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a b s t r a c t
The Carbon Dioxide Spectral Databank 40 0 0 is tailored for radiative transfer applications relevant for
Mars atmospheric entry studies. This is carried out through the reﬁtting of the original database, encompassing individual rovibrational transitions, into a more compact form where rotational transitions
for speciﬁc vibrational bands are obtained through traditional polynomial expressions, ﬁtted to the levels and transitions of the original database. This originates a certain loss of precision since the ﬁtted
expressions do not always reproduce the original data with full accuracy, namely for the perturbed transitions. This is offset by a more compact database suited for wideband radiative transfer simulations. This
CDSDv database also provides some minor advantages, such as enabling the thermodynamic use of twotemperature (T, Tv ) models and the determination of vibrational Einstein coeﬃcients Av v which may be
used in state-to-state kinetic models.
© 2020 Elsevier Ltd. All rights reserved.

1. Introduction
Radiative heat transfer from CO2 infrared transitions has been
recognized [1,2] to be a driver for exploration spacecraft design
(with an emphasis on the backshell). This has led several research
teams to adapt existing databases [3,4] or develop new ones [5] for
this purpose. The advent of the Carbon Dioxide Spectral Databank
(CDSD), particularly it’s high-temperature version CDSD40 0 0 [6],
provided the community with a powerful tool for estimating the
high-temperature radiative properties of CO2 . Nevertheless, this
database follows a spectrally-ordered structure, with the deﬁnition
of cutoff thresholds for single lines based on a speciﬁc temperature (40 0 0K in the case of CDSD40 0 0). This makes it less than optimal for spacecraft radiative heating calculations [7], where the
inclusion the overall spectral range of CO2 transitions is mandatory. Further, the post-shock ﬂow surrounding the spacecraft has
∗
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a wide range of temperatures, from abour 50 0 0–60 0 0 K in the
shock layer, down to 10 0 0K or less in the afterbody wake. It has
consequently been decided to adapt this CDSD database for such
purposes: Firstly the database has been modiﬁed from a spectrally
ordered to a transition-ordered database. Then, each band of rovibrational transitions has been ﬁtted to a general polynomial expansion consistent with the theory of radiation from linear triatomic molecules[8]. Although this technique means a certain loss
of accuracy, particularly for transition between higher-lying vibrational levels which exhibit a certain amount of perturbations, it
has the beneﬁt of yielding a more compact and tractable database
(16 MB down from 16GB). Another added beneﬁt stems from the
explicit separation of the vibrational and rotational part of the
transitions, which allows using two-temperature (Tv, Tr) models, or
using the corresponding Einstein coeﬃcients Av v in vibrationallyspeciﬁc state-to-state models.
This work will ﬁrstly discuss in detail the legacy of past Mars
exploration spacecraft designs, and the associated Computational
Fluid Dynamics (CFD) and radiative models that have been deployed to support such designs. This is carried out in Section 2.
Section 3 describes the theoretical models and reduction techniques that have been applied for creating this compact CDSD
database (henceforth named CDSDv). Section 4 presents some
sample comparisons of CDSDv with other popular CO2 radiative
databases, alongside some numerical benchmarks, highlighting the
speedup and memory optimization brought by CDSDv. Finally
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Section 5 validates the CDSDv database against popular testcases
from the literature. The conclusions summarize the capabilities of
CDSDv, highlighting its ﬂexibility and providing a qualitative assessment of the tradebacks in accuracy compared to CDSD40 0 0.
Finally suggestions for future improvements of this database are
shortly presented.
2. Aerothermal and radiative databases for Mars exploration
missions
It is somehow surprising that the issue of CO2 radiation inﬂuence on Martian entries has been discarded up until so recently.
It may further seem surprising that this did not preclude many
spacecraft from successfully reaching Mars, however this can in
part be attributed to the engineering margins considered in these
spacecraft designs, and the fact that radiative heating typically remains inferior to convective heating, except in the base region
where it doesn’t lead to excessively high heat ﬂuxes owing to the
low densities encountered in this recirculation region.
The ﬁrst efforts to correctly account for CO2 IR heating may
be traced to the Mars PREMIER program [9,10] sponsored by the
French Space Agency CNES4 and the AURORA program [11] sponsored by the European Space Agency (ESA) which took over once
the Mars PREMIER program was terminated. These took place in
the beginning of the 21st Century, and gathered several European
and Russian research teams, which undertook some early works
outlining the importance of these effects. Later on, the importance
of these radiative heating effects was also acknowledged by several research teams in the US which provided additional key contributions, namely at the experimental level. Here, we will brieﬂy
outline the different US and Russian missions that were launched
towards Mars without accounting for any radiative heating effects
(all the Russian Mars exploration missions, and all the US Mars
exploration missions up to Mars Science Laboratory in 2012), we
follow by an historical account of the different efforts that led to
this phenomena being nowadays recognized as an important design driver for Mars missions.
2.1. USSR/Russia mars missions
All USSR/Russian missions to Mars have failed to achieve a successful landing. Mars 2 crashed, Mars 3 successfully landed but
stopped transmitting after 20s, Mars 6 lost contact prior to landing, Mars 7 missed Mars, and Mars 8 (Mars 96) suffered a failure
during the injection to a trajectory towards Mars and reentered the
atmosphere.
2.2. US Mars missions (pre-2012)
US Mars exploration missions have historically neglected CO2 IR
radiative heating until very recently.
The second lander to touch down the surface of Mars, Viking 1
in 1976, was developed without any previous test carried out in a
ground test facility simulating a Martian-like CO2 atmosphere [12].
It nevertheless was the ﬁrst lander to successfully touch down the
surface of Mars5 , following an atmospheric entry at a velocity of
4.5km s−1 and an entry angle of 11◦ [13,14]. The Viking probe was
instrumented with stagnation pressure and temperature sensors,
as well as four additional pressure transducers and a mass spectrometer in the forebody. The backshell had an additional pressure
transducer and two thermocouples. This entry data has since been
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in collaboration with NASA, as a staging for a Mars Sample Return mission
following the failure of the USSR Mars 3 mission

extensively reviewed and rebuilt by several authors, since it constituted for many years the only available post-ﬂight data for a Martian entry [12].
Pre-ﬂight analysis predicted that afterbody heating would account for 3% of stagnation-line heating, and that radiation would
be totally negligible owing to the low entry velocity [12]. However
5% heating relative to stagnation-line heating reference was measured instead. Recent reinvestigations accounting for CO2 radiative
heating showed that this difference might indeed be due to neglecting these heating effects in the original analysis [15,16].
The subsequent 1996 Mars pathﬁnder mission considered a
faster entry at a velocity of around 7.5 km s−1 . Pre-ﬂight studies
had to consider ablation effects in the CFD analysis, however radiation heating effects were once more neglected [12], with Gupta’s
prediction that radiative heating would account for less than 4.5%
of total heating [17]. The probe was instrumented with accelerometers, 9 thermocouples, and 3 platinum resistance thermometers.
These last did not perform well due to calibration problems, with
only the thermocouple data being valid [12]. Pre-ﬂight experimental campaigns were carried in the HYPULSE shock-expansion tube
with different gas mixtures including CO2 , with negligible dissociation in the freestream ﬂow [18], and the NASA LaRC 31 Mach 10
wind-tunnel for estimating the probe wake ﬂow. These last experiments were carried solely on air [19].
Other NASA missions like the Mars Polar Lander (6.9 km s−1 ;
failure during entry), Mars Exploration Rovers (5.4 km s−1 ; success; for MER-A and 5.55 km s−1 ; success; for MER-B), and Phoenix
(5.7 km s−1 ; success) missions, made use of the same assumptions
regarding radiation (see Reynier [12] and references therein). These
probes were not instrumented as regarding their entry phases, and
as such, no post-ﬂight data is available for these.
The following mission, Mars Science Laboratory, is the largest
space vehicle to ever have entered Mars, having done it successfully. The probe has a 4.5 m diameter, and entered Mars at 5.6
km s−1 in 2012. Owing to the increased risks for this mission, it
underwent an extensive pre-ﬂight test campaign, namely in which
pertains to transition to turbulence effects. Several tests were carried out in the CUBRC LENS and Caltech T5 shock tunnels [12].
The probe itself had an extensive instrumentation package named
MEDLI, which monitored temperature, pressure and TPS (Thermal
Protection System) performance in the probe forebody. No radiative heating sensors were included, as radiation was again considered negligible [12,20]. Ref. [21] provides a synthesis of all the experimental and numerical activities carried out in preparation of
this mission.
2.3. Acknowledging the impact of CO2 radiation
As mentioned before, European efforts regarding Mars exploration may be traced back to the Mars PREMIER/Mars Sample Return project, a joint CNES/NASA venture aiming at a return of Samples from Mars surface to Earth. The early mission deﬁnition consider direct aerocapture insertion of the Mars Sample Return Orbiter (MSRO) designed by CNES [22–24]. The challenges for performing such a manoeuver6 (requiring precise guidance as the orbiter descends signiﬁcantly in Mars atmosphere), and the high
thermal loads involved (mandating an heat shield), fostered several
European research activities related to Mars entry aerothermodynamics. For example two Ph.D. thesis were funded by this program,
one related to the modelling of free-molecular CO2 –N2 ﬂows [25],
and the other related to CO2 -N2 plasmas radiation [26].
Ultimately, diﬃculties in enabling such an ambitious programme, funding diﬃculties, as well as a shifting political cli6
which only has been partially achieved by the Russian Zond 6 and Zond 7
probes during their Lunar return trajectories
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mate, led to the cancellation of this programme. In the meanwhile, ESA had launched the AURORA programme, chieﬂy aimed
at the robotic exploration of Mars, as a stepping stone to a Mars
Sample Return mission and ultimately a manned Mars exploration
mission. A workshop titled “Radiation of High-Temperature Gases
in Atmospheric Entry” (RHTGAE) has been held biannually since
2003, which has been chieﬂy focused on the radiative heating effects of atmospheric entry ﬂows [27–35]. The workshop deﬁned
a set of testcases tailored for the examination of radiative properties for gases of different compositions and different levels of
thermodynamic equilibrium (ranging from thermochemical equilibrium to strong nonequilibrium of the species internal modes).
Among these, the TC3 testcase focused on a 70◦ sphere-cone geometry which is a simpliﬁed conﬁguration of the MSRO vehicle
[36,37]. Reference CFD solutions were proposed to the teams who
wished to only simulate radiative transfer, but nevertheless, a signiﬁcant number of CFD simulations were also carried out by different teams. An INTAS project [38] was further devoted to the TC3
conﬁguration, including CFD, radiative transfer and ground-test experiments of a scale model [39]. This work was carried out by ﬁve
Russian (ICAD, IPM, NIIMech, SPU, TsAGI), and two European institutions (Oﬃce national d’études et de recherches aérospatiales,
ONERA and Von Karman Institute, VKI).
Radiative heating for this spacecraft conﬁguration has been
modelled considering different numerical approaches and using
different radiative databases: The EM2C team at École Centrale
de Paris used their in-house HITELOR radiative database [40,41],
based on a statistical narrow-band model, and developed from a
set of CO2 and CO spectral coeﬃcients valid at high temperature,
obtained both in-house and adapted from the HITEMP database
[42]. The databank has been successfully applied to the reproduction of medium-resolution spectra at temperatures up to 2850K
[43]. Radiative transfer on the backcover of TC3 was carried out
using a Ray-Tracing model, considering both line-by-line and statistical narrowband models. The agreement of the obtained results
for both the reference (line-by-line) and the approximate (statistical narrowband) models validated the later approach, for the onetemperature case, allowing fast and eﬃcient simulations of CO2 IR
radiation in this conﬁguration. These results were presented at the
1st. RHTGAE workshop [44].
Surzhikov used increasingly reﬁned CFD and radiative approaches since 2001 [45], where a one-temperature, chemical
nonequilibrium CFD model was used coupled to a multigroup radiative database based on HITRAN. Radiative transfer was modeled
using a modiﬁed discrete ordinates method. Further works considered improved physical models, namely in what pertains to CFD
simulations, where multitemperature models, including the inﬂuence of thermal nonequilibrium on chemistry, were considered
[46,47]. A coupling between ﬂow and radiation was ensured by injecting the divergence of radiative ﬂux in the energy equation for
the CFD model. This model was applied to the TC3 testcase, with
the determination of a CFD solution and the subsequent calculation
of radiative heating [48]. The computed heat ﬂuxes were in agreement with the previous solutions from EM2C. Surzhikov also carried CFRD (Computational Fluid Radiative Dynamics) simulations
on other US Mars entry vehicles, namely Pathﬁnder [49,50] and
Mars Science Laboratory [50]. As for TC3, it was found that radiative heating from the IR region was not negligible, even exceeding
convective heating in some regions of the leeward ﬂow.
In 2002, ONERA started developing the PHARAON computing
chain, comprised of the CelHyo2D CFD solver [51,52], coupled to
the radiative heat transfer solver ASTRE, which is a Monte Carlo
solver enabling the treatment of 3-D geometries using unstructured meshes [53–55]. The ASTRE code was initially developped for
the study of turbulent ﬂames in the presence of soot. The EM2C radiative database is utilized by this platform. The simulation results
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for the TC3 test-case were presented in Ref. [56], with again the
same results than the previous authors.
Finally, IPFN-IST (Instituto de Plasmas e Fusão Nuclear - Instituto Superior Técnico) relied on the CO2 -N2 radiative database developed by Lino da Silva [26], implemented in the SPARTAN Lineby-Line code [5,57]. The CO2 database was developed from the
1992 HITRAN database [58], using the same theoretical approach
than the one used for developing the HITELOR database [42]. Radiative transfer for the TC3 conﬁguration was computed using a
ray-tracing approach, both for the forebody and the backshell, considering the reference two-temperature solution from the workshop booklet [59]. This work found essentially the same results
than the previous ones, and further found that the inﬂuence of
thermal nonequilibrium did not have a signiﬁcant impact on the
computed radiative heat ﬂuxes. Further applications of this radiative database were carried out in the scope of the unsuccessful
tracking of the PHOENIX entry by the Mars Express orbiter, as it
was not capable of switching its IR thermal detectors. CFD simulations were carried with a DSMC (Direct Simulation Monte Carlo)
code, and a simpliﬁed radiative transfer model showed that the IR
radiative signal would be several orders of magnitude above the
VUV signal (from the CO 4th Positive system). The outcome of this
work was published in Ref. [60,61].
These different results obtained for TC3 showed good agreement regarding the radiative heating trends and absolute values.
Radiative heating in the forebody remained within the margins of
convective heating, however in the backcover it exceeded signiﬁcantly the convective heating values, due to the radiation from the
spacecraft wake. Namely, the radiative heating values (in the order
of W cm−2 ) were deemed too large, requiring for the backshell to
have a certain amount of thermal protections.
2.4. Mars exploration missions planning (post-2012)
The ESA EXOMARS mission was the ﬁrst Mars Exploration mission that was designed considering the effects of CO2 and CO IR
radiative heating. Initial plans accounted for a single mission of a
large entry vehicle carrying a rover. However, this required a heavy
launcher (PROTON-M/Ariane-5). Further, it was found that the radiative ﬂuxes would mandate a backshell TPS of about 12kg. Eventually, these uncertainties, as well as the necessity of testing Mars
entry technologies for what was an European ﬁrst, led to a redefinition of the program into a two-stage mission: A ﬁrst launch of
an orbiter (Mars Trace Gas Orbiter) and a fully instrumented lander
in 2016, followed by a second launch of a larger lander including
the rover in 2018 (since then postponed to 2020). The Phase B of
the mission was managed by Fluid Gravity Eng., who performed
the CFD simulations. IPFN-IST performed radiative transfer calculations using the same ray-tracing model than for TC3. A further
code-to-code comparison was carried out by Surzhikov, who simulated the same spacecraft conﬁgurations [62]. As for the TC3 test
case, the simulation results showed that over 99.95% of radiative
heating would come from CO2 and CO IR radiation [63]. Another
interesting feature of the probe was its instrumentation package,
who was capable of determining static pressure, surface temperatures, radiative heat ﬂux rates and total heat ﬂux rates, both in the
forebody and backshell.
Schiaparelli entered Mars atmosphere on the 19th October
2016, at a velocity of about 5.8 km s−1 , and collected data from
its sensor package throughout all of its entry phase. This data was
relayed to the orbiter and retrieved in its entirety, except for the
blackout phase data that was stored for a later post-landing transmission. Unfortunately the probe was lost due to a software malfunction which led to the premature stopping of the descent engines and the discarding of the descent parachute. As such, the
data for the blackout phase, including the peak radiative heating,
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was lost. Nevertheless the retrieved data still contains an interesting amount of information which makes it useful for a test-case.
The details on the post-processing for this data may be found in
Ref. [64].
Further developments in the US, roughly after the Mars Science Laboratory mission, started looking into the issue of IR radiation with more detail. For example, teams from NASA Ames participated in the later issues of the ESA radiation workshop, and
this fostered an interest in trying to measure experimentally IR radiation from CO2 ﬂows in shock-tubes and shock-tunnels, which
provided the more realistic ground-test conditions. Around that
time, the EAST shock-tube was in the process of being refurbished,
alongside with its instrumentation, therefore efforts were put into
achieving a capability for carrying measurements in this spectral region [65]. A ﬁrst batch of CO2 IR measurements was carried out in EAST around 2010 [66], which conﬁrmed the presence
of a strong radiative signal. Around the same time the numerical tools for radiative prediction were being overhauled. Although
some works had been carried out in the 90’s regarding IR radiation
in wake ﬂows [67], there had been no follow-up since, and radiative tools like NEQAIR were lacking the appropriate spectral models. As the CDSD40 0 0 database was published around this time [6],
it was integrated to the NEQAIR line-by-line code, using a simpliﬁed pseudo-continuum approach [68]. Since then, more detailed
experimental campaigns were carried out on EAST, focusing on
Mars entries [69]. These works further cemented the relevance of
CO2 IR heating in the scope of NASA missions for Mars exploration
[70]. Lastly, the Mars Science Laboratory ﬂight data was reinterpreted in view of the presence from CO2 radiation [71], and the
available Schiaparelli ﬂight data was also reproduced recently to a
good agreement with these new improved radiative models [72].
Nowadays, no question remains about the necessity to account
for IR radiative heating in Mars entry ﬂows, and all aerothermal
databases account for these effects in one way or another, which
allows reducing the uncertainties in TPS design, leading to lighter
TPS, more room for payloads, and more conﬁdence in designing
ever larger entry spacecrafts in preparation of a Manned Mars mission.
3. Methods
Here we summarize the underlying theory for linear triatomic molecules radiation, which was put to use in reducing the
CDSD40 0 0 database into CDSDv. Expressions for level energies,
transition probabilities, and broadening are discussed in this section, which concludes with a discussion of the database re-ﬁtting
algorithm
3.1. CDSD Structure
Ro-vibrational databases such as HITRAN [3] and CDSD
[6,73] adopt a similar format. Each data entry in CDSD contains
all the parameters in Table 1 spectrally organized. Not all the parameters are necessary for the processing done in this work. The
ﬁrst half of the table contains the parameters that are needed for
this work while the parameters on the second half may be discarded. Table 1 does not present the data ordered as it is in CDSD.
In the case of CDSD40 0 0 there are 2769 different ﬁles which represent over 72 GB when in a uncompressed format. Besides featuring the four main isotopes of CO2 by terrestrial abundance, CDSD
also features transitions in which the upper, lower or both levels
could not be spectroscopically assigned reliably. Partially or totally
unassigned transitions are excluded from the treatment presented
in the scope of this work. Also excluded are isotopes other than
626.

3.2. Lineshape algorithm
One of the advantages of not setting a line strength cut-off in
the database generation step is the ability of applying the cutoff on the ﬂy. In this work this is largely done by a routine that
has already been described in [57]. This routine, henceforth ’lineshape routine’, still warrants a brief discussion for the purposes of
this work. It receives as input the line position, emission and absorption coeﬃcients, and the Lorentzian and Gaussian broadening
parameters. The user is allowed to set numerical coeﬃcients that
separate the input lines into strong lines or weak lines, therefore
automatically applying a cut-off to the input database. Strong lines
are treated in greater detail, wherein an algorithm detects possible overlap of nearby lines and new lineshapes are only calculated
if they are signiﬁcantly different in shape than the previous one,
thereby saving further computational time. Weak lines are treated
as a pseudo-continuum by bundling the individual line contributions over a coarse discretization of the full spectrum. This further
decreases the computational effort necessary to compute a detailed
spectrum. By itself, this method should provide a signiﬁcant increase in the overall performance of spectrum calculations with
CDSD40 0 0. By further decreasing the total number of transitions
by using CDSDv, an additional increase in performance should be
expected. Some attention is devoted in trying to separate these
contributions in Section 4.3.
3.3. Lorentz FWHM determination
From Table 1, the data used for computing the Lorentz FWHM
(or HWHM) of a line and it’s shift is ignored. Databases such
as CDSD and HITRAN choose to compute pressure broadening
by a semi-empirical expression that accounts, with ﬁtted coeﬃcients, for the broadening of ro-vibrational lines caused by selfbroadening and air-broadening for any pressure and temperature
conditions from a reference value at standard pressure and temperature. This approach, while straightforward, neglects the effect
of other species in the calculation of the FWHM of Lorentz broadening. In this work we have opted for a more complex approach
that accounts for the different broadening effects by generalized
and speciﬁc expressions for each effect. While these general expressions are often approximations and not valid universally, they
do offer a more ﬂexible approach to different conditions and gas
mixtures that ro-vibrational state of the art databases do not possess. These statements are not meant as a ﬁnal judgement on the
approaches that should be used but more of a comment on the
relative merits and disadvantages of both methods. While both approaches will be close in value at low temperature, enough for a
relatively fair comparison of lineshape calculation, the values will
diverge for other conditions which will not yield a fair comparison between lineshape calculations using different methods. This
is mitigated by the fact that Lorentz broadening is only expected
to be signiﬁcant at high pressures and low temperatures while
Doppler broadening, which can be computed through an analytical expression, will be dominant at higher temperatures. The theoretical expressions for the different broadening mechanisms are
summarized below. Resonance broadening adapted from [5]:



ν = K1

gu
Nl
A
gl ul ν 3

(1)

where K1 = 1.2893 × 10−19 , gu and gl the upper and lower degeneracies, Aul the Einstein coeﬃcient, Nl the lower level number density in m−3 and ν the line position in cm−1 . Van der Waals broadening adapted from [74]:

ν = K2

2
c0



2Tgas
Ntot ν 2
Mavg

(2)
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Table 1
Description of parameters format for CDSD-40 0 0. The parameters in the ﬁrst half of the table are the ones used in the
reﬁtting. Some parameters of the lower half of the table are saved for possible future reference but are not used in the
reﬁtting. The data is not ordered as represented in this table. [6].
Symbol

Parameter

Comment

I

Isotope index
Line position
Einstein A-coeﬃcient
Lower state energy
Upper state vibrational numbers
Lower state vibrational numbers
Branch
Lower state J
Lower state Wang symmetry

Ordered by terrestrial abundance
cm−1
s−1
cm−1

ν
A
E

v1 , v2 , l2 , v3 , r
v1 , v2 , l2 , v3 , r
b
J
w”
M
S

γ air
γ self
nair

δ air

nself
p , c , n
p , c , n

P, Q or R
e or f

Molecule
Intensity
Air-broadened half-width
Self-broadened half-width
Temperature-dependence exponent for γ air
Air pressure-induced line shift
Temperature-dependence exponent for γ self
Upper state polyad, Wang symmetry and ranking number
Lower state polyad, Wang symmetry and ranking number

M = 2 for CO2
cm−1 /(part.cm−2 ) at 296K
cm−1 atm−1 at 296 K
cm−1 atm−1 at 296 K
cm−1 atm−1 at 296 K
c = 1(e) or c = 2(f), n = r 
c = 1(e) or c = 2(f), n = r 

where K2 = 1.95 × 10−28 , c0 the speed of light in m/s, Tgas the
gas temperature, Mavg the average molar mass of the mixture in
kg/mol, Ntot the total number density in m−3 and ν the line position in cm−1 . Collisional broadening adapted from [5]:

ν =

 Ni
2
8kB π Tgas
( r + R )2
√
c0
μred i

(3)

i

where c0 the speed of light in m/s, kB the Boltzmann constant, Tgas
the gas temperature, Ni the number density of perturbing species
i in m−3 , μred the reduced mass of the radiative and perturbing
species system, ri the radius of perturbing species i in meters and
R the radius of the radiative species.
3.4. Selection rules and rotational branches
CO2 is a linear triatomic molecule with 3 degrees of vibrational
freedom, symmetric stretching denoted v1 , bending denoted v2 and
asymmetric stretching v3 . The bending mode is also associated
with the vibrational angular momentum l2 with possible values v2 ,
v2 − 2, ..., 1 or 0. If l2 = 0 only even or odd rotational numbers exist besides J = 0. Furthermore, rotational levels have alternating e/f
parity such that if level J has e parity J + 1, if it exists, has f parity.
Rotational levels also have an absolute minimum equal to l2 which
does not mean that the lowest rotational number of a level is the
same as l2 but rotational levels which are below l2 do not exist.
The collection of numbers {v1 , v2 , l2 , v3 , J} plus the parity label
constitute the spectroscopic assignment of a ro-vibrational level of
CO2 . The selection rules for ro-vibrational electric dipole transitions
on a linear triatomic molecule allow for three different cases [8]:
1. l = l2 − l2 = 0 and l = 0, only has P and R branches.
2. l = l2 − l2 = ±1, has P and R branches with a strong Q
branch.
3. l = l2 − l2 = 0 and l = 0, has P and R branches with a weak
Q branch which is not always observed experimentally.
The branches, P, Q and R occur when J = J  − J  is −1, 0 or
1 respectively. Additionally the selection rules for e/f parity apply: for P and R branches parity must be conserved (e ↔ e or f
↔ f) and for Q branch parity must be changed (e ↔ f). The possible ro-vibrational transitions between two vibrational levels are
illustrated in Fig, 1 assuming that all rotational levels exist, i.e.
that both v and v have l2 > 0. Care must be taken when dealing with cases 2 and 3 as the alternating parity of rotational numbers can create two different transition groups, one group with P,

Fig. 1. Possible ro-vibrational transitions between upper and lower levels.

R branches ending in e levels and Q branches ending in f levels
and another group with P, R branches ending in f levels with Q
branches ending in e levels. Separate treatment of the same transition is necessary especially for higher rotational numbers as the
separation between e and f levels becomes irregular and the two
groups become distinct in their spectral position.
3.5. Energy level ﬁtting
The energy EvJ of a level with vibrational quantum state v and
rotational state J have been ﬁtted using the least squares procedure
to the following expression:

EvJ = Gv + Bv [J (J + 1 )] − Dv [J (J + 1 )]2 + Hv [J (J + 1 )]3

(4)

Inevitably several ﬁts will be performed on the same level v , most
of which are discarded as only the ﬁt with the smaller squared
norm of the residual is kept. Some extrapolation may be required
as the ﬁt was performed between a Jmin and Jmax . If Jmin is higher
than l2 , the rotational numbers in between will be missing. For every level, Jmin is replaced by max(l2 , 1) if Jmax is odd or max(l2 ,
2) if Jmax is even. The differentiated treatment ensures that Jmin
is consistent with the rotational numbers parity. Jmax also needs
to be extrapolated as usually the highest rotational level is not
enough to cover the regions where the transition is not negligible. As such all ﬁtted polynomials are considered to be valid up to
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Table 2
Hönl-London factors from [8]. These factors are only valid
for l = −1, 0, 1.
Branch
P

l = 0

l = 0

(J +l2 )(J −l2 )

(J −1−l2 l )(J −l2 l )

(2J )l 2

(J +1+l2 l )(J −l2 l )(2J +1 )
2J  (J  +1 )
(J +2+l2 l )(J +1+l2 l )
2(J  +1 )

J 

Q

2

J  (J  +1 )
(J +1+l2 )(J +1−l2 )
J  +1

R



2J 

2

FJR ,J = 1 + A1 (J  + 1 ) + A2 (J  + 1 )2 + A3 (J  + 1 )3 .

Fig. 2. Total internal partition function obtained through direct summation versus
values from Osipov [75] and CDSD10 0 0 [73] and CDSD40 0 0 [6].

(8)

The Hönl-London factors and the ro-vibrational transition moments are fully determined through databases. However, the vibrational Einstein coeﬃcients and the Herman-Wallis coeﬃcients
A1 , A2 , A3 and AQ are not included and need to be computed. It is
worth mentioning that since the P and R branches share the same
coeﬃcients, the ﬁtting should be done simultaneously for the two
branches. Thus the least square ﬁtting procedure is applied to the
following equation:
 



Avv × FJ ,J −

Fig. 3. Fitting example for transition 0 0 011 → 0 0 0 01.

Jmax + 100. This ensures that most of the relevant levels are covered and the partition function is recovered. As validation of this
method, Fig. 2 presents the internal partition function calculated
by direct summation compared with values from literature [75],
CDSD10 0 0 [73] and of CDSD40 0 0 [6]. The partition function computed through this method is overlapped with the values from literature thus validating this approach.
3.6. Transition ﬁtting
Vibrational transitions are related to ro-vibrational transitions
through [5]:


 

 

Avv × Sll JJ × FJ ,J = AvvJJ

(5)
l  J



where Avv are the vibrational Einstein-A coeﬃcients, Sl  J the
v J 
Hönl-London factors, FJ ,J the Herman-Wallis factors and Av J the
ro-vibrational Einstein-A coeﬃcients. The Hönl-London factors account for the rotational separation of a vibrational transition into
P, Q and R branches and are normalized by the factor (2J  + 1 ).
These factors are summarized in Table 2. The Herman-Wallis effect
is a correction of the separation into rotational branches and is accounted for by the Herman-Wallis factor with a different form for
each rotational branch [8]:



FJP ,J = 1 − A1 J  + A2 J 2 − A3 J 3



FJQ ,J = 1 + AQ J  (J  + 1 )

2

2

(6)
(7)

AvvJJ
 

Sll JJ

= 0.

(9)

Figs. 3 and 4 present examples of transition ﬁtting using equation (9). Fig. 3 presents the ﬁtting of transition 0 0 011 → 0 0 0 01
which has a P and R branch while Fig. 4 presents the ﬁttings of
transition 01111 → 01101. In both cases the ﬁtting is able to
match very well the data contained in CDSD40 0 0. The reconstruction of these ﬁts can be seen in Fig. 5 where data is used to reconstruct the ro-vibrational information contained in CDSD40 0 0 and
HITRAN. This reconstruction provides some validation of the ﬁtting procedure ability to reconstruct the ro-vibrational information
from vibrational speciﬁc data, as transitions 0 0 011 → 0 0 0 01 and
01111 → 01101 are reconstructed without any obvious ﬂaws. The
perturbations in the high rotational levels in the P and R branches
are not reconstructed and when Jmax is extrapolated these perturbations are not reproduced.
3.7. Transition database creation
Transitions in CDSD40 0 0 are organized by their vibrational assignment excluding all the isotopes except the main one. The data
associated to these transitions is used in the ﬁt according to equation (9). Regarding the possible electric dipole transitions in CO2
the ideal case would be the following procedure:
1. First case is only ﬁtted once for P and R branches since no
Q branch exists.
2. Second case is ﬁtted once for P and R branches and another
time for Q branch if l2 or l2 are equal to zero. If this is not
the case, four ﬁts must be performed: one for P and R with
e symmetry, another for P and R with f symmetry, one Q
with e and another Q with f.
3. Third case is always ﬁtted four times as in the second case
when both l2 are greater than zero.
Some transitions have missing data or exhibit perturbations.
Due to this missing/perturbed data, not all transitions can be successfully ﬁtted. In a previous work [7], an attempt was done to
develop a universal ﬁtting approach. In this work, a different approach is considered where the data associated to transitions is
analyzed and then classiﬁed into different categories. Thus, transitions are classiﬁed into a ”usable” or ”non-usable” categories depending on how much missing/perturbed data has been identiﬁed.
Subjective merits such as the smoothness of the branches and the
shape of the curves are used when classifying transitions as well.
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Fig. 4. Fitting example for transition 01111 → 01101. On the left, P and R branches with lower symmetry of e and Q branch with symmetry of f. On the right, P and R
branches with lower symmetry of f and Q branch with symmetry of e.

Fig. 5. Reconstruction examples for ﬁtted quantities of transitions 0 0 011 → 0 0 0 01 (left) and 01111 → 01101 (right) compared against values from HITRAN and CDSD40 0 0.

Table 3
Total number of cases considered for re-ﬁtting divided by ﬁt case and category.
Category

Case 1

Case 2

Case 3

Total
Usable
Not Usable
Too small
Usable/Total(%)

4146
761
2206
1179
18.0

111,843
1720
42,054
68,070
1.5

88,863
1772
40,208
46,883
2.0

Additionally, a category for transitions which do not have more
than 20 points for P and R branches separately is used to ensure a
minimum amount of data is available for the ﬁt.
The number of vibrationally speciﬁc transitions, excluding
unidentiﬁed transitions, is approximately 2.5 million. In order to
reduce the considered dataset and as a ﬁrst approach, only transitions with v1 ≤≤ 4 are considered. Table 3 presents the total number of transitions that meet the criterion 0 ≤ v1 ≤ 4. The number
of transitions in each category (“usable”, “non-usable”) after classiﬁcation, as well as the percentage of usable transitions for each
case, are listed in Table 3. Each column represents one of the cases
for the possible electric dipole transitions for linear polyatomic
molecules. Here we only consider transitions on the 4.3μm spectral
region of the CO2 spectrum. The resulting database is comprised
by the upper and lower level assignments, Einstein coeﬃcients,
Herman-Wallis coeﬃcients and the lower level Wang symmetry.
For some transitions the Q branch data is missing. If this is the
case, the coeﬃcient AQ is considered to be zero. Convergence issues have been observed if A3 is considered in the equations to

be ﬁtted. As such, A3 was neglected and ﬁtting only occurred with
A1 , A2 and AQ . It was also found that ﬁltering out perturbations
and/or neglecting high rotational levels was required to obtain a
good quality of the ﬁts.
There is a way of reconsidering previously discarded transitions
as well as including transitions outside the scope of the ﬁrst classiﬁcation process. A script was developed to compute the absorption
for every ro-vibrational transition inside a speciﬁed spectral range
in CDSD40 0 0. By specifying a temperature and number density it
returns a list of transitions which are above a speciﬁed threshold of
absorption. This list can then be compared against the transitions
in CDSDv and missing transitions can be (re-) considered for classiﬁcation. This process may be iterated over different temperatures
and spectral ranges to improve accuracy. It also includes transitions
outside the previous criterion 0 ≤ v1 ≤ 4.
Transitions that are reconsidered for classiﬁcation will be classiﬁed again. In many cases it is impossible to ﬁt these as the data
does not have internal structure when seen through Eq. (9). In
these cases it is not possible to ﬁt any expression. These transitions may still be considered by averaging the RHS of Eq. (9) after
the removal of outliers by the interquartile range method, while
neglecting the inﬂuence of the Herman-Wallis factor:
 



Avv =

AvvJJ
 

Sll JJ

.

(10)

With this averaging method, we are able to obtain a list of vibrational Einstein A coeﬃcients. Databases such as CDSD and HITRAN
use a cut-off criteria for ro-vibrational transitions, deciding which
are included or discarded. Due to this cut-off criterion, the pro-
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Fig. 6. Absorption coeﬃcient for 1 atmosphere of pure CO2 at 20 0 0K of CDSDv with and without the Einstein coeﬃcient averaging. The right ﬁgure is convoluted with a 10
cm−1 wide rectangular apparatus function.

posed averaging will overestimate the average of Einstein coeﬃcients for a given transition. For now, only electric dipole transitions are included in the averaging process. Later on, transitions
with |l2 | > 1 may be added to CDSDv however this falls outside the scope of this work. Fig. 6 presents the difference in the
absorption coeﬃcient between a simulation with and without Einstein coeﬃcient averaging for 1 atm of pure CO2 at 20 0 0K with the
exact lineshape on the left and the convolution with a 10 cm−1
wide square apparatus function on the right. There is a noticeable impact by including the averaged transitions in the database.
This inclusion is necessary for better accuracy at higher temperature regimes. The results in this paper are obtained by retaining
the averaged transitions in CDSDv.
4. Comparisons against other databases
4.1. Absorption coeﬃcient
The absorption coeﬃcient for 1 atmosphere of pure CO2 was
computed using CDSDv in the spectral range of 145 to 5500 cm−1
at 296, 10 0 0, 20 0 0 and 30 0 0 K and compared with the results of
SPECTRA [76] using HITEMP. The results are plotted in Fig. 7. The
ﬁgures on the top present the results for the 296 and 10 0 0 K case.
In both ﬁgures, the peaks for the represented bands (left to right,
15, 4.3, 2.7 and 2.3 μm) are well matched as well as the wings of
these bands, especially in the case of 10 0 0K. The ﬁgures on the
bottom present the results for the 20 0 0 and 30 0 0K case in which
the absorption peaks are relatively well matched but CDSDv overestimates the inter-band region by several orders of magnitude.
This is the consequence of transition averaging that was introduced
in Section 3.7. Despite the overestimation in these regions, the
relative magnitude of the radiative peaks in these regions is low
when compared to the peaks located inside the spectral bands. At
20 0 0K, this difference is up to 2 to 3 orders of magnitude in the
worst case and is considered to be negligible. At 30 0 0K the difference can be less than one order of magnitude and it’s effect may
no longer be considered to be negligible in some spectral regions.
As a future update to the database, steps may be taken to ensure
the averaging procedure does not overestimate the “global” radiative intensity for the averaged transitions.
4.2. Radiative power
The total radiative power of CDSDv is assessed by comparing
the contribution of CO2 IR radiation for an equilibrium Martian-like
97% CO2 - 3%N2 mixture to other authors. This comparison is shown
in Fig. 8. The full lines are the contribution of CO2 IR radiation to

the total radiative power by Lino da Silva [26] in grey, by Perrin
et al. [43] in red and CDSDv in blue. The dashed lines in black and
red are the contribution of other systems relevant to the CO2 -N2
mixture. The three calculations of the contribution of CO2 radiative
power are in reasonable agreement. CDSDv slightly underpredicts
both results from Lino da Silva and Perrin et al., although the latter seems to approximate CDSDv on the low and high temperature
limits of the calculation.
4.3. Performance
The performance of the CDSDv database was assessed by using an in-house tool for the calculation of the emission and absorption spectra from the Dirac properties of radiative lines as described in [57] and in Section 3.2. The same calculation was also
performed using the CDSD40 0 0 database. In summary the process
in [57] sorts lines into “strong” and “weak” categories. Strong lines
are checked for coverage of other strong lines and processed by
explicitly computing the Voigt lineshape (if they are uncovered by
other lines). Weak lines are treated as pseudo-continuum. Performance largely depends on the distribution and number of strong
lines. Results for this calculation are summarized in Table 4. Each
set of results is one of four possible combinations between tight
and lax numerical parameters and a spectral range of 20 0 0–250 0
or 210 0–250 0 cm−1 . Tight and lax parameters refer only to the
threshold below which lines are considered weak and above are
considered strong. In each combination of parameters and spectral range the radiation of 1 atmosphere of pure CO2 is simulated
at 10 0 0, 20 0 0 and 30 0 0K corresponding to Time 1, 2 and 3 respectively. Also presented are the maximum RAM (Random-access
Memory) used in each simulation and the input ﬁle size. In Fig. 9
the ratios of calculation times and the ratio of strong lines between CDSD40 0 0 and CDSDv is plotted. Although this is not an
extensive performance test there are some trends that might be
suggestive of the general relative behaviour of both databases. The
ﬁrst trend is that increasing temperature decreases relative performance but always maintains it above one. At low temperatures the
performance difference is mostly impacted by the calculation of
the pseudo-continuum. CDSD40 0 0 with approximately 81 million
lines will underperform when compared to the 5 million lines in
CDSDv. At higher temperatures the calculation time is dominated
by the number of strong lines that need to be treated. In tests 2
and 3 the ratio of strong lines can be between 1.1 and 1.5 as shown
in ﬁg 9 which leads to performances usually below a factor of 2
better between CDSD40 0 0 and CDSDv. The second trend is that increasing the spectral range and retaining lax numerical parameters
leads to better performance of CDSDv. In a small spectral range the
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Fig. 7. Absorption coeﬃcient for 1 atmosphere of pure CO2 between 145 to 5500 cm−1 at 296 (top left), 10 0 0 (top right), 20 0 0 (bottom left) and 30 0 0K (bottom right) using
databases and tools for interpreting CDSDv and the online tool SPECTRA using HITEMP.

Table 4
Performance of CDSD40 0 0 and CDSDv using the method of described in [57] using tight or lax numerical parameters in a
spectral range of 210 0–250 0 or 20 0 0–250 0 cm−1 .
#

Parameters

1

Tight

2

Lax

3

Lax

4

Tight

Range (cm−1 )

Database

Time 1 (s)

Time 2 (s)

Time 3 (s)

Max RAM

# Lines

2100–
2500
2000–
2500
2100–
2500
2000–
2500

CDSDv
CDSD4000
CDSDv
CDSD4000
CDSDv
CDSD4000
CDSDv
CDSD4000

30.98
85.18
20.11
174.95
17.09
65.53
39.95
181.62

329.58
356.25
145.11
341.63
124.82
183.89
574.38
738.41

2855.43
3891.64
1007.92
1773.45
613.40
791.06
6846.50
12253.16

446.3 MiB
3.830 GiB
607.75 MiB
7.985 GiB
442.7 MiB
3.660 GiB
608.14 MiB
7.963 GiB

4,266,280
37,497,133
5,867,324
81,963,950
4,266,280
37,497,133
5,867,324
81,963,950

number of strong lines in CDSD40 0 0 and CDSDv will be approximately the same. With a greater spectral range and suﬃciently relaxed numerical parameters, (while maintaining safe margins for
faithful reproduction of the exact spectrum) a better global performance might be achieved. Something worth mentioning and not
shown by this performance check is that it would be impossible
to simulate a full spectrum of CDSD40 0 0 with the available computational resources as is done in Fig. 7. This can be done with
CDSDv and at least in a smaller spectral range, CDSDv is always
faster than CDSD40 0 0.
One last comparison was performed where the pseudocontinuum method is not used. The purpose of this test is to make

a direct comparison of the number of lines used in CDSD40 0 0 and
CDSDv and the computational times using the same thresholds but
without any numerical shortcut. In these simulations any line with
absorption and emission 105 times smaller than the highest absorption and emission of the entire ensemble of lines is discarded.
The temperatures 10 0 0, 20 0 0 and 30 0 0K are again considered in
the spectral range of 20 0 0–250 0 cm−1 . The results for this calculation are presented in Table 5. The total number of lines in
this spectral region are 5,823,586 for CDSDv and 81,963,950 for
CDSD40 0 0. Only a fraction of the total number of lines are used
in these calculations. At 10 0 0K both databases use a similar number of lines. CDSD40 0 0 takes 63 seconds compared with the 23
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Table 6
Test cases in Lemal et al. [77].

Fig. 8. Radiative Power for an equilibrium Martian-like 97% CO2 - 3% N2 mixture.
The full lines present the radiative power from IR CO2 while the dashed lines
present the radiative power from other radiative systems relevant to CO2 -N2 mixture. Data from Lino da Silva in [26], data of EM2C from [43].
Table 5
Performance comparison between CDSDv and CDSD40 0 0 for the calculation of 1 atmosphere of pure CO2 at 10 0 0, 20 0 0 and 30 0 0K. The
computational time is proportional to the number of lines considered
for the calculation.
Time (s)

Number of lines

Temperature

CDSDv

CDSD40 0 0

CDSDv

CDSD40 0 0

1000 K
2000 K
3000 K

23
445
1997

63
504
2873

35,314
565,066
2,230,224

35,832
662,118
3,416,204

seconds of CDSDv due to the time it takes to read the input ﬁle
of CDSD40 0 0. At 20 0 0K the calculation using CDSD40 0 0 takes almost a minute longer than CDSDv due to the overhead from reading a much larger input ﬁle and handling 10 0,0 0 0 more lines in the
calculation. At the highest temperature, CDSD40 0 0 takes approximately 45 minutes compared against the 30 minutes of CDSDv. The
difference in the number of lines is also very signiﬁcant with 2.2M
considered by CDSDv and 3.4M considered by CDSD40 0 0. Obviously, this comparison is inconsequential if the obtained spectra
are too different. Fig. 10 presents the absorption coeﬃcient obtained from the calculations of 1 atmosphere of pure CO2 at 10 0 0,
20 0 0 and 30 0 0K as in Table 5. The absorption coeﬃcients were
convolved with a 10 cm−1 rectangular apparatus function. For the
10 0 0 and 20 0 0K cases, the obtained spectra are quite similar but
in the 30 0 0K case there are signiﬁcant differences between the
CDSD40 0 0 and CDSDv absorption coeﬃcients. This is not necessarily a deal breaker, as the pressure and the typical dimension of the
system also come into play in determining how important radiative heating will be at this temperature. In the next section, applications of CDSD40 0 0 in the literature are reviewed and compared
against CDSDv.
5. Comparisons against experimental data
5.1. Transmittance
The transmittance of CDSDv was computed according to the
test cases presented in [77] which include simulations using
CDSD40 0 0 and experimental measurements. The conditions used
for these simulations are summarized in Table 6 where the lettered labels are the same as in [77]. The number density in each
case may be determined by N = xp/kB T where x is the fraction of

Label

T (K)

p (atm)

x (%)

L (cm)

 (cm−1 )

a
b
c
d
e
f
g
h
i
j
k
l
m
n
o
p
q
r
s
t
u
v
w
x
y

500
1000
1203
1300
1550
1770
298
500
1000
1300
1500
300
667
1000
1200
1300
1500
1771
2850
500
1000
1203
1473
1950
2300

1
1
1
1
1
1
1
1
1
1
1
0.66
0.5
1
1
1
1
1
1
1
1
1
1
1
1

100
100
43
100
50
18
100
100
5
100
100
6
11
100
100
100
53
17
24
100
100
43
1
53
49

54
50
54
50
50
54
95.3
53.3
40
40
7.75
5.14
9.64
50
7.75
50
7.75
54
2.34
53.4
50
53.7
50
3.12
1.67

30
30
40
35
10
30
10
15
15
10
25
50
10
12
30
50
10
54
20
7
6
3
5
5
5

CO2 . The transmittance τ is computed for a length L through:

τν = exp (−αν L )

(11)

where αν is the absorption coeﬃcient at position ν . The quantity
 is deﬁned in [77] as the spectral resolution which by itself is
poorly deﬁned in this context. In this work it was taken as a moving average window for post-processing of the exact result. The
results for these simulations can be seen in Figs. 11–14 for the
2.3, 2.7, 4.3 and 15 μm regions respectively. Most cases are well
matched with experiments and/or calculations. Two cases stand
out as almost or completely mismatched with either experiments
or calculations, case b) and s).
Case b) is in the 2.3 μm region shown in Fig. 11. In this region, CDSD40 0 0 does not perform particularly well against experimental values. For instance the region between 50 0 0–520 0 cm−1
is completely missed. It is not surprising therefore to see a case
where reﬁtted transitions from CDSD40 0 0 do not perform well. It
is surprising that the 50 0 0–520 0 cm−1 region is captured relatively
well by CDSDv in most cases. This might be purely coincidental
as beneﬁtial result of extrapolations of CDSDv beyond the cutoff
parameter of CDSD40 0 0 (since it is the lineshape routine which
adoptively manages these, instead of the databases). The region between 460 0–50 0 0 cm−1 is also generally well captured, close to
experiments and calculations except in case d) where it is close to
calculations but far from the experimental points.
In the 2.7 μm region, (Fig. 12) CDSDv performs very well against
experiments and calculations except in case i) where the absorption coeﬃcient is underestimated and thus, the transmittance is
overestimated.
The 4.3 μm region, shown in Fig. 13, displays also the other
worst case, s). Here, the gas temperature is already high enough
(2850 K) and the gas dimension small enough that any initial discrepancy is enhanced as per Eq. (11). The absorption has to be very
well estimated to capture the region where 0 < τν < 1 as it happens in case s) where transmittance is between 0.2 and 0.8 in the
region of 2050 − 2375 cm−1 . All other cases are close to experimental calculations and experimental measurements except case
l) where most points between 2300–2475 cm−1 are closer to the
CDSDv line than CDSD40 0 0.
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Fig. 9. Ratio of simulation times (on the left) and ratio of number of strong lines between CDSD40 0 0 and CDSDv for each case in Table 4.

Fig. 10. Absorption coeﬃcients for 1 atmosphere of pure CO2 at 10 0 0, 20 0 0 and 30 0 0K computed with CDSD40 0 0 and CDSDv. These results were convoluted with a 10 cm−1
wide rectangular apparatus function.

The last spectral region treated in this work, 15 μm is
shown in Fig. 14. In these cases CDSDv fares as well as or
better than CDSD40 0 0 as in cases w), x) and y). The reason
for this might be that calculations with CDSD40 0 0 are usually
performed with the Lorentzian HWHM coeﬃcients present in
the database. These coeﬃcients only account for self-broadening
and/or air-broadening. CDSDv does not assume any coeﬃcients

for Lorentz broadening relying instead on general expressions
that account for different collisional effects, including different mixtures than the ones used in CDSD40 0 0. Cases w), x)
and y) are cases where the gas mixture is not fully composed of CO2 and therefore, Lorentz broadening cannot be fully
accounted using self-broadening only as it is usually done in
CDSD40 0 0.
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Fig. 11. Transmittances for test cases listed in Table 6 compared against the same listed in [77] for the 2.3 μm region, cases a through f.

5.2. JAXA Mars entry condition
Measurements of IR radiation of CO2 were performed out in
JAXA expansion and shock tube facilities and reported in [79].
Pannier and Laux carried out a numerical and radiative analysis
using the code RADIS [80] and the CDSD40 0 0 database [78]. Fig. 15
displays the framework for the calculations carried out in [78]. The
line of sight is composed of three cells. The ﬁrst and the last have
the same size and gas conditions. Part of the work developed by
Pannier and Laux was to assess which conditions in the three cells
would make a better match for the experimental measurements.
The ﬁrst and last cells would be considered “freeﬂow” cells characterized by low pressure and non-equilibrium. The freeﬂow conditions were estimated by measurements performed with the line of

sight blocked by the model in the expansion tube. The conditions
in the freeﬂow were then determined to be: TCO = TCO2 = 2200K
and Tgas = Trot = 1690K at a pressure of 17 mbar with the molar
fraction of CO2 being 0.606 and CO 0.257. The center cell would be
the “forebody” region chracterized by a high-pressure shock wave,
thermal equilibrium and strong dissociation of CO2 . With the freestream conditions ﬁxed, the center cell is considered to be at T =
40 0 0K with a pressure of 1 bar. CO2 is mostly dissociated amounting to only 0.027 molar fraction and CO corresponds to 0.520 molar
fraction. The radiance is computed through the radiative transfer
equation:

Lνn =

n

αn

(1 − exp (−αn d ) ) + Lνn−1 exp (−αn d )

(12)
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Fig. 12. Transmittances for test cases listed in Table 6 compared against the same listed in [77] for the 2.7μm region, cases g through k.

where n is the emission coeﬃcient and α n the absorption coeﬃcient in the n-th cell and d is the length of the cell. The
absorption coeﬃcient calculated with CDSDv already includes
a self-absorption correction. Fig 16 shows the best case result
presented in [78] and brieﬂy described in this paragraph. It also
displays the same case computed with CDSDv and our in-house
radiation code (SPARK line-by-line). The experimental and numerical results are reproduced quite well by CDSDv. There is a small
underprediction in the tail region between 460 0–490 0 nm. According to the analysis carried out in [78] CO is the main radiator
in this region and a detailed comparison showed that out database
describing CO IR radiation might need an update. In the cases
described in this work however focus will be on CO2 radiation and
as such, an update on the CO database will be left for future work.

5.3. EAST Shock tube - MSL conditions
A shock tube experimental campaign was performed in the
Electric Arc Shock Tube (EAST) facility in NASA Ames Research Center to replicate the conditions experienced by the Mars Science
Laboratory (MSL) which landed on Mars in 2012. These series of
tests are known as EAST test suite 55. A work analysing the radiative heating experienced by MSL during atmospheric entry was
published by [2] which uses data from the aforementioned campaign to explain the measurements obtained by the MSL thermocouples embedded in the heat-shield. Data was taken from this
campaign from the conditions which most resemble the peak radiative heating, shots 9 and shot 30 and additionally shot 19 is also
considered in this work as a low pressure case the radiative signal
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Fig. 13. Transmittances for test cases listed in Table 6 compared against the same listed in [77] for the 4.3 μm region, cases l through s.
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Fig. 14. Transmittances for test cases listed in Table 6 compared against the same listed in [77] for the 15 μm region, cases t through y.

Fig. 15. Schematic for the calculation performed in [78] to reproduce the results
in [79].

of two different kinetic models. Table 7 presents the conditions inside the shock tube for each considered shot.
In the low pressure case (shot 19), using the in-house code
SPARK, the 1D shock relaxation is solved using Park’s kinetic
scheme described in [81] or Cruden’s kinetic scheme described
in [82]. Park’s kinetic scheme does not consider Ar and Cruden’s
kinetic scheme does not consider Ar and N2 and as such these
species were neglected in their respective simulations. From the
1D relaxation, the pressure, molar fractions, vibrational temperatures (shared by CO2 and CO) and gas temperatures are obtained
and the radiance of the ﬂow is obtained considering a 10.16 cm
tube (EAST dimensions). Eq. (12) is used to compute the radiance
without the additional term on the right hand side of the equation. Fig. 17 presents the measured and calculated radiance us-
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Table 7
Conditions and measured spectral region in EAST for shots 9, 19 and 30 of test 55. The molar composition is the same for all shots and all were performed at ambient temperature.
Shot #

Pressure (Torr)

Shock s peed (km/s)

Spectral Region (μm)

Molar composition

9
19
30

1.0
0.1
1.0

3.69
5.52
3.64

4.3
4.3
2.7

95.8% CO2
2.7% N2
1.5% Ar

Fig. 16. Measurement and calculation of radiance in the shocked ﬂow around a
model of a spacecraft. Experiments were carried out by [79] and the calculation
using CDSD40 0 0 by [78]. The calculation using CDSDv was performed for this work.

ing Park and Cruden kinetic models. The measured radiance was
smoothed out for aiding in visualization. The radiative signals from
Park and Cruden models are very similar for this shot. Both peak at
the same position and relax in comparable time scales. The postshock tail is also very close two centimeters after the shock. While
not completely in equilibrium in the measured distance after the
shock, there is a small difference in the equilibrium parameters
due to the inclusion of N2 in Park’s model. The experimental peak
is approximately twice the calculated peaks.
In the high-pressure case, using an equivalent stagnation line
proﬁle for the ﬂow, kindly ceded by B. Cruden, the aforementioned
treatment is applied with Eq. (12). Instead of the ideal 1D postshock ﬂow, the equivalent stagnation line accounts for diffusion
effects across the shock-wave as described in [83]. In Fig. 18 the
measured and calculated radiance of shots 9 and 30 are plotted.

Fig. 17. Measurements and calculations of the radiance for a shock-wave of a 0.1
Torr gas with a composition of 0.958 CO2 , 0.027 N2 , 0.015 Ar at 5.52 km/s.

Shot 9 was measured in the 4.3 μm region and shot 30 in the
2.7 μm region. The simulated shot 9 is in very good agreement
with the experimental results, the abrupt end in calculated signal
at the end is due to an early stop in the simulation. On the 2.7 μm
region there is no agreement with the experimental values and the
signal is not simulated fully along the test distance. The mismatch
between experiments and simulations in this spectral region is attributed to missing transition data in the 2.7 μm region of CDSDv.
5.4. Atmospheric plasma torch
In the work of Depraz et al. published in two parts [84,85],
an high-temperature CO2 microwave plasma is studied and characterized. The radiance of the plasma was measured at a height
h of 6 and 20 mm and also at different distances from the central chord of the plasma. These measurements are compared with

Fig. 18. Measurements and calculations of the radiance for a shock-wave of a 1 Torr gas with a composition of 0.958 CO2 , 0.027 N2 , 0.015 Ar at 3.69 km/s in the 4.3 μm
region (left) and 3.64 km/s (right) in the 2.7 μm region.
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Fig. 19. Temperature and molar fraction proﬁles for the cases where h = 6 mm and h = 20 mm in the atmospheric plasma torch experiment in [84] and [85].

Fig. 20. Measurements and calculations of the radiance of the atmospheric plasma torch in the 4.3 μm region at a h = 6 mm (left) and h = 20 mm (right). Calculations were
performed using CDSD40 0 0 and CDSDv.

Fig. 21. Measurements and calculations of the radiance of the atmospheric plasma torch in the 2.7 μm region at a h = 6 mm (left) and h = 20 mm (right). Calculations were
performed using CDSD40 0 0 and CDSDv.

calculations using CDSD40 0 0. In this work we will focus on the
measurements taken at different heights in the central chord.
Fig. 19 presents the radial proﬁle of the plasma torch. The continuous proﬁle was divided in ten cells and its conditions averaged
to yield the discrete proﬁle in Fig. 19. For this calculation the full
diameter proﬁle is taken, with the two cells closest to the center
merged, according to the line of sight. Again, Eq. (12) is used along
the line of sight with the self-absorption correction.
Fig. 20 presents the results for the 4.3 μm region at the two
heights, 6 (left) and 20 (right) mm. In this spectral region calcula-

tions were performed including and excluding the radiation from
CO. By including CO there is a non-negligible effect in the region
1200 − 2250 cm−1 . Most notably, the radiative peak is higher and
the region 1800 − 2050 is closer to experimental lines than the calculation without CO. CDSDv curves in the 2250 − 2400 cm−1 region
are matching CDSD40 0 0 quite well at h = 6 but fail otherwise. The
radiative peak, while close in magnitude, is blue shifted by a bit
less than 20 cm−1 . Both databases overestimate the experimental
measurements in the 2150 − 2400 cm−1 region. At h = 20 mm, the
analysis is similar, except the 2150 − 2400 cm−1 region is well pre-
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dicted by CDSD40 0 0 and overestimated by CDSDv. The peak is still
blue shifted by a similar value as in the h = 6 measurement.
Fig. 21 shows the results for the 2.7 μm spectral region. The
ﬁgure on the left is the measurement and calculation corresponding to h = 6 mm and the ﬁgure on the right to h = 20 mm. In this
region CDSDv underestimates the experimental and calculated results in the work of Depraz et al. The inclusion of CO in this region
does not change the radiative proﬁle signiﬁcantly and is therefore
deemed negligible.
The underestimation in the 2.7 μm region is attributed to transition data missing from CDSDv. A review of this spectral region
might improve the results for a better match with experimental
results. In the 4.3 μm region, where most time was devoted to
the construction of CDSDv, the situation is more complex. Although
there might be some missing information in the 1900 − 2150 cm−1
region, there might also be an issue with the reﬁtting procedure
carried out during this work. A better translation of the data contained in CDSD40 0 0 (in reﬁtting and averaging procedures) is possible and it could improve results to the point where a better
match with CDSD40 0 0 calculations would be achieved.

a relatively high-temperature are not always well reproduced by
CDSDv. These results may be improved by reworking the averaging procedure, the reﬁtting procedure in some circumstances and
by including more transition data in regions where these might be
lacking. As an example, preliminary tests have shown that extending the expressions for the Hermann–Wallis coeﬃcients, namely
adding a reciprocal term in Eqs. 6–8 (in the form of C/J where C
is a ﬁt parameter), may bring a non-negligible number of bands
currently considered to be unﬁtable back in the ﬁtable range. All
of these changes will be postponed to a future version of CDSDv.
The current version of CDSDv, is nevertheless considered mature
enough to be of use to the community.
CDSDv is part of the libre code SPARK line-by-line. Both can be
handed upon request [86].

6. Conclusions
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We have presented a method for reﬁtting ro-vibrationally speciﬁc radiative databases in the format of HITRAN, HITEMP, and
CDSD to vibrationally speciﬁc. We have applied this method to
the reﬁtting of CDSD40 0 0 and have branded the resulting database
CDSDv. The use of these compact databases carries several advantages over the original ones:
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•

•

•

•

•

Both level and transition databases ﬁt in an email attachment, two binary ﬁles 10.6 MB in total, 16.6 MB in ASCII
format.
The total number of ro-vibrational lines is greatly reduced in
the main spectral regions of interest. For example, in the 4.3
μm region, the 81 million lines from CDSD40 0 0 are reduced
to 5 million lines in CDSDv.
Possibility to separate vibrational and rotational modes with
individual temperatures.
This reduced number of lines leads to lesser computational
overheads, namely regarding memory and processing power.
While a full spectrum comparison could not be carried out
in this work, due to the large size of CDSD40 0 0, a standard laptop is able to simulate a full high-temperature CO2
infrared spectra in a reasonable time, using CDSDv.
Several experimental and calculated results were adequately
reproduced by CDSDv which may therefore be considered
experimentally validated.

Naturally, a few disadvantages also exist:
•

•

The reordering of the CDSD database from frequency-based
to quantum transition based may in some cases be a disadvantage, such as in atmospheric sensing applications, where
only a speciﬁc spectral window is of importance
In addition to the loss of accuracy already mentioned, it is
not possible to account for perturbations in the spectra using our method.

Owing to the aforementioned points, CDSDv is a database appropriate for the calculation of high-temperature, broadband CO2
radiation, such as in the case of Mars atmospheric entries. In some
cases it exceeds the performance of CDSD40 0 0, which can be attributed to the more generic methods applied for the calculation of
Lorentz broadening, whereas CDSD40 0 0 is more limited in the gas
mixtures selection, as regarding broadening mechanisms. In trying
to reproduce other results, CDSDv sometimes failed to achieve an
excellent match. Most notably, cases where CO2 can be found at
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