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Abstract. We update a fast method for calculating the global mean radiative efficiency (RE) for weak absorbers
(known as the Pinnock Curve). It is then employed to evaluate improved REs, for 30 halocarbons focusing
particularly on the low-wavenumber ( < 500 cm™!) contributions where laboratory measurements of absorption
cross-sections are scarce. The Pinnock Curve is updated using spectral line parameters from the HITRAN2020
database and the MT_CKD_4.3 water vapor continuum formulation. Halocarbon REs are evaluated by coupling
this update with infrared absorption cross section spectra evaluated by means of a quantum chemical proto-
col featuring a non-empirical inclusion of anharmonic effects in both transition frequencies and intensities and
accounting for conformer distributions. Recent revisions to the MT_CKD water vapor continuum coefficients de-
crease atmospheric opacity, producing a small increase in RE, which is counteracted by updates to line-by-line
spectroscopic parameters in HITRAN2020. These compensatory effects result in a small increase in halocar-
bon REs, with an average rise of ~ 0.3 %. Analysis of the low-wavenumber region shows that for the targeted
compounds it contributes no more than SmW m~2 ppb~! . On average, it amounts to 0.9 % of the total RE, but
reaches about 3 % for HFC-152a and HFC-161. Despite this modest magnitude, accurate treatment of this spec-
tral range is essential, as its impact is molecule-dependent and even small contributions can influence climate
metrics. For seven of the 30 gases considered here, the low wavenumber contribution to RE is more than 10
times greater than that calculated in earlier work.

Among the gases emitted into the atmosphere from anthro-
pogenic activities, halogenated compounds play an impor-
tant role in human-driven climate change. The combined ra-
diative forcing (RF) due to halogenated compounds is about
0.41Wm2, nearly 20 % of the current CO, effect (Forster
et al., 2023; Hodnebrog et al., 2020), despite their relatively
low atmospheric concentrations. Their impact arises from
strong ro-vibrational absorption bands associated with C-F

and C—Cl stretching motions, particularly between ~ 700 and
1200 cm™ !, where H,0, CO,, and O3 absorb less and Earth’s
thermal emission is strongest, making them powerful green-
house gases. Because of this, many halogenated compounds
have been included in international agreements aimed at re-
ducing greenhouse gas emissions from human activity.

A widely used metric to describe the greenhouse strength
of a gas, and consequently its climate impact, is the radiative
efficiency (RE), defined as the RF per unit change in mole
fraction. RE can be used to estimate RF given modeled or
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observed abundances of greenhouse gases. It is also a nec-
essary input to climate emission metrics such as the global
warming potential (GWP), which is the time-integrated RE
for the pulse emission of 1 kg of a compound relative to
that of the same emission of CO, over a chosen time hori-
zon. Therefore, any update to RE values affects GWPs by
the same proportion.

REs, and consequently GWPs, are usually derived us-
ing infrared (IR) absorption cross sections measured ex-
perimentally over the 500-3000cm~! range, leaving the
low-wavenumber IR region (i.e., wavenumbers below about
500cm™") relatively unexplored because of the intrinsic
challenges in acquiring the corresponding spectra. This low-
wavenumber region is, however, important because it repre-
sents almost 16 % of Earth’s thermal emission (Harries et al.,
2008; Feldman et al., 2014; Van Hoomissen et al., 2023).

In cases where experimental measurements are unavail-
able, quantum-chemical (QC) calculations can be used to es-
timate IR absorption cross sections (see Alvarado-Jiménez
and Tasinato, 2024). For this purpose, density functional the-
ory (DFT), and specifically global-hybrid density function-
als, within the double-harmonic approximation, has often
been used due to its simplicity and low computational cost
(Papasavva et al., 1995; Young et al., 2008; Blowers and
Hollingshead, 2009; Holtomo et al., 2019; Burkholder et al.,
2020). However, by neglecting anharmonic effects, this ap-
proach tends to overestimate transition frequencies and inten-
sities, and it ignores overtone and combination bands, as well
as frequency shifts and intensity borrowings due to vibra-
tional couplings (Boussessi et al., 2020; Pietropolli Charmet
et al., 2022b; Tasinato et al., 2012). For halogenated species,
the double-harmonic approximation can lead to errors of
20 %—-50 % (Burkholder et al., 2020), which propagate into
large uncertainties in REs and GWPs.

Recently, a new QC protocol relying on the use of
more accurate double-hybrid functionals and coupling an-
harmonic simulations with an automatic inclusion of con-
former distributions has been proposed. This strategy has
been shown to deliver REs with errors around 5% for
fluorinated and chlorinated organic compounds (Alvarado-
Jiménez and Tasinato, 2024), an accuracy that is retained
even in the low-wavenumber IR region (Alvarado-Jiménez
et al., 2025, 2026), thus making it a viable option when lab-
oratory spectra are unavailable.

For RE evaluations, and radiative transfer applications in
general, line-by-line (LBL) models, which resolve each spec-
tral line at high resolution (~0.01 cm™!), are the most ac-
curate way to describe radiance and transmission across the
electromagnetic spectrum. However, they are computation-
ally expensive when studying weak absorbers at very low
concentrations, especially as large numbers of halocarbons
now need to be considered (Hodnebrog et al., 2013, 2020).
Pinnock et al. (1995) developed a fast method, based on re-
sults from a narrow-band radiative transfer model (NBM),
which can be applied directly to laboratory measurements or
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QC-calculated IR absorption cross sections to evaluate RE
without the need for a radiative transfer code. This function
(the “Pinnock Curve”) describes the change in irradiance at
the tropopause caused by a given absorber. In its initial form,
this gave the instantaneous radiative forcing, without any
other change in the climate system. The RE of a molecule can
then be estimated by multiplying this function by the corre-
sponding IR absorption cross section. The original Pinnock
Curve has been updated several times, most notably by Hod-
nebrog et al. (2013) and Shine and Myhre (2020); the latter
paper added stratospheric temperature adjustment to the RE
calculation.

Since the Pinnock Curve depends on background atmo-
spheric opacity, which is modulated by the spectral proper-
ties of the main atmospheric gases, updates in their spec-
troscopic parameters affect the resulting RE values. Shine
and Myhre (2020) demonstrated how updates to the main
spectroscopic database of atmospheric molecules (HITRAN;
Gordon et al., 2017) and the MT_CKD water vapor con-
tinuum (Mlawer et al., 2019) impacted the Pinnock Curve.
Since then, there have been further HITRAN updates (HI-
TRAN2020 (Gordon et al., 2022) and HITRAN2024; (Gor-
don et al., 2026)). There have also been important updates
to the MT_CKD water vapor continuum (Mlawer et al.,
2023, 2024).

Motivated by these considerations, the purpose of the
present study is threefold: (i) to update the Pinnock Curve
to investigate how it is affected by recent revisions to the
MT_CKD and HITRAN; (ii) to assess the sensitivity of the
REs of selected halocarbons to these updates using QC-
simulated IR cross sections; and (iii) to provide new esti-
mates of the contribution of the 0-500 cm™! spectral region
to REs in order to evaluate their impact on climate metric
values.

The work is organized as follows: computational details
about the NBM used to compute the Pinnock Curve and the
QC simulation of IR absorption cross sections are given in
Sect. 2; the new Pinnock Curve obtained by including the lat-
est version of the MT_CKD water vapor continuum and the
HITRAN2020 line parameters is presented and discussed in
Sect. 3. The new curve is then coupled to QC-evaluated IR
absorption cross sections to provide updated estimates of the
far-IR contribution to REs for a range of selected halocar-
bons. Conclusions are given in Sect. 4. By combining up-
dated spectroscopic datasets with advanced QC predictions,
this work aims to provide a more consistent framework for
quantifying the climate impact of halogenated species and to
reduce uncertainties in their radiative properties.

2 Methods

2.1 Radiative forcing calculations

We employed the Reading NBM (Shine and Myhre, 2020)
for radiative transfer calculations. This model, which divides

https://doi.org/10.5194/acp-26-13069-2026



D. Alvarado-Jiménez et al.: Halocarbon radiative efficiencies

the spectrum into 300 bands with a resolution of 10cm™!
across the wavenumber range 0-3000 cm~!, was used to
calculate Earth’s irradiances (W m~2 cm). We sourced spec-
tral line parameters from the HITRAN 2016 (Gordon et al.,
2017) and 2020 (Gordon et al., 2022) databases, and used
the MT_CKD continuum model versions 3.2 (Mlawer et al.,
2019), 4.2 and 4.3 (Mlawer et al., 2023). To determine the in-
stantaneous RF (IRF) for a global and annual mean (GAM)
atmosphere, following Pinnock et al. (1995), we introduced
a weak absorber with a constant absorption cross-section of
1.0 x 10~'8 cm? molec.™! at all wavenumbers into the NBM.
This weak absorber was assumed to have a mole fraction of
1 ppb and to be uniformly mixed throughout the atmosphere.
To evaluate the spectral variation of the IRF of the GAM with
respect to the different HITRAN and MT_CKD versions, we
ran the radiative code twice: with the weak absorber (per-
turbed) and once without it (unperturbed). This approach was
possible because for the IRF the weak absorber only affects
the forcing in the specific wavenumber bands where it ab-
sorbs.

We also applied stratospheric temperature adjustment
(STA), since RF values that include STA have been shown
to be a more reliable predictor of surface temperature re-
sponse than IRF alone (Shine and Myhre, 2020). STA op-
erates on relatively short timescales (months), in contrast to
the decadal response of the surface—troposphere system. Al-
though this has been superseded by the Effective Radiative
Forcing (ERF), as the preferred definition of RF in recent
Intergovernmental Panel on Climate Change (IPCC) assess-
ments (Forster et al., 2021), the calculation of ERF requires
the use of complex Earth System Models which employ ra-
diative transfer schemes with low spectral resolution and in-
clude few halogenated gases, and so would be unsuitable
for the current assessment. The inclusion of STA makes the
calculation of spectral variations in RF considerably more
complex (Shine and Myhre, 2020). A perturbation by a halo-
carbon in one spectral region influences stratospheric emis-
sions by other gases — most notably CO,, O3, and H,O —
at other wavenumbers. As a result, the forcing signal for a
perturbation in absorption cross-section in one wavenumber
band extends across the entire IR spectrum rather than be-
ing confined to that wavenumber band. In practice, RF (with
STA) is calculated with the weak absorber confined to a sin-
gle wavenumber band, but STA must be performed across
all bands, requiring the procedure to be repeated for all 300
bands in the NBM.

Here, we first used the IRF using the single GAM atmo-
sphere to illustrate the effect of updates to HITRAN and
MT_CKD (Sect. 3.1), because of the much lower compu-
tational expense. To calculate the final updated version of
the Pinnock Curve (Sect. 3.2), including STA, we performed
separate calculations for tropical and extratropical profiles,
following the methodology of Shine and Myhre (2020) but
incorporating the most recent updates in the HITRAN and
MT_CKD. In each latitude regime the standard fixed dy-
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namical heating approximation was used; dynamical and so-
lar heating were assumed to balance the unperturbed long-
wave heating. When the weak absorber was introduced, dy-
namical and solar heating was held constant, and an iter-
ative procedure was applied to determine the temperature
adjustments required to restore balance. This approach has
been shown to reproduce global mean forcing values from
high spatial resolution calculations to within ~ 1 % (Myhre
et al., 2006; Freckleton et al., 1998). By contrast, Myhre and
Stordal (1997) reported errors exceeding 7 % when using a
single GAM atmosphere. The updated Pinnock Curve was
then used to refine the Oslo line-by-line IRF calculations re-
ported in Shine and Myhre (2020) .

HITRAN2024 (Gordon et al., 2026) was released after
most of the work reported here had been completed. We show
in Sect. 3.1 that its impact on IRF is modest compared to
changes due to HITRAN2020 and therefore do not include
its impact on RF calculations incorporating STA.

2.2 Quantum chemical calculations

The set of molecules considered in this study in-
cludes chlorofluorocarbons (CFCs), hydrochlorofluorocar-
bons (HCFCs), hydrofluorocarbons (HFCs), hydrofluo-
roolefins (HFOs), hydrofluoroethers (HFE), halons and bro-
momethanes. For these, IR absorption spectra were ei-
ther taken from the literature (Alvarado-Jiménez and Tasi-
nato, 2024; Alvarado-Jiménez et al., 2025, 2026) or ob-
tained through new QC calculations performed here. The
latter were carried out for Halon-1202 (CBr,F;), HFC-161
(C2HsF), HFC-236ea (C3HyFg), HFO-1234yf (C3HyFa),
HFO-1234ze(E) (E-C3H2F4), HFO-1234ze(Z) (Z-C3H2Fy),
and tribromomethane (CHBr3), following the same DFT
computational framework as introduced by Alvarado-
Jiménez and Tasinato (2024). Briefly, the double-hybrid den-
sity functional DSDPBEP86 (Santra et al., 2019) was applied
in conjunction with the jun-cc-pV(T+d)Z (Papajak et al.,
2011) basis set for C, H and F atoms, while bromine was
described by using the energy-consistent pseudopotential ba-
sis set aug-cc-pVTZ-PP (Peterson et al., 2003) downloaded
from the Basis Set Exchange library (Pritchard et al., 2019).
In passing, it should be noted that the use of differently aug-
mented basis sets for C, H, F and Br atoms has only a mild
influence on the vibrational frequencies and intensities of vi-
brations involving the first-row atoms. Some tests were car-
ried out for methylene bromide and tribromethane by de-
scribing all the atoms through the aug-cc-pVTZ basis, ob-
taining REs that agreed within 10~* W m~2 ppb~! with re-
spect to the combination of jun-cc-pVTZ (C,H) and aug-
cc-pVTZ (Br). Dispersion corrections were consistently in-
cluded through Grimme’s DFT-D3 scheme (Grimme et al.,
2010) with Becke-Johnson damping (Grimme et al., 2011).
Equilibrium geometries were optimized first, and harmonic
vibrational frequencies and IR intensities were then eval-
uated. Anharmonic contributions were incorporated using
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second-order vibrational perturbation theory (VPT2) (Pa-
pousek and Aliev, 1982), with cubic- and semi-diagonal-
quartic force constants and second- and third-order dipole
moment derivatives computed numerically from geometries
displaced along normal modes. The resulting anharmonic
wavenumbers and intensities were refined within the gen-
eralized VPT2 (GVPT2) framework (Barone, 2004; Bloino
et al., 2012; Puzzarini et al., 2019), which properly accounts
for resonance effects. All computations were carried out with
Gaussian 16 (Frisch et al., 2016).

For HFO-1234ze(Z), two conformers, both having Cg
point group symmetry, were considered to reproduce the
overall spectral bandshape, whereas for HFO-1234ze(E), al-
though both C; and Cs conformations exist, only the Cs form
was retained because the C; conformer is negligibly popu-
lated under the relevant thermal conditions (the conformer
distribution was evaluated at 298 K).

In addition to the above molecules, the molecular set
was completed by incorporating computed spectral data re-
ported in previous publications. Specifically, IR absorption
cross section spectra were taken from Alvarado-Jiménez
and Tasinato (2024) and Alvarado-Jiménez et al. (2025)
for the following halocarbons: CFC-113 (CF,CICCl,F),
CFC-115 (CCIF;CF3), CFC-12 (CCl;F,), CFC-13 (CCIF3),
Halon-1201 (CHBrF;), Halon-2301 (CH,BrCF3), Halon-
1211 (CBrCIF,), HCFO-1122 (CIHC=CF, ), HCFC-
132b (C2H2Cl12F;), HCFC-141b (CloCFCH3), HCFC-142b
(CF2CICH3), HCFC-22 (CF,CIH), HFC-125 (CF3CHF»),
HFC-134a (CF3CFH;), HFC-152a (CHF,CH3), HFC-32
(CH;F,), HFE-143a (CH3OCF3), HFO-1123 (C,F3H), and
methylene bromide (CH»Br,). These spectra were obtained
with the same computational protocol described above,
which has been shown to reproduce the RE of different
halocarbon families with mean deviations of ~5 % and up
to ~ 10 % for ethers. Furthermore, QC IR spectra of HFC-
236fa (C3H,Fs), HFC-245fa (C3H3Fs), and HFC-43-10mee
(CsF9Hy) were taken from Alvarado-Jiménez et al. (2026)
giving a total of 30 halocarbons. For HFC-236fa and HFC-
245fa, IR absoprtion cross section spectra were similarly
simulated at the DSDPBEP86-D3/jun-cc-pVTZ level of the-
ory, while for HFC-43-10mee a hybrid force-field approach
(Puzzarini et al., 2019) was used, in which DSDPBEP86-
D3/jun-cc-pVTZ harmonic frequencies and IR intensities
were mixed with anharmonic contributions derived using the
PW6B95-D3 functional (Zhao and Truhlar, 2005) in con-
junction with the jul-cc-pVTZ basis set. In particular, third-
and semidiagonal fourth-order derivatives of the potential en-
ergy surface, and second- and third-derivatives of the dipole
moment surface, were evaluated at the PW6B95-D3/jul-cc-
pVTZ level by displacing the atoms along the DSDPBEP86-
D3 vibrational displacement vectors to maximize the overlap
between the two sets of normal modes. This methodological
choice, which also stems from the accuracy of the two indi-
vidual methods (Barone et al., 2020; Alvarado-Jiménez and
Tasinato, 2024), offered a practical compromise between ac-
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curacy and computational efficiency in climate-related pre-
dictions (Alvarado-Jiménez et al., 2026).

The stick spectra resulting from the QC calculations are
provided in the Supplement. Based on previous investi-
gations (Alvarado-Jiménez and Tasinato, 2024; Alvarado-
Jiménez et al., 2025, 2026) for the RE calculations these tran-
sitions were convoluted with a Lorentzian line-shape func-
tion having a half-width at half-maximum (HWHM) of 5
or 30cm™! (mainly depending on the molecule’s molecu-
lar weight): the reader is referred to the cited literature for
halocarbons that appeared in previous works, while for those
newly considered here the HWHM was set to 30cm™! for
HFO-1234yf, HFO-1234z¢eE, HFO-1234zeZ and HFC-161,
and to 5cm™! for Halon-1202 and HFC-236ea.

2.3 Radiative efficiency calculations

REs of the targeted molecules were computed by feeding the
Pinnock Curve derived in this work as described in Sect. 2.1
into the in silico QC workflow to climate metrics together
with their IR absorption cross section spectra computed ac-
cording to the methodology outlined in Sect. 2.2. The calcu-
lation was carried out according to the formalism of Pinnock
et al. (1995), as given in Eq. (1):

N Vi2
RE:ZF;fai(a)dﬁ (1)
i=1 .

Vi1

where, F, é represents the global mean RF per unit cross sec-
tion for a weak absorber within the spectral interval i, rang-
ing in wavenumber from v; 1 to ¥; 2, while o; denotes the
IR absorption cross section integrated over the same range.
In the calculations, we employed RF including STA in bins
of 10cm™! across the spectral range from 0 to 3000 cm™!
(resulting in N = 300). In the following sections, contribu-
tions from wavenumbers below 500 cm™! are reported as a
percentage of the total RE values.

In order to account for non-uniform vertical and horizontal
gas distributions, updated REs over the 0-3000 cm™! range
were obtained by applying an adjustment depending on the
molecule’s atmospheric lifetime (7). Following the proce-
dure proposed by Hodnebrog et al. (2020), REs were scaled
according to

2.96270-9312

J) =117 004009 @
and
f(r)=1-0.18267 0333 (3)

depending on whether the main removal pathway is ei-
ther photolysis in the stratosphere (typically for fully halo-
genated species) or degradation by hydroxyl radicals (for H-
containing halocarbons). Atmospheric lifetimes were taken
from WMO (2022).
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Uncertainties in RE stem from several independent
sources: as noted by Hodnebrog et al. (2013, 2020), typi-
cal contributions are approximately ~ 5 % from the radiation
scheme and clouds, 3 % from water vapor and temperature
profiles, 5 % from the tropopause height, and 1 % from tem-
poral and spatial averaging. Based on the assessment carried
out with respect to experimental data (Alvarado-Jiménez and
Tasinato, 2024), QC IR absorption cross sections, computed
according to the adopted computational approach, contribute
with an average uncertainty of about 5 %. Finally, tropo-
spheric adjustments (not accounted here) which are needed
to calculate ERF contribute a further estimated uncertainty
of 13 % (Forster et al., 2021).

3 Results and discussion

3.1 Influence of updates in spectroscopic parameters
and water vapor continuum on the radiative forcing
function

Spectroscopic parameters catalogued in the HITRAN
database and the opacity linked to the water vapor contin-
uum are fundamental elements in radiative transfer models.
As a result, updates to these quantities are regularly intro-
duced and thoroughly assessed (Gava et al., 2024; Mlawer
etal., 2019, 2023, 2024). The discussion here considers spec-
troscopic updates since those that were discussed by Shine
and Myhre (2020).

In the first part of this work, we examine how revisions
to HITRAN and MT_CKD affect the spectral IRF using the
GAM atmosphere. First, to illustrate the overall role of the
continuum, Fig. 1 shows the impact of including and exclud-
ing the MT_CKD_4.3 water vapor continuum on the Pinnock
Curve. Although absorption due to the water vapor contin-
uum is less significant within water vapor bands, it plays a
larger role in the window regions, where it frequently domi-
nates over absorption from water vapor spectral lines. Hence,
in those spectral regions, the continuum becomes the domi-
nant factor in wavenumber-averaged absorption, especially
in clear-skies (Gava et al., 2024; Mlawer et al., 2023). As
can be noted in Fig. 1, the largest effects of including the ab-
sorption due to water vapor continuum in the NBM radiative
transfer model are found in the 200-600cm~! region and
around 720-1200 cm™!, where it leads to a reduction of the
IRF by about 6 % and 4 %, respectively.

Shine and Myhre (2020) reported calculations up to and
including MT_CKD 3.2. Since then, there have been several
updates affecting both the self and the foreign continuum and
its temperature dependence (Mlawer et al., 2023, 2024) in the
0-3000cm™! region. The most recent version available on
the HITRAN website is MT_CKD_4.3. This is used here but
we note that the changes between versions 4.2 (discussed in
Mlawer et al., 2024) and 4.3 do not affect the spectral region
of interest here. In particular, the version 4.2 revisions cor-
rected an overestimation of self continuum coefficients, par-
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ticularly in the 70-700 cm™! range of version 3.2 (Mlawer
et al., 2019), which had previously resulted in higher down-
welling long-wave flux at the surface and reduced outgo-
ing long-wave radiation. As illustrated in Fig. 2, MT_CKD_
4.3 generally leads to a reduction in water vapor continuum
absorption and increased atmospheric transparency, as also
pointed out in previous studies (Gava et al., 2024; Mlawer
et al., 2024), resulting in an increase in RF when a weak ab-
sorber is introduced, with changes that are not uniform across
the entire spectrum. However, the absolute increase is small,
peaking at about 1 % near 500cm™".

Next, we assessed the effects that updates in spectroscopic
parameters, as implemented in the 2020 and 2024 releases
of the HITRAN database (Gordon et al., 2022, 2026), have
on the Pinnock Curve. HITRAN2020 introduced significant
updates in transition frequencies, intensities and broadening
parameters of H>O and its isotopologues. It also adjusted the
CO; line list in the 580-750cm™! range and it employed
a combination of data from new laboratory and theoretical
works to obtain consistent intensities of O3 bands and in-
crease the quality of the spectroscopic parameters for in-
dividual spectral lines. By comparing the IRF function ob-
tained by using HITRAN2020 and HITRAN2016 (see Fig. 2,
bottom panel), it is seen that these updates generally lead to
a more opaque atmospheric profile, thus reducing the IRF
in, for example, the O3 band around 1000 cm~! and in the
tail of the water vapor rotational band in the 500cm™! re-
gion. Again, the absolute impact on the IRF small, and is
generally 2% or less. Changes due to HITRAN2024 (see
Fig. 2, bottom panel) are much smaller than those result-
ing from HITRAN2020; they are concentrated around 550
and 1200 cm™!, due to updates to N> O spectral data and near
425 cm™! due to small changes in H,O spectral data. As ex-
plained in Sect. 2.1, the impacts of these small changes due to
HITRAN2024 are not included in the remainder of the paper.

Interestingly, the differences reported in the bottom panel
of Fig. 2 suggest that the combined effect of changes in both
the HITRAN spectroscopic parameters and in the water va-
por continuum formulation to some extent compensate each
other.

3.2 Impact of stratospheric temperature adjustment on
the updated radiative forcing function

In this section, we present an updated version of the Pinnock
Curve, obtained by using the HITRAN2020 spectroscopic
dataset together with the MT_CKD_4.3 continuum model,
adjusted for STA as shown in Fig. 3, and are provided in
the Supplement. As explained in Sect. 2.1, NBM calculations
described above were repeated using three representative at-
mospheres: one for the tropics and one each for the north-
ern and southern extratropics. Shine and Myhre (Shine and
Myhre, 2020) showed the impact of using multiple profiles
rather than a single GAM atmosphere on the Pinnock Curve
(see their Fig. 5).
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Figure 1. IRF as a function of wavenumber for a global mean atmosphere considering a O—1 ppb increase in mixing ratio of a weak absorber
obtained by including or excluding the water vapor continuum (wvc) coefficients from the MT_CKD_4.3 model. The difference between the
resulting Pinnock Curves is also shown.
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Figure 2. Top: IRF as a function of the wavenumber at which a weak absorber is present for a global mean atmosphere and a 0—1 ppb
increase in mixing ratio using different versions of the MT_CKD water vapor continuum (MT_CKD_3.2 and MT_CKD_4.3) together with
spectroscopic parameters taken from HITRAN2016 (Hitran16) and HITRAN2020 (Hitran20) revisions. Bottom: difference between the IRF
functions obtained from different combinations of MT_CKD and HITRAN releases.

To obtain the final updated Pinnock Curve, derived by IRF results, to account for HITRAN and MT_CKD changes
using HITRAN2020 and MT_CKD_4.3 and accounting for and then multiply by the ratio of RF (including STA) and
STA, we adapt the method described in Shine and Myhre IRF from the new NBM results, to account for the impact
(Shine and Myhre, 2020). We first multiply the Oslo line-by- of STA. The spectrally resolved RF estimates introduced by
line (LBL) IRF results by the ratio of the new and old NBM Hodnebrog et al. (2013) are more accurate than NBM results
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Figure 3. Adjusted RF as a function of wavenumber for a 0—1 ppb increase in the mole fraction of a weak absorber. Results including the
STA obtained in this work are compared with those of Shine and Myhre (2020); the lower panel shows their difference.

and provide higher spectral resolution. Nonetheless, as noted
earlier, it is not computationally feasible to incorporate STA
directly into LBL calculations for calculations of the Pinnock
Curve.

3.3 Halocarbon radiative efficiencies: Impact of updated
radiative forcing curve and low-frequency
contributions

The updated Pinnock Curve was employed to evaluate the
effects of updates to HITRAN and MT_CKD on REs of
halocarbons. According to Eq. (1), to estimate the RE of
a molecule using the method developed by Pinnock et al.
(1995), two key quantities are required: (i) the Pinnock Curve
including STA and (ii) the absorption cross section of the
molecule.

In this subsection, we first illustrate the impact of the up-
dated Pinnock Curve on RE using our QC-determined cross-
sections over the entire 0-3000cm™' spectral region. We
then isolate the RE contribution from the low-wavenumber
(0-500cm™"') spectral region, as this is the region where
experimentally-determined values are generally not avail-
able, and compare this with the previously presented QC cal-
culations over the same spectral range from Van Hoomissen
et al. (2023). Finally, we use our new low-wavenumber QC
calculations to update the 0-3000cm™! values of RE pre-
sented in WMO (WMO, 2022).

For the first step, to test the impact of the updated Pinnock
Curve, the integrated absorption cross-sections obtained by
integrating QC-simulated IR absorption spectra of the seven
additional halocarbons introduced in the molecular dataset in

https://doi.org/10.5194/acp-26-13069-2026

the present work (see Sect. 2.2) are listed in Table 1 together
with the corresponding experimentally derived values taken
from the literature. For consistency, the same integration
ranges (also specified in Table 1) as in the experimental in-
vestigations were adopted. The comparison between QC and
experimental band strengths demonstrates that the QC pre-
dictions closely reproduce experimental measurements also
for the additional molecules. The largest deviation is ob-
served for HFC-161 for which the experimental value is over-
estimated by 14 %. This apparently large (but still accept-
able) percentage error is due to the relatively small integrated
band intensity of this molecule (2.7 x 10~!7 cm molec.™!):
indeed, when considering absolute deviations, the difference
between QC predictions and experiment amounts to only
0.3 x 1077 cm molec.~!. A similar situation is noted for tri-
bromomethane, for which the percentage deviation is 11 %
that actually corresponds to only 0.4 x 10™!7 cm molec.~! in
absolute terms.

On average, the mean deviation over the full set of 30
molecules considered is 7 %, consistent with previous QC
estimates (Alvarado-Jiménez and Tasinato, 2024; Alvarado-
Jiménez et al., 2025; Melosso et al., 2025; Alvarado-Jiménez
et al., 2026), performed by adopting the in silico protocol
to calculate climate metrics recently developed by Alvarado-
Jiménez and Tasinato (2024). This agreement further sup-
ports earlier findings that the use of the DSDPBEP86/jun-cc-
pV(T+d)Z method and the non-empirical inclusion of both
mechanical and electrical anharmonicity enhances the accu-
racy of calculated transition frequencies and intensities, for
both fundamental- and for two-quanta-transitions (Tasinato
et al., 2012; Carnimeo et al., 2013; Tasinato et al., 2017;

Atmos. Chem. Phys., 26, 13069-13082, 2026
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Table 1. QC and experimental integrated absorption cross-sections (10~17 cm molec. 1) for the halocarbons newly considered in the present

D. Alvarado-Jiménez et al.: Halocarbon radiative efficiencies

work. The integration interval and the percentage difference between QC and experimental values is also reported.

Molecule Range (cm_l) QC calc. Exp. Reference Diff.
Halon 1202 575-3000 13.18 12.60  Sharpe et al. (2004) 5%
HFC-161 450-1600 2.74 2.40  Sihra et al. (2001) 14 %
HFC-236ea 680-1320 17.44 17.20 Gierczak et al. (1996) 1%
HFO-1234yf 400-2500 1820 16.80  Tokuhashi et al. (2018) 9%
HFO-1234ze (E) 500-1900 20.74  19.90  Orkin et al. (2010) 4%
HFO-1234ze (Z) 400-2500 20.06 18.80 Zhang et al. (2015) 7 %
Tribromomethane 600-3000 3.90 3.50  Sharpe et al. (2004) 11 %

Barone et al., 2020), which is then transferred to REs and
GWPs. In passing, it has to be noted that the latter ones also
depend on atmospheric lifetimes that, when not available ex-
perimentally, can be reliably computed by adopting suitable
QC protocols relying on composite schemes and some form
of variational transition state theory (Rais et al., 2024, 2023).

Figure 4 illustrates the total REs of all species included
in the set of halocarbons, comprising contributions from
both the medium-IR (namely 500-3000cm~') and low-
wavenumber (< 500cm™!) regions. The figure compares
two sets of REs: (i) those estimated using the Pinnock Curve
from Shine and Myhre (2020), shown in purple, and (ii) those
obtained with the updated curve presented in Sect. 3.2, in
light blue. Lifetime adjustment was not incorporated into
these RE values in order to separately assess the impact of the
Pinnock Curve update. Overall, a slight increase in the REs
can be seen for all halocarbons analyzed, with an average
increase of about 0.3 %. Focusing on the low-wavenumber
region, a small increase of similar magnitude can be re-
ported on average amounting to 1.0 x 107> W m~2 ppb~!
or about 0.3 %. The increase in the REs was expected, as
recent adjustments to the water vapor self-continuum re-
duced atmospheric opacity within the 8—12 um atmospheric
window. Our results are consistent with those reported by
Shine and Myhre (2020) when comparing RF functions ob-
tained by using HITRAN2016 and MT_CKD_3.2 with the
respective previous versions. Although the latest HITRAN
and MT_CKD releases introduced significant updates, the
changes tend to offset one another, producing compensatory
effects as pointed out earlier (see Fig. 2). As a result, they
only lead to a marginal modification of the Pinnock Curve
and, consequently, to REs.

In the next step, for the target set of halogenated hydrocar-
bons, we estimated the portion of the RE stemming from the
IR absorption cross sections below 500 cm™!. RE values due
to the low-wavenumber region and their relative contribution
to the total RE are presented in Table 2, where available lit-
erature results, obtained from harmonic QC calculations at
the wB97X-D/def2-TZVPPD level of theory (Van Hoomis-
sen et al., 2023) are also reported. As can be seen by in-
specting Table 2, the low-wavenumber contributions are usu-
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ally small, below 1% for most molecules and, focusing on
the present results, only for HFC-152a and HFC-161 do
they exceed 2 %. By comparing our results with those of
Van Hoomissen et al. (2023) (penultimate column of Ta-
ble 2), a higher low-wavenumber contribution to the REs
can be seen, with the exception of HFC-236fa and HFC-
245fa. The most important differences are noted for HFC-
152a, HFC-236fa and HFC-245fa for which the RE due to the
spectral region below 500 cm™! are determined in the present
work to be 3.0%, 0.3 % and 1.8 %, respectively, whereas
according to Van Hoomissen et al. (2023) they amount to
0.06 %, 4.8 % and 2.8 %.

At this point one may wonder whether these differences
are due to the different Pinnock Curve’s adopted in the two
works, or whether they can be attributed to the different QC
protocols. As demonstrated in the previous section, the up-
dated Pinnock Curve does not introduce significant changes
in the REs, compared to the previous RF curve (Shine and
Myhre, 2020), even when the low-wavenumber region is
considered separately. Moreover, the consistency between
QC estimates of REs using different RF functions with ex-
perimental measurements (Alvarado-Jiménez and Tasinato,
2024) also suggests that variations in RE are more affected
by the underlying IR absorption cross sections than modifi-
cations to the Pinnock Curve. Therefore, the origin of the dif-
ferences is very likely due to the different approaches used in
the QC estimation of the IR absorption cross section spectra.

While RE estimates based on experimentally acquired IR
spectra are usually carried out in the 500-3000cm™!, be-
cause low-wavenumber experimental data are very scarce,
for four molecules, i.e. HCFC-132b, HFC-236fa, HFC-
245fa,and HFC-43-10mee IR absorption cross sections have
been measured down to about 150 cm ™!, and used to estimate
the corresponding RE contribution (Alvarado-Jiménez et al.,
2025, 2026). According to these analyses, the experimentally
determined proportion of the total RE due to the vibrational
absorption in the region below 500cm™! is 0.3 %, 0.3 %,
1.9% and 0.8 % for HCFC-132b, HFC-236fa, HFC-245fa
and HFC-43-10mee, respectively. The correspondimg values
for the QC calculations (Table 2) are 0.9 %, 0.3 %, 1.8 %
and 0.8 % respectively. Hence, for HCFC-132b the low-
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Figure 4. REs (W m—2 ppb_l, left axis scale) determined using the updated Pinnock Curve (blue bars) and that of Shine and Myhre (2020)
(purple bars) for 30 halocarbons. The percentage differences between the two sets of REs are also reported (green triangles, right axis scale).
Values presented here use QC calculations of absorption cross-section over the entire 0—-3000 em™~! spectral region.

wavenumber contribution appears slightly overestimated by
QC calculations, but an excellent agreement is found for the
three HFCs. Interestingly, while the lowest lying fundamen-
tal band of HFC-32, due to the v4 normal mode, is centered at
5283 cm™! (Tasinato et al., 2012), a low-wavenumber con-
tribution of 7 x 10™* Wm~2ppb~! (ca. 0.5 %) is predicted
from the present QC simulations. By inspecting the experi-
mental IR cross-section spectrum (Tasinato et al., 2012), it is
indeed seen that the tail of the v4 band extends down to about
430cm™!, and the experimental REs measured over the 400—
500cm~! amounts to 2.4 x 107* W m~2 ppb—! (ca. 0.2 %).
The capability to correctly predict this very small contribu-
tion stemming from the tail of a vibrational band gives fur-
ther confidence in the accuracy of QC computations reported
here. The close agreement between anharmonic QC simu-
lations and laboratory experiments (Alvarado-Jiménez and
Tasinato, 2024; Alvarado-Jiménez et al., 2025, 2026) high-
lights the importance of including anharmonic contributions
in the simulations in a non-empirical way for both transition
frequencies and intensities, since purely harmonic treatments
may give apparently accurate results, while masking the lack
of important physical effects.

Finally, the last column of Table 2 reports the updated
total 0-3000cm™! radiative efficiency values, obtained by
adding the low-wavenumber contribution (in absolute terms)
determined here to the RE determined using experimentally-
measured cross-sections in the 500-3000 cm™! range taken
from the literature, and by applying the lifetime correction
described in Sect. 2.3. Tropospheric adjustments, which were
added to CFC-11 and CFC-12 in WMO (WMO, 2022), are
not included.

https://doi.org/10.5194/acp-26-13069-2026

4 Conclusions

It is important to assess the impact of updates in spectro-
scopic parameters collected in dedicated databases such as
HITRAN, and improved descriptions of the water vapor con-
tinuum absorption on calculations of the radiative efficiency
of halogenated gases. Even if the impact of these updates is
small, it is necessary to ensure that they are properly docu-
mented. This is particularly so in the 8—12 um atmospheric
window where halogenated gases exert much of their radia-
tive forcing.

In this work, an updated RF function for weak ab-
sorbers, i.e. the Pinnock Curve, has been computed, which
incorporates line-by-line spectroscopic parameters from HI-
TRAN2020 and the MT_CKD_4.3 water vapor continuum
absorption together with STA. The new global mean RF was
then employed to evaluate improved REs for a set of 30 halo-
carbons with the aim of assessing the contributions stemming
from IR absorption cross sections in the low-wavenumber
region, i.e. the 0-500cm™! spectral range, which is partic-
ularly challenging for experimental investigations. For this
purpose, IR absorption cross section spectra and REs have
been simulated by exploiting a recently proposed QC pro-
tocol relying on the use of the DSDPBEP86 density func-
tional and the non-empirical inclusion of anharmonic effects
in both transition frequencies and intensities and an auto-
matic exploration of the molecular conformational space.

Interestingly, while adjustments to MT_CKD led to a re-
duced opacity this is counteracted by revisions in the HI-
TRAN, overall leading to a modest impact on the resulting
Pinnock Curve. This then leads to a modest change in the
halocarbons REs which show a small increase — around 0.3 %

Atmos. Chem. Phys., 26, 13069-13082, 2026
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Table 2. QC anharmonic radiative efficiency (RE, W m~—?2 ppb_l) in the low-wavenumber (Low-v) region (< 500 em™ D), percentage contri-
bution to the total RE (0-3000 crnfl) from this work and the literature (and the ratio of these two columns), and updated REs including the
low-v results from this work and experimental literature values for the 500-3000 em™~! region.

Name RE (This work)® ~ Low- (This work)® ~ Low-¥ (Lit.)°  RETnis work/RE{; ~ RE°
CFC-11 0.0014 0.53% 0.02 % 26.60 1 0.261
CFC-113 0.0023 0.73 % 0.19 % 3.87 4 0.304
CFC-115 0.0020 0.61% 0.14 % 438 1 0.248
CFC-12 0.0013 0.40 % 0.04 % 10.06 1 0.321
CFC-13 0.0011 0.37 % 0.03 % 12.30 4 0.279
Halon 1201 0.0012 0.68 % 0.02 % 34.13 4 0.123
Halon 2301 0.0014 0.89 % 0.16 % 5.54 ¢ 0.135
Halon-1202 0.0003 0.08 % 0.01 % 8.16 1 0.272
Halon-1211 0.0013 0.44 % 0.02 % 22.15 4 0.301
R-1122 0.0010 0.92 % NA - 0.109/
HCFC-132b 0.0018 0.93 % 0.57 % 1.66 1 0.1688
HCFC-141b 0.0024 1.50 % 1.12% 134 4 0.162
HCFC-142b 0.0020 1.02% 0.46 % 2221 0.195
HCFC-22 0.0011 0.51% 0.17 % 2.99 4 0.215
HFC-125 0.0023 0.93 % 0.17 % 5.44 4 0.236
HFC-134a 0.0018 0.96 % 0.30 % 3.21 4 0.168
HFC-152a 0.0038 3.00 % 0.06 % 50.04 4 0.014
HFC-161 0.0013 2.93% 2.78 % 1.05 4 0.016
HFC-236ea 0.0021 0.74 % 0.41 % 1.81 4 0.268
HFC-236fa 0.0009 0.32% 4.82% 0.07 | 0.252h
HFC-245fa 0.0049 1.81% 2.77 % 0.65 | 0.249h
HFC-32 0.0007 0.58 % 0.00 % - 0.112
HFC-43-10mee 0.0030 0.69 % 0.49 % 1.41 4 0.3600
HFE-143a 0.0026 1.08 % 0.67 % 1.61 4 0.191
HFO-1123 0.0015 1.34% 0.82 % 1.63 1 0.002
HFO-1234yf 0.0017 0.71% 0.17 % 4.16 1 0.000
HFO-1234z¢(E) 0.0033 1.18% 0.79 % 1.50 4 0.046
HFO-1234z¢(Z) 0.0025 1.03% 0.16 % 6.46 1 0.021
Methylene Bromide 0.0001 0.69 % 0.02 % 34.72 4 0.000
Tribromomethane 0.0002 0.90 % 0.00 % - 0.002

2 RE in the 0-500 cm ™! region obtained according to present QC calculations. b Relative low-wavenumber contribution to the total RE obtained
according to QC calculations. © Relative low-wavenumber contribution to the total RE obtained according to present Van Hoomissen et al. (2023). d
Ratio between the relative low-wavenumber contribution to the total RE obtained according to present work and that from Van Hoomissen et al.
(2023). © RE in the 500-3000 cem~! taken from WMO (2022), except when explicitly indicated, with the RE at wavenumbers less than 500 cem™!
taken from this work (second column). f Experimental RE value obtained from Pietropolli Charmet et al. (2022a); lifetime correction was excluded. &
Experimental RE value from 155-3000 cm™! obtained from Alvarado-Jiménez et al. (2025). Experimental RE value derived by combining data in
the 130-500cm™! range from Alvarado-Jiménez et al. (2026) with the remaining spectral information from WMO (2022). NA: not available.

— compared with those obtained using the previous version of
the Pinnock Curve.

The REs due to the low wavenumber region for the range
of halogenated compounds targeted in the present study have
been determined to be in the range 0-0.5mW m~2 ppb~!,
corresponding to contributions within about 1.5 % (and typi-
cally lower than 1 %) to the overall RE for most halocarbons.
Only for HFC-152a and HFC-161 does the far-IR spectral
range have a larger influence of about 3 %. Comparison of the
present results for the low frequency REs with available QC
estimates has revealed some significant differences which we
attributed to the use of the double-harmonic calculations and
the wB97X-D functional in earlier, rather than the more de-
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tailed method used here. For many gases, the low frequency
contribution is more than 10 times greater than that calcu-
lated in the earlier work.

Furthermore, the good agreement between the present
non-empirical QC predictions — including anharmonic ef-
fects and conformer populations — and available experimen-
tal data at low wavenumbers (Alvarado-Jiménez et al., 2026)
provides confidence in the low-wavenumber contribution
presented here. This provides further confidence in the ap-
plicability of our in silico workflow when experimental data
are scarce or missing, which is often the case in the far-IR
region.
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By further narrowing existing uncertainties, this study pro-
vides a robust framework for future updates to international
climate assessments and highlights the value of integrated
experimental-computational approaches to obtain accurate
spectral data. This remains important for radiative transfer
models and hence for climate simulations and for assessing
the impact of anthropogenic greenhouse gas emissions which
is of importance for effective climate policies and strategies
for mitigation.

Code and data availability. The stick spectra from the QC cal-
culations and the updated Pinnock Curve are provided in the Sup-
plement. HITRAN spectral line data and MT_CKD continuum
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