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a b s t r a c t

Self- and N2-broadening coefficients of H2CO have been retrieved in both the 3.5 and 5.7-mm

spectral regions. These coefficients have been measured in FT spectra for transitions with

various J (from 0 to 25) and K values (from 0 to 10), showing a clear dependence with both

rotational quantum numbers J and K. First, an empirical model is presented to reproduce the

rotational dependence of the measured self- and N2-broadening coefficients. Then,

calculations of N2-broadening of H2CO were made for some for 3296 n2 transitions using

the semi-classical Robert–Bonamy formalism. These calculations have been done for various

temperatures in order to obtain the temperature dependence of the line widths. Finally, self-

and N2-broadening coefficients, as well as temperature dependence of the N2-widths has

been generated to complete the whole HITRAN 2008 version of formaldehyde (available as

supplementary materials).

& 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Both the 3.5 and 5.7mm spectral regions of formaldehyde
are used for the optical detection of this molecule in the
atmosphere [1–11]. The importance of the 3.5 and 5.7mm
regions of formaldehyde (H2CO) has been presented in our
previous work [12], in which line intensity measurements
and calculation have been performed in both spectral regions.
These new calculations [12] have been used to update and
complete the HITRAN 2008 edition [13] on formaldehyde. For
a more accurate detection of formaldehyde in the atmo-
sphere, the knowledge of accurate air-broadening coefficients
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is necessary as well as their temperature dependence. Spectra
of formaldehyde broadened by N2 have been recorded in
Paris (LADIR) using a Bruker HR-120 FT-spectrometer. Both
self- and N2-broadening coefficients have been measured for
numerous transitions in both spectral regions, allowing the
observation of rotational dependences with respect to both
J and K rotational quantum numbers. A polynomial expansion
has been used to reproduce the measurements and their
rotational dependences. Theoretical calculations of N2-broad-
ening of H2CO were performed for 3296 n2 transitions using
the semi-classical Robert–Bonamy formalism. These calcula-
tions have been done for various temperatures in order to
obtain the temperature dependence of the line widths. The
goal of this work is to complete the HITRAN line list of
formaldehyde with both self- and N2-broadening coefficients,
as well as with the N2-broadening temperature dependence.

The experimental conditions of the spectra recorded
in this work are detailed in Section 2. The measurements
are presented in Section 3 together with the poly-
nomial expansion used to model them. The theoretical
calculation of N2-broadening coefficients is detailed in
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Section 4 while Section 5 presents a comparison with the
measurements obtained in this work and others works.
Section 6 treats of the temperature dependence as
extracted from the optimized theoretical calculations.
Finally, the generation of a complete line list for form-
aldehyde at 3.6 and 5.7mm in HITRAN format [13] is
presented in Section 7 and will be made available as
supplementary materials.

2. Experimental details

All the experimental spectra used in this work have been
recorded using the Bruker IFS 120 HR Fourier transform
spectrometer of LADIR in Paris. For all spectra, the instrument
was equipped with a MCT photovoltaic detector, a Ge/KBr
beamsplitter, and a Globar source. The whole optical path
was under vacuum, and a 0.8 mm entrance aperture diameter
was used. No optical filter has been used in order
to measure both the 3.6 and 5.7mm spectral regions of form-
aldehyde absorption with the same spectra. The recorded
spectral domain is located between 1400 and 4000 cm�1.
Each spectrum was the result of the co-addition of 100
interferograms (an over sampling ratio of 8 has been used
by post-zero filling the interferograms, but no numerical
apodization has been performed). A 30 cm stainless steel cell
Table 1
Experimental conditions of the recorded spectra.

Spectrum

No

Pressure of H2CO

(hPa)

Pressure of N2

(hPa)

Temperature

(K)

1 0.480 297.7

2 0.536 297.2

3 0.577 297.8

4 0.657 298.3

5 0.491 14.76 298.6

6 0.556 19.76 298.7

7 0.587 28.65 298.3

8 0.658 37.94 298.6

Absorbing sample: Natural H2CO (98.624% of H2C16O); Estimated purity

�98.9 %. Experimental conditions: SNR=75–100; Absorption path=30 cm.
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Fig. 1. Self-broadening co
closed by two KBr windows has been used. More details on
the experimental set-up can be found in Ref. [12]. The
experimental conditions of spectra used in this work are
summarized in Table 1.

3. Measurements

3.1. Data reduction

Based on the 4 experimental spectra recorded with pure
H2CO gas (see conditions in Table 1 for spectra 1–4), the
multispectrum fitting procedure described in Ref. [14] has
been used to retrieve the line positions, intensities, and self-
broadening coefficients [12]. The Voigt profile has been used
to retrieve line parameters and no significant signatures have
been observed in the residuals of the fit. In order to avoid
polymerization, low pressures of H2CO have been used.
Consequently, even in the case of quite large self-broadening
coefficients (around 0.5 cm�1/atm), the determination of
these coefficients cannot be very accurate. For spectra 5–8,
recorded for a mixture of H2CO–N2, the contribution of the
self-broadened widths is not completely negligible. In a
first step the self-broadening coefficients have been obtained
from spectra 1–4 and modelled using a polynomial expansion
that allowed reproducing the rotational dependence with
respect in J and Ka of the lower state of the transitions
(see Section 3.2). In the following, the notations J, Ka and Kc

are the quantum numbers associated to the lower state of the
transition. When performing the fit of spectra 5–8, the self-
broadening coefficients were constrained to the values
obtained from the empirical polynomial expansion described
later in Section 3.2.

Finally, 284 and 368 self-broadening coefficients have
been retrieved respectively, in the 5.7 and 3.6-mm spectral
regions, respectively, and 280 and 456, N2-broadening coeffi-
cients in the same spectral regions, respectively. All these
measurements have been gathered in Table A1 and A2 (see
supplementary data), given as supplementary materials and
are plotted versus J in Fig. 1 for the self-broadening coeffi-
cients, and in Fig. 2 for the N2-broadening ones. These figures
show a clear rotational dependence with respect to J.
J
20 25 30

efficients versus J.
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The large dispersion of the measurements in these figures
partially hides the rotational dependence with respect to Ka.
Indeed, when measurements for same J values are plotted
versus Ka, a Ka rotational dependence is revealed for both self-
and N2-broadening coefficients. For a set of broadening
coefficients with same value of J, the widths decrease with
increasing Ka. Such dependence has already been pointed out
for other molecules [15–22]. As an example, this dependence
is plotted in Figs. 3 and 4 partially hides for the self- and
N2-broadening coefficients, respectively, for the same J value
(J=8). Let us recall that the spectra have been recorded with
low pressures of formaldehyde in order to avoid polymer-
ization. As a consequence, the self-broadening coefficients are
not determined as accurately as the N2-broadening coeffi-
cients. The accuracy for the self-broadening coefficients is
estimated to range between 10 and 20%, whereas for the
N2-broadening coefficients it has been estimated to be
between 5 and 10%. For both self- and N2-broadening coeffi-
cients, no rotational dependence has been observed with
0
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Fig. 2. N2-broadening co
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Fig. 3. Rotational dependence with respect to K2
a for self-broadening coefficien

1SD as error bars, whereas the continuous line is the quadratic polynomial exp
respect to the Kc quantum numbers or with the type of tran-
sitions (corresponding to various values of DJ, DKa, or DKc).

3.2. Empirical polynomial expansion

An empirical polynomial expansion has been used to
reproduce both the J and Ka rotational dependence for the
self- and N2-broadening coefficients measured in this
work. Such a model has already been presented pre-
viously for CH3Br [22]. Each set of the same value of J was
fit with a quadratic polynomial expansion in Ka (with first
order term constrained to zero):

gJðKaÞ ¼ a0
J þa2

J K2
a ð1Þ

Example of the rotational dependence versus Ka (for
J=8) is plotted in Fig. 3 for the self-broadening coefficients
and Fig. 4 for the N2-broadening ones. The two parameters
a0

J and a2
J have then been plotted versus J in Figs. 5 and 6

for the self- and N2-broadening coefficients, respectively.
J
5 20 25 30

efficients versus J.

Ka
2

30 40 50

ts with J=8. Black squares are the experimental values of this work with

ansion fit using Eq. (1).
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The continuous line in Figs. 5 and 6 corresponds to a
smoothing of the values deduced from experimental
measurements. The smoothed values of a0

J and a2
J are

given in Table 2 and can be used to generate broadening
parameters for J and Ka values ranging from 0 to 30 and
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Fig. 4. Rotational dependence with respect to K2
a for N2-broadening coefficient

1SD as error bars, whereas the continuous line is the quadratic polynomial exp
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Fig. 5. Parameters a0
J and a2

J deduced from the fit of the measured self-broaden

symbolizes a manual smooth of these parameters.
0 to 7, respectively. In Figs. 7 and 8 are plotted, for Ka

equal to 0 to 7, both experimental broadening coefficients
and the calculated ones using Eq. (1) with the parameters
of Table 2. Also present in Fig. 8 are the calculated half-
widths. Note as Ka

00 increases the calculations do not agree
Ka
2

30 40 50

s with J=8. Black squares are the experimental values of this work with

ansion fit using Eq. (1).

J

J
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ing coefficients using Eq. (1). The error bars are 1SD. The continuous line
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J deduced from the fit of the measured N2-broadening coefficients using Eq. (1). The error bars are 1SD. The continuous line

symbolizes a manual fit of these parameters.
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as well with the measurements. This could be due to the
quality of the wavefunctions from diagonalizing the
Watson Hamiltonian for high J and Ka states. It is also
noted that the adjustment of the intermolecular param-
eters (see below) in the calculations was done fitting to
data with Ka

00 r3.
The a0

J parameters represent the J dependence of the
broadening parameters for Ka=0, whereas the a2

J para-
meters describe the influence of the rotational quantum
number Ka on broadening parameters. Despite the
important dispersion of the measurements, especially
for the self-broadening coefficients, the a0

J and a2
J para-

meters reproduced quite well the rotational depend-
ences in Figs. 3, 4, 7 and 8. A part of the scattering of
the broadening coefficients in Figs. 1 and 2 is due to the Ka

rotational dependence of the widths modelled by the a2
J

parameters.

4. Theoretical calculation for N2-broadening coefficients

4.1. The complex Robert–Bonamy formalism

The calculations made here are a complex implemen-
tation [23–25] of the semi-classical theory of Robert and
Bonamy [26]. The complex Robert–Bonamy (CRB) form-
alism produces the half-width and line shift from a single
complex calculation. In this formalism the half-width, g,
and line shift, d, of a ro-vibrational transition f’i are
given by minus the imaginary part and the real part,
respectively, of the diagonal elements of the complex
relaxation matrix [27,28]. In computational form g and d
are expressed in terms of the Liouville scattering matrix:

ðg�idÞ ¼
n2

2pc
/v½1�e�

RS2ðf ;i;J2 ;v;bÞe�iIS2ðf ;i;J2 ;v;bÞ�Sv;b;J2
ð2Þ

where n2 is the number density of perturbers and /Sv;b;J2

represents an average over all trajectories (impact para-
meter b and initial relative velocity v) and initial
rotational state J2 of the collision partner. S2=RS2+ iIS2 is
the second order terms in the successive expansion of the
scattering matrix, which depends on the ro-vibrational
states involved and associated collision induced jumps
from these levels, on the intermolecular potential and
characteristics of the collision dynamics. Note, Eq. (2)
generally contains the vibrational dephasing term, S1,
which arises only for transitions where there is a change
in the vibrational state. The potential leading to S1 is
written in terms of the isotropic induction and London
dispersion interactions which depend on the vibrational
dependence of the dipole moment and polarizability of
the radiating molecule. These parameters are not avail-
able for H2CO and the S1 term has been omitted from the
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Table 2

Parameters a0
J and a2

J retained for the calculation of the self- and N2-

broadening coefficients using Eq. (1).

J Self-broadening coefficients N2-broadening coefficients

a0
J a2

J a0
J a2

J

0 0.518 0.0 0.1390 0.0

1 0.518 0.175 0.1440 0.0

2 0.551 0.054 0.1388 �0.00040

3 0.530 0.0 0.1340 �0.00170

4 0.515 0.0 0.1297 �0.00130

5 0.510 �0.00654 0.1259 �0.00100

6 0.570 �0.00921 0.1225 �0.00088

7 0.623 �0.00648 0.1195 �0.00070

8 0.650 �0.00485 0.1168 �0.00060

9 0.666 �0.00400 0.1145 �0.00048

10 0.665 �0.00300 0.1126 �0.00041

11 0.650 �0.00230 0.1109 �0.00032

12 0.625 �0.00178 0.1095 �0.00026

13 0.598 �0.00120 0.1084 �0.00020

14 0.560 �0.00075 0.1075 �0.00016

15 0.520 �0.00040 0.1067 �0.00001

16 0.482 �0.00013 0.1062 �0.00005

17 0.450 0.0 0.1058 0.0

18 0.410 0.0 0.1055 0.0

19 0.380 0.0 0.1054 0.0

20 0.340 0.0 0.1053 0.0

21 0.300 0.0 0.1053 0.0

22 0.250 0.0 0.1053 0.0

23 0.209 0.0 0.1053 0.0

24 0.190 0.0 0.1052 0.0

25 0.190 0.0 0.1052 0.0

26 0.190 0.0 0.1050 0.0

27 0.188 0.0 0.1048 0.0

28 0.188 0.0 0.1040 0.0

29 0.188 0.0 0.1040 0.0

30 0.188 0.0 0.1040 0.0

D. Jacquemart et al. / Journal of Quantitative Spectroscopy & Radiative Transfer 111 (2010) 1209–12221214
calculation. Note also, for collision systems with a strong
electrostatic component, like H2CO–N2, the effect of the S1

term on the half-width often tends to be small. The exact
form of the S2 term is given in Refs. [23–26].

The intermolecular potential used in the calculations is
comprised of an electrostatic component (dipole and quad-
rupole moments of H2CO with the quadrupole moment of N2

or with the dipole and quadrupole moments of H2CO) and an
atom–atom component. The initial heteronuclear Lennard–
Jones parameters for the atomic pairs are determined using
the ‘‘combination rules’’ of Hirschfelder et al. [29]. The atom–
atom distance, rij is expressed in terms of the center of mass
separation, R, via the expansion in 1/R of Sack [30] using the
formulation of Neshyba and Gamache [31] expanded to
eighth order.

The dynamics of the collision process use Robert and
Bonamy’s [26] second order in time approximation to the
true trajectories, which are based on the isotropic part of the
intermolecular potential. These curved trajectories have been
shown to accurately model the true trajectories [32].
4.2. Parameters for the H2CO–N2 collision system

The wavefunctions used to evaluate the reduced
matrix elements are obtained by diagonalizing the
Watson Hamiltonian [33] in a symmetric top basis.
The wavefunctions for the ground vibrational state of
H2CO are determined using the Watson Hamiltonian
constants of Muller et al. [34] and those for the n2

vibrational state use the Watson constants of Perrin [35].
The molecular constants for N2 are from Huber and
Herzberg [36].

The molecular constants used in the calculations are as
follows: The dipole moment is from the work of Fabricant
et al. [37], m=2.33 D. The quadrupole moments are from
Kukolich [38] here reported with H2CO in the IR representa-
tion: Qxx=�0.26970.20�10�26 esu, Qyy= +0.32957
0.12�10�26 esu, Qzz=�0.060570.16�10�26 esu. The
quadrupole moment of nitrogen is from Mulder et al. [39],
Qzz=�1.470.1�10�26 esu. The starting atom–atom para-
meters were obtained using the standard combination rules
with the atom–atom parameters for homonuclear diatomics
determined by Bouanich [40] by fitting to second virial
coefficient data. In the calculations, the atom–atom poten-
tial is expanded to eighth order in the molecular centers of
mass separation.

The input Lennard–Jones atom–atom parameters are
not as well known as the other parameters; the e values
can vary by 30% and the s values by 5% depending on the
source and the e values can vary by 69% and the s values
by 9% depending on whether they were derived using
viscosity data or virial data [29]. Depending on how the
values were derived it is possible to find examples in
the literature where the parameters for the same inter-
action pair differ by factors of 2. Thus it appears reason-
able to adjust the atom–atom parameters and/or the
resulting trajectory parameters provided there are reliable
experimental data to fit to. To accomplish this, the
measured spectra were studied to identify transitions
for which we had high confidence in the measurement.
This analysis yielded 39 transitions for the H2CO–N2

system.
For H2CO–N2 there are 6 atom–atom parameters (eHN,

sHN, eCN, sCN, eON, and sON) that need to be adjusted.
Starting from the combination rule values, see Table 3,
individually each epsilon or sigma value was increased by
5% and calculations made. These results were compared to
the values calculated using the combination rule values
yielding a sense of how the half-width varies with the
atom–atom parameters. Using these changes as a guide
the parameters were varied and calculations made and
compared with the 39 measured half-widths (see com-
parisons between the measured and calculated values in
Table 4). After 14 iterations the percent difference went
from the initial value of �11.1 to a final value of 0.1. The
final atom–atom parameters for the H2CO–N2 system are
given in Table 3. Note, the adjustment of the atom–atom
parameters was done without the use of a least-squares
technique due to the complexity of the atom–atom
potential and the time required for a single calculation
(�4 h).
4.3. Calculation of half-widths at various temperatures

A file of 3713 transitions in the n2, n3, and n5 bands of
H2CO [35] in the frequency range 1620–1840 cm�1 atm�1
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Fig. 7. Self-broadening coefficients measurements are plotted (solid squares) for each value of Ka (from 0 up to 7). The error bars are 1SD. The continuous

line represents calculation based on an empirical expansion (see Eq. (1)) and parameters of Table 2.
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Fig. 8. N2-broadening coefficients measurements are plotted (solid squares) for each value of Ka (from 0 up to 7). The error bars are 1SD. The continuous

line represents calculation based on an empirical expansion (see Eq. (1)) and parameters of Table 2. Open triangles are the theoretical calculation using

the Complex Robert–Bonamy Formalism for DKa=0 transitions (see Section 4).

D. Jacquemart et al. / Journal of Quantitative Spectroscopy & Radiative Transfer 111 (2010) 1209–12221216
was taken and 3296 n2 transitions extracted for this
study. Complex Robert–Bonamy calculations of the half-
width were made at 7 temperatures (200, 225, 275, 296,
350, 500, and 700 K) by solving Eq. (2). The calcula-
tions are for transitions with J=0–41 and Ka=0–16. The
half-widths at 296 K range from roughly 0.02–0.128,
a factor of 6.4.
The power law model for the temperature dependence
of the half-width was given by Birnbaum [41] by
considering a one term intermolecular potential and all
on-resonance collisions giving

gðTÞ ¼ gðT0Þ
T0

T

� �n

ð3Þ
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Table 3
Initial and final atom–atom parameters for the H2CO–N2 collision

systems.

Interacting pair einitial/kB (K) efinal/kB (K) einitial (Å) efinal (Å)

H–N 20.45 13.2925 2.99 1.9435

C–N 33.75 21.9375 3.42 2.223

O–N 43.88 28.5220 3.148 2.0462

Table 4
Measured and calculated N2-broadening coefficients (in cm�1 atm�1)

noted Exp and Calc, respectively, for the 39 chosen lines.

Rot0 Rot00 Exp Calc Dif

23 1 23 24 1 24 0.10360 0.10025 3.2

21 3 18 22 3 19 0.11000 0.10917 0.8

21 3 19 22 3 20 0.11150 0.10702 4.0

17 0 17 18 0 18 0.10760 0.10106 6.1

16 2 15 17 2 16 0.10750 0.10667 0.8

15 2 13 16 2 14 0.10620 0.11147 �5.0

18 2 17 17 2 16 0.10670 0.10595 0.7

18 2 16 17 2 15 0.10550 0.11069 �4.9

19 2 18 18 2 17 0.10660 0.10530 1.2

20 0 20 19 0 19 0.10660 0.10032 5.9

23 3 21 22 3 20 0.10800 0.10665 1.3

25 1 25 24 1 24 0.10460 0.09976 4.6

23 3 20 22 3 19 0.10840 0.10880 �0.4

24 1 23 23 1 22 0.10460 0.10324 1.3

12 0 12 12 1 11 0.10740 0.11244 �4.7

22 1 22 23 1 23 0.09760 0.10039 �2.9

19 3 17 20 3 18 0.10830 0.10741 0.8

16 0 16 17 0 17 0.09840 0.10188 �3.5

14 2 13 15 2 14 0.10280 0.10768 �4.7

12 2 10 12 1 11 0.10330 0.11304 �9.4

14 0 14 13 1 13 0.10850 0.10485 3.4

15 2 13 16 3 14 0.10940 0.11162 �2.0

2 0 2 3 0 3 0.13470 0.12574 6.7

15 1 15 16 0 16 0.10360 0.10279 0.8

19 0 19 19 1 18 0.10660 0.10436 2.1

16 1 15 16 2 14 0.09860 0.11080 �12.4

22 3 20 21 3 19 0.10080 0.10705 �6.2

23 3 21 22 3 20 0.10100 0.10665 �5.6

24 1 24 23 1 23 0.10440 0.10017 4.1

3 1 3 2 0 2 0.13110 0.12331 5.9

22 2 20 22 1 21 0.10240 0.10655 �4.1

9 3 6 9 2 7 0.10810 0.10889 �0.7

18 4 15 18 3 16 0.10530 0.10767 �2.3

25 0 25 24 1 24 0.10750 0.09970 7.3

20 2 19 19 1 18 0.10040 0.10669 �6.3

21 2 20 20 1 19 0.10350 0.10617 �2.6

13 2 11 12 1 12 0.10530 0.11008 �4.5

17 4 14 16 3 13 0.10540 0.10791 �2.4

17 4 13 16 3 14 0.09930 0.10775 �8.5

Rotational quantum numbers (J, Ka, Kc) are given for both the upper state

(Rot0), and the lower one (Rot00). Dif is the Exp–Calc difference in %.
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where n is called the temperature exponent. While
modern calculations use hundreds of terms in the
intermolecular potential, Eq. (3) remains a reliable model
for many systems. However, the correctness of Eq. (3)
does need to be tested as discussed below.

The temperature exponent does depend on the
temperature range of the fit [42,43]. Here, the tempera-
ture exponent was determined for each transition by a
least-squares fit of ln[g(T)/g(T0)] vs ln[T0/T] using five
(200–350 K) and seven (200–700 K) temperatures of
the study. The error in the temperature exponent was
determined as follows: The temperature exponents were
calculated using the half-width values at any two of the
temperatures studied. For example, with seven tempera-
tures this yields twenty-one 2-point temperature expo-
nents. The difference between each 2-point temperature
exponent and the least-squares fit value is calculated.
The error is taken as the largest of these differences. While
this procedure tends to yield the maximum error in the
temperature exponent, given the nature of the data and
other uncertainties it is thought to be more reasonable
than a statistical value taken from the fit.

The half-widths at 296 K are plotted versus an energy
ordered index (J(J+1)+Ka�Kc+1) in Fig. 9 where the plot
symbols are the Ka values. The roughly vertical columns in
the figure are data with the same J. There appears to be
some structure with respect to the Ka with the largest
half-widths belonging to transitions with the smallest Ka

values. However, no simple propensity rule to accurately
predict half-widths can be derived from the data.

5. Comparisons

Fig. 10 shows the measured half-widths from Refs.
[48–51] and this work and the calculated half-widths
versus J+0.9(Ka/J). The star symbols are the measure-
ments of the n3 band transitions by Cline and Varghese
[48], The square symbol is the measurement of Burkart
and Schramm on the 41 4’51 5 transition in the n1 band
[49], the open circle with the plus sign symbol is the
measurement of the 31 3’31 2 transition in the rotation
band [50], the open plus sign symbol is the measurement
of the the 30 3’31 3 transition in the n4 band by Nadler
et al. [51], the solid triangles are the measurements of this
work (plotted only for transitions with Ka=0–3). All the
measurements have the associated error bars plotted
as well. The solid circles are the CRB calculations of the
half-widths for n2 transitions (plotted only for transitions
with Ka=0, 1, 2 and 3). The plot shows the data of refs.
[49] and [51] are low compared with the other measure-
ments. It is not certain if this is an effect of vibrational
dependence of the half-widths for these two transitions.
The data of Ref. [48] agree somewhat with the measure-
ments made here at low J but the data above J=8 have
smaller values than the measurements made here. The
calculated half-widths are lower than the measurements
made here for low J. For JZ5 the agreement is good.
Overall the calculations have a 3.3% difference when
compared with 354 measurements.

6. Temperature dependence of the half-width

The temperature dependence of the N2-broadened
widths is necessary to describe accurately the atmo-
spheric spectra of H2CO. No measurements have been
performed in this work or in literature, so that the theore-
tical calculation presented in this paper has been used to
derive the temperature dependence coefficients.

The temperature dependence of the N2-broadened
half-widths was determined for the 3296 n2 band
transitions studied in this work using the power law
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Fig. 9. H2CO N2-broadened half-widths at 296 K plotted versus an energy ordered index (J(J+1)+Ka�Kc+1) where the plot symbols are the Ka values.

Fig. 10. Comparison between the measured and calculated N2-broadened half-widths of H2CO at 296 K, and measurements from literature. Note that

data are shifted as a function of reference so that they do not overlap.
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formula, Eq. (3). The ‘‘rule-of-thumb’’ expression for the
temperature exponent given by Birnbaum [41] for a
‘‘dipole–quadrupole’’ system, such as H2CO–N2 states that
n=5/6.

Some recent studies have shown that for certain types
of radiator–perturber interactions the power law model
is questionable. Wagner et al. [44] have observed that
for certain transitions of water vapor perturbed by air, N2

or O2 the power law does not correctly model the
temperature dependence of the half-width. This fact was
later demonstrated by Toth et al. [45] in a study of air-
broadening of water vapor transitions in the region from
696–2163 cm–1. In both studies it was found that the tem-
perature exponent, n, can be negative for many transi-
tions. In such cases the power law model, Eq. (3), is not
completely correct. The mechanism leading to negative
temperature exponents is called the resonance overtaking
effect and was discussed by Hartmann et al. [46], Wagner
et al. [44], and Antony et al. [47]. Thus, in this work the
applicability of the power law model was tested.
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Fig. 11. Temperature exponent of the 1915 5’1815 4 transition obtained for the two temperature ranges.
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The values for the temperature dependence of the
N2-broadened half-width go from roughly 0.83–0.10.
While the range in values is large, there are no negative
temperature exponents for this collision system. As stated
above the temperature exponents were calculated for
2 temperature ranges; 200–350 K, and 200–700 K. Fig. 11
shows the fits for the 1915 5’1815 4 transition for the two
temperature ranges. Plotted are ln[g(T)/g(T0)] versus
ln[T0/T] where the slope of the fitted line is the value
of n. The temperature exponent for the 7 data points is
0.40 (top panel) and that for the 5-point fit is 0.54 (bottom
panel). For both cases the correlation coefficient, R, indi-
cates the power law fit is not perfect and the error asso-
ciated with the 7-point fit is almost 3 times larger than
that for the 5-point fit. (Note, the scale of the abscissa is
different in each panel.) For atmospheric applications the
temperature range of the 5-point fit, 200–350 K, is more
appropriate and the temperature exponents reported here
are those of the 5-point fit. In Fig. 12 ln[g(T)/g(T0)] versus
ln[T0/T] is plotted for the 21 1’21 2 transition (top panel)
and the 2014 6’1914 5 transition (lower panel). In the top
panel the fit is quite good (R=0.99995) and the slope, n,
is 0.761(0.038). In the lower panels is an example of a
high J and Ka transition where n is 0.360(0.240) the fit is
not as good (R=0.9831), which is reflected in the reported
error. It is cautioned that there are many transitions,
especially high J and Ka transitions, for which the power
law model does not work well.
In Fig. 13 the temperature exponents for the 3296
N2-broadened transitions of H2CO are plotted versus the
energy ordered index. The dashed line in the plot is the
‘‘rule of thumb’’ value, 5/6. Plots (not shown here) were
made with Ka as the plot symbol and different coordinates
for the abscissa but no structure was evident. Fig. 13
shows there are large variations in n as a function of the
rotational quantum numbers.
7. Creation of a complete line list

The last edition of HITRAN [13] contain the recent line
list of Perrin et al. [12] concerning both the 3.6 and 5.7mm
spectral regions (35 958 lines), and data for the 0–100 cm�1

spectral region (163 lines). For all these transitions, constant
values have been used for both the self- and N2-broadening
coefficients, as well as for the temperature dependence
of the N2-broadening coefficients. The aim was here to
generate self- and air-broadening coefficients, but also
temperature dependence of the air-broadened widths for
all the transitions of HITRAN 2008 [13]. In HITRAN 2008,
for the 611 pure rotational transitions (up to 100 cm�1) the
self- and air-broadening coefficients have a default value of
0.000 and 0.107 cm�1, respectively, and the temperature
exponent for the air-width is equal to 0.5. In the 3.6 and
5.7mm spectral region 11 and 3 bands are present in
HITRAN 2008 (see Tables 1 and 9 of Ref. [12]): the self- and
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Fig. 13. Temperature exponents for the 3296 N2-broadened transitions of H2CO plotted versus the energy ordered index.

Fig. 12. Temperature exponents of the 21 1’21 2 and the 2014 6’1914 5 transitions obtained for the 200–350 K range with the 5-point fit.
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air-broadening coefficients have a default value of 0.000 and
0.108 cm�1, respectively, and the temperature exponent for
the air-width is equal to 0.7.
The supplementary line list given in Table A3, is based
on HITRAN 2008 transitions. For each transitions, based
only on the rotational quantum numbers of the lower
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state, self- and N2-broadened half-widths have been
generated using the empirical polynomial expansion
(Eq. (1)) and the parameters of Table 2 (see Section 3.2),
neglecting any vibrational dependence. In a same way,
the complex Robert–Bonamy calculations for the n2 band
(see Section 3.3) have also been used to generate scaled
air-broadening coefficients and their temperature depen-
dence. When possible the CRB calculations are used for
other vibrational bands (neglect of vibrational depen-
dence) by matching the lower and upper state rotational
quantum numbers of the transitions. The air-broadening
have been approximated by multiplying the N2-broa-
dened half-widths by 0.94, and the temperature expo-
nents for air have been supposed to be identical as the one
for N2.
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