acid cloud model based on the modern Venus cloud
description of Haus et al. [2013]. The incident solar spectrum is taken from
the COSI model. Overall, this setup provides a physically realistic bench-
mark model for validating shortwave absorption parameterizations against
line-by-line calculations.

In the thermal infrared region, the reference model is formulated as a line-
by-line Monte-Carlo solver for thermal radiation in a plane-parallel layered
atmosphere with a thick cloud layer. Its general configuration follows men-
tioned above line-by-line Venus studies of Haus et al. [2015, 2016], while the
Monte-Carlo implementation is based on the methods developed earlier for
accurate radiative transfer calculations. The reference atmosphere is con-
structed from representative VIRA-like temperature profiles, and the main
absorbers are restricted to CO2, H2O, and SO2, which dominate the broad-
band thermal energetics of the lower and middle atmosphere of Venus. The
corresponding monochromatic absorption coefficients are precomputed us-
ing the MARFA code from modern molecular databases, primarily HITEMP
for CO2 and H2O [Rothman et al., 2010b] and HITRAN2020 for SO2 [Gor-
don et al., 2022]. In the treatment of far-wing absorption and continuum-
related effects, the model follows the Haus-type approximation, including
sub-Lorentzian χ-factors and finite line cut-off, which was shown to be suit-
able for broadband flux and heating/cooling-rate calculations in Venus con-
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ditions. Cloud optical properties in the thermal infrared are taken from the
physically realistic Venus cloud framework [Haus et al., 2013].

The reference Monte-Carlo model plays a central role in the dissertation,
since the developed minimal-set k-distribution is directly constrained by the
radiative fluxes and heating (or cooling) rates obtained from these benchmark
calculations. The reference solutions are used to determine optimal spectral
intervals and to identify dominant absorbers in each spectral band, and to
evaluate the accuracy of the reduced radiative transfer model. Chapter 2,
overall, shows that in both shortwave and longwave regimes, the reference
calculations are based on atmospheric, cloud, and spectroscopic inputs con-
sistent with the current state of Venus atmospheric research.

Chapter 3 of the dissertation is devoted to the development and applica-
tion of the flux-fitting k-distribution technique for parameterizing gaseous
absorption in the atmosphere of Venus. This technique is introduced as an
alternative to the conventional correlated-k method. In contrast to the lat-
ter, it does not rely on spectral reordering or on the assumption of inter-level
correlation of monochromatic absorption coefficients. Instead, it uses ra-
diative fluxes and heating/cooling rates obtained from reference line-by-line
calculations as an orginizing principle for constructing compact sets of effec-
tive absorption coefficients. As a result, the parameterization is controlled
directly by the target radiative characteristics of the atmosphere.

The technique consists of two main stages. At the preparatory stage, high-
resolution spectral absorption cross-sections are precomputed and the spec-
tral range is divided into bands according to the smoothness of cloud optical
properties and the Planck function within each band. At the second stage,
a vertical iterative procedure is applied in each band to construct effective
absorption profiles k∗i,j(z) that reproduce the radiative fluxes of the reference
line-by-line model. For each spectral band Ii, the method constructs a set of
vertically resolved effective absorption coefficient profiles

K = {Ki}ni=1, Ki =
{
k∗i,j(z)

}Ni

j=1
, N =

n∑
i=1

Ni, (3)

where N is the total number of radiative transfer solver evaluations required
to cover the full spectral range. The main idea of the method is to replace
computationally expensive line-by-line integration by a finite number of rep-
resentative calculations with preconstructed effective coefficients k∗i,j(z).

In the iterative procedure, the effective cross-section profile is retrieved by
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Table 1: Parameterization details for the absorption of thermal infrared radiation

Band Spectral region (cm−1) Dominant absorber ν̃cld
i (cm−1) Ni

1 10–200 H2O 100 2
2 200–400 H2O 300 2
3 400–500 CO2 450 1
4 500–600 CO2 550 1
5 600–760 CO2 680 10
6 760–900 CO2 830 2
7 900–1100 CO2 1000 5
8 1100–1210 CO2 1150 1
9 1210–1300 CO2 1250 1
10 1300–1400 CO2 1350 1
11 1400–1800 H2O 1600 1
12 1800–2650 CO2 2000 1
13 2650–3000 CO2 2800 1
14 3000–4100 CO2 3500 1
15 4100–4400 H2O 4300 1
16 4400–6000 CO2 5000 1

Total n = 16 32

vertical inversion from the downward line-by-line reference flux:

σeff(zl) =
1

ρ∆z
ln

F ↓
lbl(zl)

F ↓
lbl(zl−1)

, (4)

where ρ is the absorber mass concentration, ∆z is the layer thickness, and
F ↓
lbl is the downward flux obtained from the reference line-by-line Monte-

Carlo model. For a spectral subset dominated by one absorber, the resulting
effective absorption coefficient is written as

k∗j (z) = ρdom σ
(dom)
j,eff (z) +

∑
s∈Sother

ρs σ
(s)
j,eff(z), (5)

which makes it possible to account for overlapping absorption by the domi-
nant and secondary species within the same spectral subset.

A separate part of the chapter compares the proposed flux-fitting k-distribution
technique with the conventional correlated-k framework. In the correlated-k
method, radiative transfer in a spectral band is represented using quadrature
over the reordered absorption coefficient distribution,

T∆ν =

N
(ck)
i∑

j=1

wj exp

[
−
∫

k(gj, z) dz

]
, (6)

where k(gj, z) are tabulated absorption coefficients and wj are quadrature
weights. In the flux-fitting approach, the same quantity is represented as a
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Figure 3: Comparison of radiative cooling-rate profiles obtained with the flux-fitting k-
distribution scheme (dashed lines) and the line-by-line Monte-Carlo reference calculations
(solid lines) for representative Venus atmospheric profiles.

sum over a set of effective absorption coefficients,

T∆ν =

N
(fkd)
i∑
j=1

exp

[
−
∫

k∗j (z) dz

]
, (7)

where each function k∗j (z) represents absorption over a corresponding subset
of the spectral interval. In this formulation, the total number of terms,

N =
∑
i

Ni, (8)

is exactly the number of radiative transfer solver calls required to cover the
full spectral range. Unlike the correlated-k method, where the number of
quadrature points is fixed by the numerical integration scheme, in the flux-
fitting technique this number is controlled directly during the construction of
the effective absorption coefficients. To quantify the efficiency gain relative
to correlated-k, the parameter

η =
N (ck)

N (fkd) (9)

is introduced. The obtained values of η indicate that the proposed tech-
nique is more efficient by one to two orders of magnitude than modern Venus
radiative schemes based on correlated-k.
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Table 2: Parameterization details for the absorption of ultraviolet radiation

Band Spectral region (104 cm−1) Dominant absorber ν̃R
i (cm−1) Incident solar flux (Wm−2)

1 5.00–8.00 CO2 66000 0.20
2 3.(3)–5.00 SO2, CO2 36000 27.74
3 3.10–3.(3) SO2, UVA 32000 28.19
4 3.00–3.10 SO2, UVA 30000 19.91
5 2.90–3.00 UVA, SO2 30000 20.20
6 2.70–2.90 UVA, SO2 28000 52.40
7 2.55–2.70 UVA, SO2 26250 17.64
8 2.50–2.55 UVA, SO2 25250 47.27

Total n = 8 213.55

The chapter also discusses the role of temperature dependence in the de-
veloped parameterizations. In the thermal infrared region, the effective ab-
sorption coefficients must be adjusted to the temperature profile used in a
climate model. For this purpose, a dedicated interpolation procedure and a
corresponding Fortran implementation module are introduced, allowing the
coefficients to be recalculated for arbitrary temperature profiles on the same
vertical grid. In the shortwave region, by contrast, the temperature depen-
dence of molecular absorption cross-sections can be neglected for the adopted
level of accuracy. Therefore, the ultraviolet parameterization is formulated
in a simpler form.

The method was applied to the thermal infrared spectral range 10–6000 cm−1

for the lower and middle atmosphere of Venus. The resulting longwave pa-
rameterization consists of 16 spectral bands and requires only 32 radiative
transfer solver evaluations to cover the entire thermal infrared range. Com-
parison with the reference line-by-line Monte-Carlo calculations shows that
the developed longwave parameterization reproduces upward radiative fluxes
with errors below 2% below 95 km, while discrepancies in cooling rates do not
exceed about 1.2 Kday−1 below 90 km and decrease to about 0.3 K day−1 be-
low 75 km. A representative comparison of the cooling-rate profiles is shown
in Fig. 3. The corresponding band structure of the longwave parameteriza-
tion is given in Table 1.

In the ultraviolet region, the same general approach is applied. The 125–
400 nm interval is divided into eight spectral bands, for which effective ab-
sorption coefficients are constructed for the dominant absorbers and represen-
tative spectral points are selected for the calculation of Rayleigh scattering
and cloud optical properties. Validation against the reference line-by-line
Monte-Carlo model showed discrepancies of less than 3% in radiative fluxes
and less than 1% in heating rates. Thus, the developed shortwave parame-
terization correctly reproduces the solar-radiation budget of the Venus atmo-
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sphere. The corresponding band structure of the ultraviolet parameterization
is summarized in Table 2.

Thus, Chapter 3 of the dissertation presents a unified methodological frame-
work for parameterizing molecular absorption in both the shortwave and
thermal infrared spectral regions of the Venus atmosphere, together with the
resulting parameterizations. The developed flux-fitting k-distribution tech-
nique combines the physical consistency of line-by-line reference calculations
with the computational efficiency required for climate modeling. It provides
a practical alternative to correlated-k schemes for dense vertically inhomo-
geneous atmospheres.

Conclusion

In this dissertation, the problem of constructing and validating efficient pa-
rameterizations of molecular absorption for radiative transfer modeling of
the Venus atmosphere in the shortwave and thermal infrared spectral re-
gions is addressed. The study combines three intersected components: high-
resolution line-by-line modeling of molecular absorption, reference line-by-
line simulations based on the Monte-Carlo method, and the development of
compact parameterizations suitable for use in radiative–convective and cli-
mate modeling.

The flux-fitting k-distribution technique is developed and applied to the
Venus atmosphere. In contrast to the conventional correlated k-distribution
approach, the proposed technique does not require the assumption of inter-
level correlation of monochromatic absorption coefficients, naturally accounts
for vertical inhomogeneity of the atmosphere, and directly controls the accuracy–
efficiency trade-off through fitting to benchmark fluxes and cooling rates.

A major result of the dissertation is the development of the MARFA line-by-
line code for calculating molecular absorption coefficients and cross-sections
in planetary atmospheres. The implemented eleven-grid interpolation tech-
nique provides efficient calculation of high-resolution spectra for large line
cut-offs and under conditions of uncertain spectroscopic data, which are typ-
ical for the Venus atmosphere. Apart from source code in a public repository,
MARFA can be accessed as a web-based platform and can be considered as
an online laboratory for investigating absorption in planetary atmospheres.

A benchmark line-by-line radiative transfer model based on the Monte-Carlo
method is used throughout the dissertation for validation of the developed
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parameterizations. In the ultraviolet spectral region, this model is applied to
calculate solar radiative fluxes and heating rates in the Venus atmosphere. In
the thermal infrared region, it is used to calculate upward thermal fluxes and
cooling rates. The use of a benchmark Monte-Carlo model makes it possible
to validate the parameterizations directly against physically complete line-
by-line radiative transfer solutions.

For the ultraviolet spectral region, an effective parameterization of solar-
radiation absorption in the 125–400 nm interval is developed. It is shown
that the entire ultraviolet spectral range can be represented using only eight
effective absorption coefficients. There are different dominant absorbers in
different spectral bands: CO2 in the far ultraviolet, CO2 and SO2 in the mid-
dle ultraviolet, and SO2 together with the unknown ultraviolet absorber in
the near-ultraviolet region. For Rayleigh scattering and cloud optical prop-
erties, eight representative spectral points are introduced. As a result, the
full ultraviolet range is reduced to eight radiative transfer evaluations while
preserving high accuracy suitable for climate modeling: the discrepancies are
below 3% for radiative fluxes and below 1% for heating rates.

For the thermal infrared spectral region, in the 10–6000 cm−1 interval, a
parameterization based on 16 spectral bands and requiring only 32 radiative
transfer evaluations is constructed for the main absorbers CO2, H2O, and
SO2. Validation of the developed longwave parameterization demonstrates
that the upward thermal fluxes are reproduced with errors below 2% below
95 km, while the discrepancies in cooling rates remain within acceptable
limits throughout the lower and middle atmosphere of Venus, not exceeding
approximately 1.2 K day−1 below 90 km and decreasing to about 0.3 Kday−1

below 75 km. These results confirm that the proposed parameterization is
suitable for use in Venus general circulation models and radiative–convective
models.
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