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Abstract

Re-examination of the 14N2 X 1Sþg (1–0) line parameters in the HITRAN database showed that the vibration–rotation

interaction effect on the line intensities has been neglected, and that the halfwidths are not compatible with experimental

and theoretical studies. New line parameters have been generated, which improve the consistency and accuracy in

individual N2 line retrievals from atmospheric spectra. Unresolved line shape issues require further studies.

r 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

The 14N2 X 1Sþg (1–0) quadrupole lines in the atmospheric infrared spectrum were first detected by Goldman
et al. [1], along with the X 3S�g (1–0) O2 quadrupole lines. A more detailed study of the N2 lines followed by
Camy-Peyret et al. [2] and calculated line parameters were included in the HITRAN 1982 edition [3]. The N2

line parameters have become an integral part of retrievals from atmospheric infrared spectra recorded by
ground-based, balloon-borne and satellite instruments. However, despite subsequent improvements in the line
parameters, difficulties persist in quantitative analysis of the spectra.

In the atmospheric spectrum, both the O and Q branches of the N2 lines are masked by the strong CO2

4.3-mm band. In ground-based spectra, only lines from the range of Sð7Þ–Sð21Þ are observable without
e front matter r 2006 Elsevier Ltd. All rights reserved.
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significant interferences, above 2395 cm�1, superimposed on the high wavenumber wings of continuum
created by the CO2 sub-Lorentzian lines of the band head and the N2 collision-induced absorption. Figure 1 in
Rinsland et al. [4] shows the region in a series of ATMOS spectra. The lines Sð11Þ, Sð13Þ are less isolated than
others, Sð14Þ, Sð17Þ, Sð18Þ and Sð19Þ are masked, and Sð20Þ and Sð21Þ are very weak. The range of observable
lines extends from Sð4Þ to Sð21Þ and also includes the partially isolated Oð7Þ and Oð14Þ lines in occultation
spectra recorded with balloon-borne and satellite instruments. The observed N2 lines exhibit the expected
intensity alternation, which makes the odd J lines significantly weaker (see Eqs. (2), (3)). The Sð8Þ–Sð10Þ lines
have been the prime choice for atmospheric retrievals. However, it was found that the mixing ratios obtained
from the total column are several percent higher than the expected 0.781 value and the columns retrieved from
the individual lines are inconsistent [5,6]. Even larger inconsistencies are found in the individual line analysis of
Sð7Þ–Sð16Þ performed on ACE satellite-borne occultation spectra [7,8].

In what follows, we will review the development of the N2 line parameters since 1982, and present new
improvements which lead to more reliable atmospheric retrievals.

2. Spectroscopic parameters for N2

Following the publication of the initial N2 line parameters [3], laboratory measurements and analysis by
Reuter et al. [9] provided improved energy levels and line positions, as well as values for Lorentz halfwidths
and the derivative of the molecular quadrupole moment.

Reuter et al. [9] analyzed the energy levels according to the Dunham formulation [10]

Eðv; JÞ ¼
X

ij

Y ij vþ
1

2

� �i

½JðJ þ 1Þ�j, (1)

with Y ij as the Dunham coefficients.
Improved Dunham coefficients were derived from the analysis of high-resolution stratospheric spectra by

Rinsland et al. [11], and these were adopted for the line positions and lower state energies in the 1992 edition of
the HITRAN database [12].

The N2 quadrupole line intensities ½cm�1=ðmolecule cm�2Þ� at temperature T (K) are given by [13]
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(3)

Ia is the natural terrestrial isotopic abundance. n and E are in units of cm�1. ZðTÞ is the total internal partition
function. gJ is the nuclear spin statistical weight (3 or 6 for J odd or even).

The 3j symbol is related to the Clebsch–Gordan coefficient, so that

ð2j3 þ 1Þ
j1

m1

j2

m2

j3

m3

 !2

¼ jhj1m1j2m2jj1j2j3m3ij
2. (4)

The allowed branches in Eq. (3) are determined by the triangle relations Dðj1j2j3Þ, with j2 ¼ 2 the electric
quadrupole tensorial rank.
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hvJ j Q j v0J 0i are the radial vibration–rotation quadrupole matrix elements. In the approximation used in
Refs. [2,9] and adopted for HITRAN, it was assumed [14] that

hv; JjQjvþ 1; J 0i ¼
qQ

qr

� �
e

re
Be

oe

� �1=2 ffiffiffiffiffiffiffiffiffiffiffi
vþ 1
p

, (5)

in which the parameters are equilibrium constants, and
ffiffiffiffiffiffiffiffiffiffiffi
vþ 1
p

is from the harmonic oscillator matrix
elements.

For the HITRAN 1992 edition [12] the 1982 intensities were scaled by a uniform factor of 1.049, based on
the analysis of the lines Sð7Þ–Sð10Þ in high-resolution ground-based spectra, as described by Demoulin et al.
[15]. J-dependent halfwidths were introduced into HITRAN 1992 on the basis of solar fits and Raman
measurements, as described by Rinsland et al. [16]. The constant n value of 0.5 has been retained for the
temperature dependence. No changes were introduced in the 2004 HITRAN edition for N2 [17].

Using Eqs. (1)–(5) with the spectroscopic constants given in Refs. [2,11] for a re-calculation of the HITRAN
1982 and 1992 N2 lines, duplicates well the energy levels and line positions, but not the intensities. The
calculated intensities are smaller than those in HITRAN 1982 by a constant factor of about 4%, and thus
about 9% smaller than the HITRAN 1992–2004 values. No explanation was found for this discrepancy, which
is probably due to using different constants than reported. However, this does not affect the present study, as
the HITRAN 2004 line intensities will be individually modified, and then re-normalized by observed spectra.

The formulation in Eq. (5) does not take into account the effect of vibration–rotation interaction on the line
intensities. It is customary to model this effect using the Herman–Wallis F-factor formulation

jhv; JjQjv0; J 0ij2 ¼ jhv; 0jQjv0; 0ij2F v0 ;J 0

v;J , (6)

and represent the F-factors by the series

Fv0J 0

vJ ¼ 1þ Cv0

v mþDv0

v m2 þ � � � , (7)

with m definitions appropriate to the multipolar type of transitions and vibration–rotation branches.
Detailed algebraic expressions of the F-factors for quadrupolar transitions in 1S diatomic molecules O, Q

and S branches have been derived by Tipping and Ogilvie [18]. Individual molecule parameters in these
expressions are spectroscopic constants, Dunham potential constants, and quadrupole moment matrix
elements. Following their results one can obtain the following approximate expression for the (1–0)
quadrupolar S (and O) transitions ð1; J 0Þ  ð0; JÞ as

F1J 0

0J ¼ 1þ g
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2
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( )" #2
, (8)

where g ¼ 2Be=oe; b
0
¼ J 0ðJ 0 þ 1Þ; b ¼ JðJ þ 1Þ. Q0 is the permanent quadrupole moment, and hv ¼

0jQðrÞjv ¼ 1i is the rotationless fundamental matrix element.
Following Boissoles et al. [19], we use Be ¼ 1:99824 cm�1, oe ¼ 2358:6 cm�1, Q0 ¼ �1:09ea2

0; h00jQj10i ¼
5:63� 10�2ea2

0; and find that

F1J 0

0J ¼ 1þ 1:91� 10�3ðb0 � bÞ=2
� �2

. (9)

Applying this factor to the individual lines shows that the F-factor increases by about 7% from Sð7Þ to Sð17Þ.
(A corresponding intensity decrease occurs in the O-branch lines).

A more accurate Herman–Wallis factor can be calculated from Ref. [18] by using spectroscopic constants to
find the reduced displacement coefficients a1 and a2 for the Dunham constants and the average of the two
second order derivatives of the quadrupole moment from Lawson and Harrison [20] as

F1J 0

0J ¼ ½1þ 1:9067� 10�3ðb0 � bÞ=2þ 4:1� 10�6ðb0 þ bÞ=2�2. (10)

This introduces insignificant changes for the O and S branches compared to Eq. (9), but also allows the
calculation of the effect on Q-branch lines (which is smaller by a factor g than that in the O and S branches).

It is interesting to note that the Herman–Wallis factor for O2 is smaller than that of N2 by a factor of 6.9,
and it should also be incorporated into the HITRAN database.
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Examination of the N2 halfwidths listed in the HITRAN database [17] shows that their J-dependence is
independent of the branch type (O, Q or S) and is decreasing linearly over the entire J range. However, the O-,
Q-, and S-branch lines should have different halfwidths and J-dependence, due to the type of polarizabilities
involved, as discussed by Bruet et al. [21]. Furthermore, the self- and air-broadened halfwidths of N2 in
HITRAN were taken to be the same, while the quadrupole moment of N2 is approximately a factor of 4 larger
than that of O2. The rate of decrease in HITRAN values with J is not as large as shown in experimental
studies, such as those by Lavorel et al. [22] and by Fanjoux et al. [23], as well as in the recent theoretical studies
by Bruet et al. [21] and by Ma et al. [24]. The latter are based on a corrected Robert–Bonamy formalism and
more accurate interaction potentials, and will be extended in the future for a more complete set of N2–N2 and
N2–air halfwidths, line shifts, line-mixing parameters and the temperature dependence coefficient n (assumed
0.5 in HITRAN).

In the present study, we implemented the F-factors from Eq. (10), and adapted the experimental halfwidths
of the Q lines in Table 2 of Lavorel et al. [22] and the S lines in Table 4 of Fanjoux et al. [23]. (Note, however,
the oscillatory J-dependence of the halfwidths in Ref. [22] vs. the linear dependence in Ref. [23].) The modified
halfwidths are similar to the HITRAN values at low J but decrease faster with increasing J. Initially, these
modifications were applied only to the Sð6Þ–Sð20Þ lines, normalizing the F-factor modified intensities to the
Sð8Þ HITRAN intensity. Approximate temperature dependence coefficients for these lines were taken from
preliminary calculations for the Q-branch by one of the authors (Ma). These decrease with J, unlike the
constant 0.5 value used in HITRAN.

3. Tests with atmospheric spectra

The modified line parameters were tested in retrievals from four sets of atmospheric spectra, the ACE
occultation spectra [8] and ground-based spectra from the Jungfraujoch (46:5�N, 8�E, 3580ma.s.l.) [6], Izaña
(28�N, 16�W, 2370ma.s.l.) [25] and Thule, Greenland (76:5�N, 68:8�W, 220ma.s.l.). The retrievals, for
vertical profiles or column amounts, are based on optimal spectral fitting of an a priori model to observed data
in pre-selected spectral regions for the individual N2 lines.

ACE retrievals of N2 volume mixing ratio (VMR) profiles were performed for a selection of occultation
measurements from the period 27 December 2004 to 8 August 2005, over 1300 occultations in total. At this
time, only a limited altitude range of the retrievals will be considered for the intensity normalization of the N2

lines. In the 25–35 km range, the average retrieved profile was approximately constant, as expected. However,
below 25 km, the average profile decreased with decreasing altitude. This unexpected behavior is not
understood at this time, but could be related to the presence of the N2 collision-induced absorption, which
continue to be the subject of intensive experimental and theoretical studies [26]. For unknown reasons, the
average profile above 35 km increased with increasing altitude. The results for Sð13Þ–Sð20Þ showed
discrepancies with the results for lower-J lines, but there was no clear trend to the discrepancies. These
unresolved issues, each reaching a magnitude of several percent, are under further study. We therefore only
consider here the ACE N2 retrieval results from 25 to 35 km for Sð7Þ–Sð12Þ. In this altitude range, the effect of
new line parameters is mostly from the intensities, as the influence of the collision halfwidths is significantly
reduced.

Although the cause of the discrepancies above 35 km is not known, they are not believed to be the result of
non-LTE effects. The energy levels population changes in non-LTE can have a dramatic impact in emission
measurements, but with absorption-based measurements (such as with ACE) the impact is typically small.
Also, non-LTE effects in N2 should be small to negligible near 40 km.

As expected, the individual line ACE retrievals using the new line parameters resulted in significantly
improved internal consistency compared to that obtained with the HITRAN line parameters (over the
complete altitude range), but the retrieved VMR value is too high. Based on the Sð7Þ–Sð12Þ lines, the new
intensities (of the F-factor corrected lines, normalized to the Sð8Þ HITRAN line intensity) should be increased
by ð3:9� 1:3Þ%.

Several versions of N2 retrievals from the Jungfraujoch spectra, all for the Sð8Þ–Sð10Þ lines, have been
described in previous studies [5,6], with improved consistency achieved in the 2005 results, but no clear J-
dependence of the N2 columns. Column retrievals with the new line parameters were performed for 358



ARTICLE IN PRESS
A. Goldman et al. / Journal of Quantitative Spectroscopy & Radiative Transfer 103 (2007) 168–174172
spectra of year 2002 and extended to the Sð7Þ–Sð20Þ lines. Using the HITRAN N2 line parameters
showed a gradual increase of the retrieved N2 column vs. J, with a magnitude of about 40% from Sð7Þ
to Sð20Þ. This dependence on J is strongly reduced with the new line parameters, with a remaining 3%
increase of the N2 column from Sð7Þ to Sð20Þ. The F-factors increase only by 10% from Sð7Þ–Sð20Þ,
and the modified halfwidth parameters are responsible for the rest. The mean N2 column retrieved is 1.06
higher than the expected value, suggesting that the new intensities should be increased by ð6� 2Þ%. The
quality of the fits improves greatly with the new parameters, except for the lines Sð8Þ–Sð10Þ that show a small
degradation.

N2 retrievals from the Izaña spectra were conducted with the Sð7Þ–Sð16Þ lines for column retrievals, and the
Sð7Þ–Sð13Þ for profile retrievals. A set of 98 spectra measured between January and October 2005 were used in
the analysis. Using the HITRAN individual line parameters in column retrievals showed the need of gradual
increase in the line intensities of more than 15% (for a proper N2 column). The new line parameters
significantly improved the internal consistency for both the column and profile retrievals, with the more
consistent improvements being due to the intensity corrections. The column retrievals show that the new
intensities should be increased by ð6� 2Þ%. However, the quality of the spectral fittings is not uniformly
improved with the new line shape parameters. In particular, the fitting residuals using the new lines are larger
for Sð8Þ–Sð10Þ, but much smaller for higher-J lines. The retrieved profiles show unexplained curvatures, which
are probably also related to the halfwidths and their temperature dependence. The retrieved profiles imply an
intensity increase of ð4� 2Þ%, in agreement with ACE scaling factor.

Observations in the 4.1-mm region are routinely made as part of the normal operation of the Network for
the Detection of Stratospheric Change (NDSC; http://www.ndsc.ws/) solar viewing high-resolution IR-FTS
(250 cm�1 OPD) at the high-arctic site at Thule. Measurements of N2 are limited by the large absorption of
CO2 due to the low altitude of the site and the low solar zenith angles that persist for much of the available
observation time. During mid-summer measurements can be made at higher solar zenith angles which reveal
N2 lines in the Sð7Þ–Sð20Þ range, but the still low 100% transmission level tends to reduce the SNR.
Observations made on 10 July 2004 at a solar zenith angle of 54:7� with an RMS SNR of 100 were used for
individual total column scaling retrievals performed on the strongest of these lines, Sð7Þ–Sð13Þ. The retrievals
were performed using the SFIT2 v3.91 code [27] and the new N2 lines substituted into the HITRAN 2004 [17]
line listing. Atmospheric paths were calculated using the FASCATM v2.08 code (an updated version, 2006)
[27]. The NCEP temperature profile was used [28] with the actual observation site pressure. The mean profile
scaling factor (from the a priori constant VMR of 0.781) for the retrievals is 1:06� 0:02, consistent with
measurements from the high-altitude sites.

Subsequently, the complete set of the HITRAN N2 (1–0) line parameters was revised. In principle, the total
band intensity should not change, so the modified intensities would be normalized to the HITRAN band
intensity. Previously, the HITRAN intensities were scaled on the basis of measurements of the Sð7Þ–Sð10Þ lines
[12,15]. Instead, in the present study, we combine the ACE profile results for Sð7Þ–Sð12Þ ½ð3:9� 1:3Þ%�, the
new Jungfraujoch column results for Sð7Þ–Sð20Þ ½ð6� 2Þ%�, the Izaña column results for
Sð7Þ–Sð16Þ ½ð6� 2Þ%� and the Thule column results for Sð7Þ–Sð13Þ ½ð6� 2Þ%�, for a ð5:5� 2Þ% increase in
the F-factor modified line intensities. For the complete band, the Q-branch J:1–18 halfwidths of Ref. [22] were
extrapolated to J ¼ 40. The S-branch halfwidths from Ref. [23] were adapted, with linear interpolation for the
missing values in the published J:0–18 range, and quadratic, bounded below, extrapolation to J ¼ 40. The O-
branch halfwidths values were set to the S-branch values. The new line parameters are available upon request
from Goldman.
4. Conclusions

Significant corrections have been made to both line intensities and halfwidths on the 14N2 (1–0) line
parameters in the HITRAN database. A new line parameters set has been generated which improves
consistency and accuracy of individual line retrievals from atmospheric spectra. Unresolved issues in profile
retrievals indicate the need for further studies of the N2 line shape parameters in the infrared atmospheric
spectrum.

http://www.ndsc.ws/
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