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a b s t r a c t 

In support of atmospheric remote sensing of Titan and jovian planets, we measured absorption cross 

sections of benzene (C 6 H 6 ) in the 7–15 μm region at temperatures between 235 K and 297 K. For this, 

high-resolution laboratory spectra of C 6 H 6 were obtained using two cold cells (80 cm and 2.07 cm path 

length) configured to a high resolution Fourier-transform infrared (FT-IR) spectrometer, Bruker IFS-125HR, 

at the Jet Propulsion Laboratory (JPL). The spectrum sets include 15 pure and 15 N 2 -broadened benzene 

spectra in the 630–1534 cm 

−1 region, along with four additional spectra broadened by an H 2 (85%) and 

He(15%) gas mixture for the 630–740 cm 

-1 region. From these spectra, temperature dependent benzene 

cross sections were obtained for gas phase benzene in the presence of N 2 and (H 2 + He) at ambient pres- 

sures and temperatures down to 235 K. 

In addition, we generated two independent sets of pseudolines: one of N 2 -broadened benzene for 

Titan and the other of (H 2 + He)-broadened benzene for jovian planets. It is shown that the benzene 

pseudolines can reproduce the observed features to ∼ 5% in transmittance, including the continuum-like 

absorption formed by numerous overlapping weak and hot band transitions. Based on the pseudoline 

parameters, the integrated band intensities at 296 K for the three strongest bands in the region were 

measured to be 177.0(73), 14.0(10), 27.2(9) ×10 −17 cm 

−1 /(molecule ·cm 

−2 ) in the region of v 4 at 674 cm 

−1 , 

v 14 at 1038.267, and v 13 at 1483.985 cm 

−1 , respectively, from the combined set of pure and N 2 -broadened 

benzene spectra. For the (H 2 + He) mixture-broadened benzene spectra, the integrated band intensity for 

v 4 band in the 630–735 cm 

−1 region was measured to be 168.8(17) ×10 −17 cm 

−1 /(molecule ·cm 

−2 ) at 296 K, 

which is in agreement with the intensity derived from the N 2 -broadened benzene spectra within the 

combined measurement uncertainties. The results from this work show an excellent agreement (2%) with 

one of the latest experimental studies by Rinsland et al. (2008) . Furthermore, additional characteristics 

carried by the pseudolines approach are discussed. Finally, we provide the two sets of pseudo line list 

(PLL) as electronic supplements. 

© 2016 Elsevier Inc. All rights reserved. 
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1. Introduction 

Benzene (C 6 H 6 ) is a non-methane hydrocarbon (NMHC) ob-

served in the Earth’s atmosphere ( Doskey and Gaffney, 1992 ). It

is indeed one of the most abundant aromatic hydrocarbons in

urban atmospheres. Interestingly, benzene has been identified in

the atmosphere of cold giant planets (Jupiter and Saturn) and

Titan. It was first detected by Kim et al. (1985) by observing

unidentified emission features near 674 cm 

−1 in Voyager IRIS spec-

tra over the northern aurora region of Jupiter, from which the

abundance was estimated to be 1 − 4 × 10 −9 in the polar re-

gion. The benzene emission features were later observed in the
∗ Corresponding author. Tel.: + 1 818 354 5144. 
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pper atmosphere of Jupiter and Saturn ( Bézard et al., 2001 )

nd in the stratosphere of Titan ( Coustenis et al., 2003 ) from

he Infrared Space Observatory ( ISO ) /SWS spectra. In Titan’s at-

osphere, the benzene abundance was deduced to be 4 ×10 −10 

rom the emission features near 674–678 cm 

−1 using the line in-

ensity of benzene in the v 4 band reported by Dang-Nhu et al.

1989) and Dang-Nhu and Pliva (1989) . Later, Coustenis et al.

2010) reported an extensive study on Titan atmospheric com-

osition from Cassini/CIRS spectra, in which the same v 4 band

eatures at 674 cm 

−1 were used for benzene. These observations

f benzene were also supported by abundant ions peaking at

8 amu recorded by the mass spectrometer on the Galileo probe

 Niemann et al., 1998 ) and Cassini’s ion detections in Titan’s

onosphere ( Waite et al., 2007; Vuitton et al., 2008; Cui et al.,

009 ). 

Observation of benzene is significant in the understanding the

omposition and evolution of planetary atmospheres. Benzene is

http://dx.doi.org/10.1016/j.icarus.2016.01.012
http://www.ScienceDirect.com
http://www.elsevier.com/locate/icarus
http://crossmark.crossref.org/dialog/?doi=10.1016/j.icarus.2016.01.012&domain=pdf
mailto:ksung@jpl.nasa.gov
mailto:keeyoonsung@gmail.com
http://dx.doi.org/10.1016/j.icarus.2016.01.012


K. Sung et al. / Icarus 271 (2016) 438–452 439 

s  

b  

t  

z  

1  

o  

s  

z  

c  

t  

b  

i  

W  

s  

a

 

w  

i  

A  

h  

∼  

o

3  

i  

f  

s  

t  

p  

s  

t  

a  

m  

e  

b  

6  

d

2

 

a  

p  

p  

s  

v  

m  

H  

f  

p  

b  

i  

m  

i  

t  

2  

2

 

t  

o  

c  

i  

i  

o  

o

 

i  

h  

a  

b  

h  

(  

p  

z  

e  

b  

a  

d  

p  

(  

i  

(  

G

 

c

7  

t  

C

(  

v  

t  

t  

h  
uggested to be one of the products stemming from hydrocar-

on photochemistry initiated by the photodissociation of CH 4 in

he upper atmosphere ( Wong et al., 20 0 0, 20 03 ). Therefore, ben-

ene has been long predicted to be present on Titan ( Raulin et al.,

982; Yung et al., 1984; Thompson et al., 1991; Wilson et al., 2002 )

r modeled in the photochemistry occurring in the Jovian strato-

pheres ( Moses, et al., 20 0 0; Moses and Greathouse, 2005 ). Ben-

ene is a precursor for even heavier hydrocarbons, such as poly-

yclic aromatic hydrocarbons (PAHs) – in fact, benzene itself is

he simplest aromatic hydrocarbon. The formation of PAHs through

enzene is believed to be the major pathway for aerosol formation

n the stratospheres of Jupiter and Titan ( Wilson et al., 2002, 2003;

ilson and Atreya 2004 ). Finally, the benzene mixing ratio is ob-

erved to be highly correlated with auroral regions of Jupiter and

tmospheric haze in Titan ( Kim et al., 1985; Yoon et al., 2014 ). 

The detection of benzene in Jupiter’s stratosphere in the 1980’s

as followed by several laboratory studies of benzene spectroscopy

n the mid infrared region ( Raulin et al., 1990; Khlifi et al., 1992;

kiyama et al., 1989; di Lonardo et al., 1999 ), most of which were,

owever, performed at very low spectral resolutions (typically from

0.1 to 4 cm 

−1 ) at room temperatures. The experimental study

f Khlifi et al. (1992 ) covered a broad temperature range (219–

28 K), but their unexpectedly strong temperature dependence of

ntegrated band intensities (up to 21%) caught attention, prompting

urther investigation. Later, Rinsland et al. (2008) provided cross

ections of benzene in a mixture of N 2 at 1 bar at three different

emperatures (278, 298, and 323 K), showing no significant tem-

erature dependence for the integrated band intensities. Moreover,

ubstantial discrepancies were seen in the v 4 band intensity be-

ween Khlifi et al. (1992 ) and Rinsland et al. (2008 ). It has been

rgued that poor spectral resolution was an issue for the v 4 band

easurements in the earlier work ( Khlifi et al., 1992; di Lonardo

t al., 1999 ). In this work new high-resolution measurements of

enzene spectroscopy are described covering the v 4 band near

74 cm 

−1 at temperatures relevant to the actual atmospheric con-

itions of Titan, Jupiter, and Saturn. 

. Benzene spectroscopy 

Benzene has a hexagonal ring structure with one hydrogen

tom attached to each of the six carbon atoms ( Kekulé, 1890 ). The

erfect symmetry results in no permanent dipole moment. Thus,

ure rotational transitions in the microwave are suppressed by the

ymmetry so that atmospheric remote sensing must rely on its

ery dense and complex infrared spectrum arising from dipole mo-

ents induced by the 20 fundamental vibrations listed in Table 1 .
Table 1 

Band centers of benzene ( 12 C 6 H 6 ) fundamentals a . 

v n 
b 

Herzberg Band centers (cm 

−1 ) Vib. sym. dgn c 

v 1 3073 .942 a 1g 1 

v 2 993 .071 a 1g 1 

v 3 1350 a 2g 1 

v 4 673 .97465 d a 2u 1 

v 5 3057 b 1u 1 

v 6 1013 .74 b 2u 1 

v 7 992 .93 b 2g 1 

v 8 702 .24 b 2u 1 

v 9 1309 .4 b 2u 1 

v 10 1147 .6751 b 2u 1 

a Band centers adopted from NIST Chem Web ( http://webbook.n

spectra/fundamentals.htm ), Cané et al. (1997) , and Miani et al. (20 0 0) . 
b Band labels are in Herzberg system ( Herzberg, 1968 ). 
c dgn is for the vibrational degeneracy. 
d IR-active. 
owever, only four of them are infrared active, but numerous in-

rared active overtones, combinations and hot bands can arise, es-

ecially from the states below 10 0 0 cm 

−1 . Among the fundamental

ands, the v 4 centered at 673.9732 cm 

−1 ( Lindemayer et al., 1988 )

s by far the strongest. This is attributed to its unique vibrational

ode with all H atoms bending in and out of the carbon ring plane

n unison. This unusually strong band permitted the early detec-

ion of benzene in our Solar System ( Kim et al., 1985 ; Bézard et al.,

0 01; Coustenis et al., 20 03, 2010 ) and beyond ( Cernicharo, et al.,

001 ). 

Benzene is also unusual in that the v 4 Q-branch lines are ∼ 20

imes stronger than the v 4 P- or R-branch lines, or the lines of any

ther band. This requires a large range of benzene amounts ( i.e. ,

olumn density) to capture the entire P, Q, R branch features well

n the laboratory spectra. Hence we used two cells: one is 2.07 cm

n length in which the v 4 Q-branch is not saturated, and the

ther 80 cm in length in which weaker benzene lines are easily

bservable. 

Due to the low-frequency vibrational modes, benzene features

n the 7–15 μm region are expected to be heavily overlapped by

ot band contributions, amounting to ∼45% at room temperature

nd ∼25% at 235 K (estimated by the vibrational partition function

ased on a simple harmonic oscillator approximation). Due to its

eavy molecular mass (78.11 amu) all of its bands are very compact

 e.g. , v 13 at 1486 cm 

−1 is only ∼40 cm 

−1 wide), so that its densely-

opulated spectral features make detailed line-by-line characteri-

ation very challenging from the laboratory measurements. Sev-

ral attempts were made to construct Hamiltonian models for the

enzene transitions, but all of them studied only cold bands ( Plíva

nd Johns, 1983, 1984; Plíva et al., 1989, 1991, 1993 ). The HITRAN

atabase ( Rothman et al., 2009, 2013 ) contains no line-by-line

arameters for benzene (C 6 H 6 ), while the GEISA 2009 database

 Jacquinet-Husson et al., 2011 ) includes 8983 benzene transitions

n the 642–705 cm 

−1 region. It is suggested by Rinsland et al.

2008) , however, that the overall v 4 band intensity listed in the

EISA 2009 database need to be reanalyzed. 

Detailed characterization of the benzene spectral features is

ritical for planetary atmospheric observations, especially at 650–

30 cm 

−1 (15 μm), where many other molecular features overlap;

hese include, e.g. on Titan, C 2 H 2 at 730 cm 

−1 , CO 2 at 667 cm 

−1 ,

 2 HD at 678 cm 

−1 , and HC 3 N at 663.0 cm 

−1 and 658.7 cm 

−1 

 Coustenis et al., 20 03, 20 08, 2010; Jennings et al., 2008 ). To pro-

ide more realistic laboratory input for the spectroscopic observa-

ions of the Titan and Jovian atmospheres, we measured tempera-

ure dependent cross sections of benzene. For this, we employed

igh spectral resolution capturing the detailed structure in the
v n Herzberg Band centers (cm 

−1 ) Vib. sym. dgn c 

v 11 847 .1062 e 1g 2 

v 12 3047 .908 d e 1u 2 

v 13 1483 .985 d e 1u 2 

v 14 1038 .267 d e 1u 2 

v 15 3057 .04 e 2g 2 

v 16 1609 .518 e 2g 2 

v 17 1177 .776 e 2g 2 

v 18 608 .13 e 2g 2 

v 19 967 .98 e 2u 2 

v 20 398 .131 e 2u 2 

ist.gov/chemistry ), VPLwebsite ( http://vpl.astro.washington.edu/ 

http://webbook.nist.gov/chemistry
http://vpl.astro.washington.edu/spectra/fundamentals.htm
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Fig. 1. (a) Simplified schematic diagram of Bruker IFS-125HR with the vacuum extension chamber configured through the emission port of the Bruker IFS-125HR. It shows 

the positioning of the 80 cm and 2.07 cm long cells; The 80 cm long cell was placed in front of the interferometer using the external source, S 1 , while the 2.07 cm long short 

cell was placed behind the interferometer using the internal source, S 2 . (b) Schematic diagram of the 2.07 cm long stainless cell housed in its own separate vacuum shroud 

box inside the sample compartment of the Bruker 125HR. 
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absorption features. Our measurements also covered a wide tem-

perature range (298–235 K), the coldest temperature being limited

by the benzene vapor pressure. The contributions from unidenti-

fied combination, overtone and hot bands are included in the anal-

ysis. We derived the cross sections and integrated band intensi-

ties of benzene (C 6 H 6 ) in the v 4 at 673, v 14 at 1038, and v 13 at

1468 cm 

−1 from N 2 -broadened spectra combined with high reso-

lution pure benzene spectra for Titan atmosphere. We also mea-

sured the benzene cross sections from (85%H 2 +15%He) mixture-

broadened spectra for the study of Jovian atmospheres. 

Finally, we have taken an additional step to make our results

more amenable to line-by-line calculations. As was discussed in

the experimental study of propane (C 3 H 8 ) ( Sung et al., 2013 ), we

have generated a benzene pseudo-linelist (PLL) compiled in the

HITRAN-format ( Rothman et al., 2013 ), from which benzene cross

sections or opacity can be computed at any temperature or pres-

sure. While this PLL is most accurate when used within the range

of T/P used in the laboratory measurements, it can also be used

to extrapolate in T/P. We estimate uncertainties of up to ∼30 %

when the PLL is used for extreme temperatures down to 100 K.

This empirical PLL approach therefore provides an effective alter-

native to true spectroscopic line parameters in radiative transfer

calculations until a full line-by-line quantum mechanical analysis

becomes available. Finally, we present the PLL files for benzene as

electronic supplements. 
. Experimental details 

A total of 34 sets of high-resolution absorption spectra of ben-

ene were recorded at temperatures between 235 K and 297 K us-

ng two cold cells (80 cm and 2.07 cm path long, respectively)

oupled to a Bruker IFS-125HR Fourier-transform infrared (FT-IR)

pectrometer at the Jet Propulsion Laboratory (JPL). The spectrum

ets include 15 pure and 15 N 2 -broadened spectra in the 630–

534 cm 

−1 region, and four additional spectra broadened by a pre-

ixture gas of H 2 (85%) and He (15%) in the 630–740 cm 

−1 region.

The 80 cm long straight-pass cold cell, originally developed and

sed at Kitt Peak Obs., AZ ( Margolis et al., 1990 ), was made of

tainless steel with copper tubes silver-soldered around the cell

ody for cooling gas flow, which was constantly supplied by a liq-

id N 2 tank and then passing through a copper coil in a large

pen-mouth N 2 dewar. The temperature of the cell was monitored

sing three sets of Type T thermocouples attached to the cell body,

ith the reference end dipped into ice water for zero-point calibra-

ion. The entire cell system (the cell and cooling tubes) was placed

nside a vacuum extension chamber adapted from a retired Bruker

FS-120HR (See Fig. 1a ). A separate external light source (Globar)

as installed in the vacuum extension chamber along with proper

ptics ( e.g. , an off-axis parabola mirror) to collimate the infrared

eam, which passed through the 80 cm long cell and then into the

ruker 125HR interferometer through its emission port. Since the
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Fig. 2. Saturation vapor pressure of benzene adopted in this work from CRC, 79th 

and 92nd ed., Poltoatskii (1962) , CHERIC ( http://www.cheric.org/ ). 

t  

t  

O  

n  

b  

i

g  

p

m  

s  

g

 

u  

t  

l  

N  

i  

2  

0  

6  

T  

∼  

f  

m  

v  

z  

b  

a  
xternal source and the transfer optics are movable, this arrange-

ent permitted any gas absorption cell shorter than 1.5 m long to

e used for other experiments with same the Bruker 125HR ( e.g.,

rouin et al., 2013 ). The extension chamber remained evacuated to

30 mTorr during the entire scanning. 

The short 2.07 cm cold cell was placed inside the sample com-

artment of the Bruker IFS-125HR (See Fig. 1b ). As described in

aranasi and Chudamani (1989 ) (who developed the cell at Stony

rook University), the cell refrigeration system has a unique three-

ayered LN 2 transfer system consisting of vacuum jacket (outer-

ost), cold N 2 gas return line (middle), and LN 2 supply line (in-

ermost) for the cryotip. While in use, the cold cell was attached

o the cryotip of the LN 2 supply line. A pair of indium-sealed

nSe windows was installed to the cell. Replacement of the O-

ing re-assembly during the experiment produced slightly differ-

nt absorption path lengths for the short-path cell (2.07(5) and

.06(4) cm, respectively) measured after each re-assembly. The un-

ertainty, mostly due to squeezing the O-ring, was judged to be

ignificant and is a primary source of absolute accuracy for the

ross sections. The short cell was shrouded in its own separate

acuum box sealed with KBr windows to protect the cold ZnSe

indows from cryodeposits. Two sets of Si–Di temperature sensors

ere attached to the cell body; one on the top near the cold fin-

er, and the other on the side. The latter one was used to monitor

he cell temperature. 

Temperature uniformity across the short cell was maintained at

etter than 1.5 K during scanning. The temperature of the cold cells

as regulated by adjusting the cold gas flow with no heater for

he 80 cm long cell and with a heater for the 2.07 cm long cell.

ecause small temperature drifts/fluctuations ( ∼2.5 K) and tem-

erature gradient ( ∼1.5 K) across the cells were seen during the

canning, the measurement temperature uncertainties for the cold

pectra were estimated to be ∼ 2.9 K. The measurement tempera-

ure range adopted in this work was limited by the available ben-

ene vapor pressure. As shown in Fig. 2 , the benzene vapor pres-

ures rapidly drop at lower temperatures ( Lide DR, 1998, 2011;

oltoratskii, 1962 (cited in http://www.ddbst.com) ; CHERIC, 2015

CHERIC fit, http://www.cheric.org ). Only a fraction of the esti-

ated saturated vapor pressure was used in the experiment to

void possible condensation of the benzene sample inside the cell.

An anhydrous high-purity (99.98%) sample of benzene (with

o isotope-enrichment) was purchased from Sigma-Aldrich, Inc., so

he reported benzene cross sections do not discriminate contribu-

ions from its four most abundant minor isotopologues; based on

he PDB values for 13 C/ 12 C and D/H, the relative abundance in per-

ent are computed to be 93.48, 6.27, 0.18, and 0.06% for 12 C 6 H 6 ,
3 C 

12 C 5 H 6 , 
12 C 4 

13 C 2 H 6, and 

12 C 6 H 5 D, respectively. We note that

ur value for 12 C 6 H 6 is in good agreement with the value, 93.43%,

uoted by Dang-Nhu and Pliva (1989) . The liquid benzene sam-

le was held in a light-shielded glass tube and purified by using

 freeze-and-thaw procedure several times, then used with no fur-

her purification. Residual H O features were seen, particularly in
2 

Table 2 

Instrumental configuration for the benzene scanning. 

Samples Anhydrous C 6 H 6 (99.8%) N 2 (99.9999%),

Run names B0108 series B0111, B0123 s

Spectral region 7–15 μm (630–1535 cm 

−1 ) 15 μm (630–73

Bands v 4 , v 14 , v 13 , v 17 + v 20 , etc. v 4 and its hot 

Path lengths 80 cm 2.07 cm 

Detectors HgCdTe HgCdTe 

Temperatures 235–296 K 242–297 K 

Pressures P s : 0.018–5.2 Torr P tot :0.452–596.2 Torr P s : 0.578–1.352

# of spectra 17 13 

a Measured after re-assembling. 
he spectra at room temperatures, but these were removed spec-

roscopically while generating benzene pseudolines (see Section 6 ).

ther hydrocarbon residues are reported to be a few ppm, but

o attempt was made to identify them in this work. The liquid

enzene was let to evaporate at room temperature and guided

nto each cell, followed by insertion of either research grade N 2 

as (99.9999%) or high purity pre-mixture of 85%H 2 +15%He for

ressure-broadened spectra. Sample pressures were continuously 

onitored using Baratron pressure gauges. Prior to cooling, the ab-

orption cell was pumped for several hours to remove all residual

ases, including water vapor degassing from the cell walls. 

As summarized in Table 2 , the instrumental set-up was config-

red with a Globar infrared light sources (an external Globar S 1 for

he 80 cm long cell and an internal Globar source S 2 for the 2.07

ong cell as illustrated in Fig. 1a ), a KBr beam splitter, and liquid

 2 -cooled MCT detector. The interferometer was set up with var-

ous maximum optical path differences (MOPD) between 50 and

25 cm, providing unapodized spectral resolution from 0.0022 and

.044 cm 

−1 . An optical filter provided the desired band pass of

20–1550 cm 

−1 when combined with the MCT detector response.

he entire optical beam path was evacuated to a pressure of

10 mTorr during the experiment, which minimized interferences

rom residual water vapor in the Bruker FT-IR chamber. A sum-

ary of the experimental conditions for the cold spectra is pro-

ided in Table 3 . Since Doppler-limited spectral resolution for ben-

ene (0.001 cm 

−1 ) is hard to achieve with our FT-IR, we selected

asically several different spectral resolutions (0.0022–0.044 cm 

−1 )

daptively to the sample pressures and temperatures considering
 and H 2 (85%) + He(15%) 

eries B0123 series 

0 cm 

−1 ) 15 μm (630–730 cm 

−1 ) 

bands v 4 and its hot bands 

2.06 cm 

a 

HgCdTe 

235–260 K 

 Torr P tot : 0.578–297.6 Torr P s : 0.54–2.43 Torr P tot : 0.54–225.3 Torr 

4 

http://www.ddbst.com)
http://www.cheric.org)
http://www.cheric.org/
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Table 3 

Experimental conditions of the N 2 - and (H 2 + He) mixture-broadened C 6 H 6 spectra. 

Spectra Temp P t (Torr) P s (Torr) Resolution Calibration factors 

Pure C 6 H 6 650–1550 cm 

−1 region with 80 cm cell 

B0108.2a 296.2 0.774 0.774 0.01 1.0 0 0 0 01856850 

B0108.2c 296.2 5.250 5.250 0.01 1.0 0 0 0 01840753 

B0108.5a 273.3 3.874 3.874 0.01 1.0 0 0 0 01827028 

B0108.1d 259.0 0.614 0.614 0.01 1.0 0 0 0 0191180 0 

B0108.4a 252.3 0.780 0.780 0.01 1.0 0 0 0 01806949 

B0108.3b 245.2 0.452 0.452 0.01 1.0 0 0 0 01976156 

Pure C 6 H 6 650–690 cm 

−1 region with 2 cm cell 

B0111.2a 297.3 0.764 0.764 0.005 1.0 0 0 0 0 0437878 

B0111.1a 296.8 1.354 1.354 0.0056 1.0 0 0 0 01034423 

B0111.1e 296.7 0.925 0.925 0.005 1.0 0 0 0 01027227 

B0111.1b 296.0 0.810 0.810 0.0022 1.0 0 0 0 0 0998757 

B0123.2d 263.3 0.54 0.54 0.0022 1.0 0 0 0 0 0425628 

B0123.2a 258.7 2.430 2.430 0.0033 1.0 0 0 0 0 0436323 

B0111.2b 252.6 0.578 0.578 0.005 1.0 0 0 0 0 0450546 

B0111.4a 242.0 0.642 0.642 0.005 1.0 0 0 0 0 0450542 

B0123.3a 236.3 0.590 0.590 0.0022 1.0 0 0 0 0 0447238 

C 6 H 6 + N 2 650–1550 cm 

−1 region with both cells 

B0111.3e 297.9 149.5 1.030 0.01 1.0 0 0 0 0 0436677 

B0108.2d 296.2 211.8 5.250 0.01 1.0 0 0 0 01868717 

B0108.2e 296.2 77.84 1.929 0.01 1.0 0 0 0 01880727 

B0111.1c 296.0 212.1 0.844 0.01 1.0 0 0 0 01028393 

B0108.2b 295.8 167.5 0.774 0.01 1.0 0 0 0 01861655 

B0108.5b 273.3 282.9 3.874 0.01 1.0 0 0 0 01838641 

B0111.2d 260.3 297.6 0.5968 0.044 1.0 0 0 0 0 0570286 

B0108.1b 259.0 79.75 0.614 0.01 1.0 0 0 0 01878668 

B0108.1c 258.5 111.3 2.315 0.01 1.0 0 0 0 01883999 

B0108.6h 255.1 596.2 0.047 0.04 1.0 0 0 0 01552289 

B0108.4b 252.5 126.6 0.780 0.01 1.0 0 0 0 01897249 

B0108.3c 245.0 339.8 0.452 0.01 1.0 0 0 0 01837477 

B0108.3a 243.0 79.03 0.076 0.01 1.0 0 0 0 01805334 

B0108.6f 235.3 458.9 0.018 0.02 1.0 0 0 0 01894586 

B0123.4a 235.2 95.19 0.610 0.005 1.0 0 0 0 0 0451902 

C 6 H 6 + H 2 + He 630–690 cm 

−1 region with 2 cm cell 

B0123.1c 296.7 225.3 2.005 0.005 1.0 0 0 0 0 0410499 

B0123.1d 296.8 89.63 0.798 0.0033 1.0 0 0 0 0 0411886 

B0123.2b 261.6 213.5 2.430 0.0066 1.0 0 0 0 0 0420621 

B0123.3b 236.0 175.2 0.590 0.005 1.0 0 0 0 0 0441735 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3. N 2 -broadened spectra of C 6 H 6 at 295.8 (in red) and 255 K (in blue), show- 

ing relative band strengths for five distinctive bands including the v 4 , v 14 , and v 13 

fundamentals at 674, 1038, and 1425 cm 

−1 , respectively. 
combined Doppler and Lorentz widths. Empty cell spectra were

taken at spectral resolutions matching their gas sample spectrum

counterparts, facilitating point-by-point ratioing to obtain trans-

mittance spectra. The individual spectra were selectively coadded

after inspecting them for any possible baseline degradation due to

ice absorption features. Finally a S/N of ∼150:1 was achieved for

the transmittance spectra analyzed in this work. 

The frequency calibration factors were determined from all un-

ratioed spectra since water vapor features arising from the Bruker

125HR chamber were mostly removed in the ratioing. Line cen-

ter positions of water in the v 2 and 2 v 2 –v 2 bands in the 1390–

1550 cm 

−1 region observed in the individual unratioed spectra

were compared to the HITRAN 2012 database ( Rothman et al.,

2013 ) to derive the frequency calibration factors listed in Table 3 ,

which were applied to their corresponding ratioed ( i.e. , transmit-

tance) spectra analyzed in this work. The resultant overall fre-

quency precision was measured to be better than 5 × 10 −4 cm 

−1 

after the calibration. 

4. Measured transmittance spectra of benzene 

Examples of transmittance spectra from 630 cm 

−1 to 1530 cm 

−1 

are shown in Fig. 3 using pure and N 2 -broadened C 6 H 6 recorded

at 296 and 255 K. The individual observed bands are v 4 at

673.973 cm 

−1 , v 17 –v 20 at 779.6 cm 

−1 , v 14 at 1038.267 cm 

−1 , v 7 +v 20 

at 1388 cm 

−1 , and v 13 at 1483.985 cm 

−1 with some contribution

from v 4 +v 11 at 1522 cm 

−1 . Other weaker features from v 2 + v 18 –

v at 1212, v +v at 1242 cm 

−1 were also identified, but their
20 11 20 
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Fig. 4. Four 12 C 6 H 6 hot bands and one 13 C 12 C 5 H 6 feature (in green) were observed 

near the band centers reported by Snavely et al. (1984) . Two more features (labeled 

as ?) in the region were seen, but yet to be identified. S ee text for details. 
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include all contributions from unidentified combination and hot 
ross sections are not reported in this work. Distinct Q branches

ear the band center are easily seen for some bands. There are

any line-like features even in the pressure-broadened spectra

ach band, which are the non-zero J family of Q J sub-branches.

t should be recalled that, for the H 2 + He pre-mixture-broadened

enzene, their spectra were recorded only in the 630–690 cm 

−1 re-

ion and analyzed mainly for the strongest v 4 band. 

As expected, some hot bands were observed in the v 4 band re-

ion, as shown in Fig. 4 . The features at 671.736, 671.825, 672.866,

73.487 cm 

−1 correspond within 0.01 cm 

−1 to the 2 v 4 - v 4 , v 4 + 2 v 20 -

 20 , v 4 + v 20 - v 20 , and v 4 + v 8 - v 18 bands of 12 C 6 H 6 reported by Snavely

t al. (1984) (at 671.73, 671.82, 672.87, 673.48 cm 

−1 , respectively).

owever, the feature at 673.609 cm 

−1 (marked by green vertical

ine) appears to be the v 4 Q-branch of 13 CC 5 H 6 , whose frequency

ffset from that of main isotopologue 12 C 6 H 6 was observed to

e 0.364 cm 

−1 , consistent with the value (0.37 cm 

−1 ) reported by

navely et al. (1984) . It is also obvious from Fig. 4 that the ab-

orption peak at 673.609 cm 

−1 belongs to a cold band because it

trengthened at the colder temperature, despite the lower sam-

le pressure. Two more features (marked as ?) were observed at

74.101 and 674.448 cm 

−1 , but not identified. 

We have analyzed the transmission spectra by splitting into six

ell-isolated regions (five regions for the pure and N 2 -broadened

pectra and only region of the v 4 region for (H 2 + He)-broadened

pectra), which are detailed in Table 4 . Out of the total 34 mea-

ured spectra obtained at the various temperatures and pressures

isted in Table 3 , a different combination of pure and pressure-

roadened spectra was selected for each Region based on their op-

ical depths and signal-to-noise. For instance, the Q-branch near
Table 4 

List of spectral regions separately discussed in this 

Regions Range (cm 

−1 ) Bands observed

Region I 630–735 v 4 
Region II 740–840 v 17 -v 20 

Region III 950–1100 v 14 

Region IV 1340–1425 v 7 +v 20 

Region V 1425–1538 v 13 , v 4 +v 11 

Region VI 630–735 v 4 

a Measured cross sections in this work include co

zene. 
b Pre-mixture sample of H 2 (85%) and He(15%) wa
74 cm 

−1 in the Regions I and VI was observed to be saturated

n almost all the spectra recorded with the 80 cm long cell, while

hose features showed useful absorption depths in the spectra from

he 2.07 cm long cell. As a result, all the spectra were analyzed for

he v 4 band. However, the v 17 -v 20 band in Region II was barely ob-

ervable in the spectra from the short cell, so only a limited set of

pectra were selected and analyzed. 

. Calculation of cross-sections 

Measuring individual C 6 H 6 transitions line-by-line is ex-

remely challenging even at low sample pressures, and with

oppler-limited resolution. The process is further complicated

y numerous overlapping weak features arising from hot- and

ombination/overtone-bands. As seen in Figs. 3 –5 , for the pure

amples at low pressure ( Fig. 5 a), the J and K manifold struc-

ures are not resolved. In the N 2 -broadened spectra ( Fig. 5 b) the

ransitions blend to produce broad unresolvable continua. To pro-

ide essential information needed for atmospheric remote sens-

ng, we therefore measured benzene cross sections, κobs ( v ) in

m 

2 /molecule, directly calculated from the observed transmittance

pectra, τ obs ( v ), by κobs ( v ) = – ln [ τ obs ( v )]/( n ξ l ), where n, ξ , and l

re number density (#/cm 

3 ), mixing ratio, and absorption path

ength (cm), for the six Regions listed in Table 4 . It is noted that

ntensities of other absorption features outside the specified spec-

ral regions are insignificant, so they were not included in the

nalysis. 

Examples of the measured cross sections are presented in Fig. 5 .

heir respective pure sample pressure and total mixture pressures

re labeled on the figures along with the measurement temper-

tures. In Fig. 5 a and b, pure and N 2 -broadened spectra of ben-

ene in the v 4 region are compared to show the substantial pres-

ure broadening for the N 2 -broadened spectra at both conditions.

ll the line-like features in the P and R branches of the band

re, in fact, J-manifolds with many K sub-bands. Since their ap-

arent widths are much broader than that of an isolated single

 6 H 6 transition, an instrumental spectral resolution larger than the

oppler limit was acceptable for the data acquisition without sig-

ificant loss of information. Also, it is worthwhile to note that the

trengths of the lower J-manifolds are significantly enhanced at

he colder temperature, resulting in the band width seemingly nar-

owed when compared to the data at warm temperature. As a re-

ult, such intensity redistribution at cold temperatures is expected

o produce more outstanding features for the Q branch of the

old band at 674 cm 

−1 , but diminish the absorption peak for the

ot band Q-branch at 672.4 cm 

−1 . The cross sections presented in

ig. 5 c the v 14 region and Fig. 5 d the v 13 region at 295.8 and 245 K

lso show a similar intensity enhancement of lower J-manifolds for

he cold band. 

It should be recalled that, since these are direct measurements

f the absorption features, the cross sections at a given frequency
work a . 

 No. of spectra No. of spectra 

15 pure C 6 H 6 15 (C 6 H 6 +N 2 ) 

6 pure C 6 H 6 8 (C 6 H 6 +N 2 ) 

11 pure C 6 H 6 11 (C 6 H 6 +N 2 ) 

9 pure C 6 H 6 11 (C 6 H 6 +N 2 ) 

3 pure C 6 H 6 7 (C 6 H 6 +N 2 ) 

15 pure C 6 H 6 4 (C 6 H 6 +H 2 + He) b 

ntributions from minor isotopologues of ben- 

s used. 
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a b

c d

Fig. 5. Cross sections of benzene. Region I. (a) pure and (b) N 2 -broadened; (c) and (d) show N 2 -broadened results for Regions III and V derived from spectra measured with 

the same cell. 
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bands, as well as the fundamental cold bands specified in Tables 1

and 4 . We note that band intensity, S v cm 

−1 /(molecule ·cm 

−2 ), is

considered as one of the most useful fundamental spectroscopic

properties, providing insight on molecular structure and band-to-

band interactions as well as a practical guideline for applications

in atmospheric remote sensing. An integrated band intensity, A B in

cm 

−1 /(molecule ·cm 

−2 ), can be obtained by summing up all line

intensities over the spectral region and also can be written ( Dang-

Nhu et al., 1989 ) using the band intensity, S v : 

A B ( T ) ≈ S v × Q vib ( T ) (1)

where Q vib is vibrational partition function at temperature T. It is

well known that, for isolated fundamental bands, their band in-

tensity is independent of temperature ( Crawford Jr. et al., 1958 ;

Breeze et al., 1965 ). Meanwhile, an integrated cross section, X B in

cm 

−1 /(molecule ·cm 

−2 ), is computed by summing up the measured

cross sections over the range of wavenumbers for a band. How-

ever, as discussed in Sung et al. (2013) , the integrated cross section,

X B , for a particular band is not necessarily equal to the integrated

band intensity, A B , because all the absorption features in the ob-

served spectrum may not be fully resolved at the spectral resolu-

tion of the measurements. This is particularly expected for heavy
olecules in the mid-infrared region where Doppler widths are

ery small, beyond the instrumental resolutions available. There-

ore, we have estimated integrated band intensity, A B , by sum-

ing up individual line intensity parameters of ‘pseudolines’, as

iscussed below. 

. Pseudoline generation 

In this work, in addition to calculating cross sections from in-

ividual transmittance spectra described in Section 5 , we have

lso adopted the empirical pseudoline generation approach to

evelop a HITRAN-like PLL for benzene in the 7–15 μm re-

ion. Briefly summarizing, over a narrow wavenumber inter-

al the mean absorption coefficient may be modeled by a set

f ‘effective’ line parameters (line intensity S and lower state

nergy E ̋) derived from laboratory spectra. A physically-based

odel for the pseudoline approach was introduced by Toon et al.

1992, 1999 ) by assuming that valid average transmission can be

efined for a given frequency grid, i.e. , typically uniformly-spaced

requency bins treated as pseudolines. The pseudolines are com-

iled as ‘individual transitions’, i.e., assuming that they have valid

ean values of line position, strength, pressure-broadened widths,
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Table 5 

List of all the assumed parameters fixed in the pseudoline generation. 

Parameters Values References 

Frequency grid spacing 0 .005 cm 

−1 See text 

Modified Doppler full width (fixed) 0 .005 cm 

−1 See text 

Self-broadened half width at 296 K 0 .18 cm 

−1 /atm Waschull et al.(1998) 

N 2 -broadened half width at 296 K 0 .12 cm 

−1 /atm Waschull et al.(1998) 

N 2 -broadened half width at 296 K near 674 cm 

−1 0 .24 cm 

−1 /atm Assumed; See text 

(H 2 + He)-broadened half width at 296 K 0 .163 cm 

−1 /atm Assumed; See text 

T-dependence for pressure-broadened width 0 .75 Assumed; See text 

Pressure-induced frequency shift −0 .003 cm 

−1 /atm Assumed 
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nd lower state energy, E ′′ . This approach was successfully imple-

ented for atmospheric spectroscopic observations ( Toon et al.,

992, 1999 ), and for laboratory spectrum analysis ( Sung et al.,

013 ). Further details can be found on-line ( http://mark4sun.jpl.

asa.gov/data/spec/Pseudo/Readme ). Among many advantages ex- 

ected for this PLL approach for polyatomic molecules, are the fol-

owing; ( 1 ) one single line list can be used to accurately repro-

uce the cross sections measured at any temperatures and pres-

ures encompassed by the laboratory measurements from which

he PLL was derived, ( 2 ) since the pseudolines were derived via fit-

ing multiple spectra by adopting a physical line shape model and

nstrumental line shape function, the pseudoline parameters are

nstrument- and resolution-independent. Therefore, they can be

sed with any existing line-by-line calculation models as an effec-

ive spectroscopic input, and ( 3 ) spectral features from any known

mpurities ( e.g. , water vapor transitions) can be modeled during

he spectral fitting, so that the derived pseudolines are impurity-

ree. This is especially important for molecules whose features

how up in the vicinity of the strong water bands, like those for

enzene in the v 13 region (Region V). Furthermore, the pseudo-

ine intensities allow a more estimate of the integrated band in-

ensity than integrating the measured cross sections (X B ) because

he pseudoline intensities are determined based on a physical line

rofile model ( e.g. , Voigt line shape profile, the widely accepted

mpirical law of the pressure broadening) and realistic partition

unctions, resulting in lower sensitivity to the experimental condi-

ions (such as pressures and temperatures). 

From the 30 pure and N 2 -broadened benzene spectra recorded

overing 235–297 K, we have derived a 296 K intensity S , and an

mpirical lower state energy E ̋ for all the individual ‘pseudolines’.

he line spacing for the pseudolines was chosen to be 0.005 cm 

−1 

y trading off retrieval precision and computation cost in the

ine-by-line calculations. For the physical model of molecular line

hape, we adopted Voigt line shape profile to compute a spectrum

t sufficiently high resolution ( e.g. , 0.001 cm 

−1 ), which then is con-

olved with instrumental line shape function (ILS). For the ILS, we

sed sinc function convolved with the field of view function ( see

ooth et al., 1985 ). However, the Doppler width has been set to

e the same as equidistance spacing, 0.005 cm 

−1 , in this work, and

eld fixed for all temperatures. Pressure-broadening of individual

ransitions was accounted for by taking the pressure-broadened

alf-width coefficients with temperature dependences in an anal-

gy to the true spectroscopic line parameters. Waschull et al.

1995, 1997, 1998) reported self- and N 2 -broadened half widths of

enzene up to J = 66, showing no distinctive dependence on rota-

ional quantum numbers, J and K . They measured self-broadened

idths to be 0.12–0.22 cm 

−1 /atm at 296 K and their temperature

ependence exponent, n , defined by Eq. (2) , to be 0.47 in the range

f warm temperatures, 296–344 K. 

 ( T ) = b ( T o ) ×
(

T o 

T 

)
n (2) 

For N 2 -pressure broadened width, three Q-branch transitions of

 (belong to Region III listed in Table 3 ) were reported to be
14 
.086, 0.117, 0.119 cm 

−1 /atm at 296 K, from which 0.12 cm 

−1 /atm

t 296 K has been suggested for both air and N 2 -broadened

idth as a representative value. Therefore, we adopted 0.18 and

.12 cm 

−1 /atm at 296 K for self and N 2 -broadened widths of ben-

ene, respectively, for all the pseudolines. However, for the v 4 Q-

ranch region near 674 cm 

-1 , we adopted the self-broadened width

f 0.24 cm 

−1 /atm at 296 K, since we found that the increased

idth produced significantly better spectral fitting residuals. Tem-

erature dependence exponents have been assumed to be n = 0.75

or both N 2 - and self-broadening by adopting a theoretical value

 Anderson et al., 1949 ) instead of using the value derived from the

easurements of Waschull et al. (1998) at warm temperatures. 

The pseudolines are a set of empirical parameters as a math-

matical construct over the assumed frequency bins to represent

bsorption features. The pseudoline intensity and lower state en-

rgy parameters are closely coupled to the choice of other line

arameters such as pressure-broadening coefficients. Since a dif-

erent set of pressured-broadened widths was required for the

 2 + He-broadened benzene spectra, a separate pseudoline list was

enerated. For the H 2 + He-mixture broadening of benzene, how-

ver, we have adopted the half-width to be 0.163 cm 

−1 /atm at

96 K by combining ( 1 ) measurements of He-broadened width

0.11 cm 

−1 /atm) of benzene in the v 14 band ( Waschull et al., 1998 ),

 2 ) borrowing the ratio ( i.e. , 1.565) of H 2 - to He-broadened width

or another polyatomic hydrocarbon, ethane (C 2 H 6 ) ( Blass et al.,

987 ), and then ( 3 ) applied the estimated values proportionately

o the mixture of H 2 (85%) and He(15%). All the assumed parame-

ers in the pseudoline generation are summarized in Table 5 . 

All the spectra were fit simultaneously to derive line strengths

 S ) at 296 K and lower state energies ( E ′′ ) of the individual pseu-

olines by 

S ( T ) 

S ( T o ) 
= 

Q v ib ( T o ) Q rot ( T o ) 

Q v ib ( T ) Q rot ( T ) 
× e −C 2 E 

′′ ( 1 /T − 1 / T o ) ×
(

1 − e −C 2 v j /T 

1 − e −C 2 v j / T o 

)

(3) 

here S(T o ) is the line strength (cm 

−1 /(molecule ·cm 

−2 )) at the ref-

rence temperature T o =296 K, the last term in the parenthesis

s for the stimulated emission, v j being the pseudoline frequency

cm 

−1 ). The term exp[ – C 2 E 
′ ′ ( 1/T–1/T o )] is the Boltzmann factor,

he second Boltzmann constant C 2 =1.4388 cm/K, E ′ ′ being the em-

irical lower state energy (cm 

−1 ) of the individual pseudoline tran-

itions. The vibrational partition function, Q vib , at a given tempera-

ure T was computed using harmonic oscillator approximation by,

 vib ( T ) = 

∏ 

(
1 

1 − e −C 2 E v ,n /T 

)dgn 

(4) 

here, E v is vibrational energy level (band center), n is an index of

ormal modes ( n = 1–20), dgn for degeneracy for each fundamen-

al, all of which are listed in Table 1 . Ratio of the rotational parti-

ion function Q R at two different temperatures is approximated by

 R ( T )/ Q R ( T o ) = ( T / T o ) 
β , where β = 1.5 for non-linear molecule with

o torsional band. In the iterative spectrum fitting, by combining

http://mark4sun.jpl.nasa.gov/data/spec/Pseudo/Readme;
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Table 6 

An excerpt of the compiled pseudoline sample list for N 2 -broadened benzene in the HITRAN 20 0 0 

format. 

MMI freq(cm 

−1 ) S(296K) N2—Self- E ′′ n –shift—

730 674.040 0 0 0 6.218E-20 0.0 0 0E + 0 0.120 0.240 0 4 86.4 8290.75-.0 030 0 0 

730 674.0450 0 0 2.691E-20 0.0 0 0E + 0 0.120 0.240 0 386.07550.75-.0 030 0 0 

730 674.050 0 0 0 5.345E-20 0.0 0 0E + 0 0.120 0.240 0 646.29670.75-.0 030 0 0 

730 674.0550 0 0 3.135E-20 0.0 0 0E + 0 0.120 0.240 0 557.81030.75-.0 030 0 0 

730 674.060 0 0 0 4.429E-20 0.0 0 0E + 0 0.120 0.240 0 626.28320.75-.0 030 0 0 

730 674.0650 0 0 3.158E-20 0.0 0 0E + 0 0.120 0.240 0 536.63460.75-.0 030 0 0 

730 674.070 0 0 0 3.624E-20 0.0 0 0E + 0 0.120 0.240 0 851.11390.75-.0 030 0 0 

730 674.0750 0 0 3.121E-20 0.0 0 0E + 0 0.120 0.240 0 567.57530.75-.0 030 0 0 

730 674.080 0 0 0 3.367E-20 0.0 0 0E + 0 0.120 0.240 0 699.82110.75-.0 030 0 0 

730 674.0850 0 0 3.280E-20 0.0 0 0E + 0 0.120 0.240 0 662.51260.75-.0 030 0 0 

730 674.090 0 0 0 3.097E-20 0.0 0 0E + 0 0.120 0.240 0 779.45760.75-.0 030 0 0 

730 674.0950 0 0 3.096E-20 0.0 0 0E + 0 0.120 0.240 0 862.93920.75-.0 030 0 0 

730 674.10 0 0 0 0 3.553E-20 0.0 0 0E + 0 0.120 0.240 0 710.26090.75-.0 030 0 0 

730 674.1050 0 0 3.275E-20 0.0 0 0E + 0 0.120 0.240 0 839.79680.75-.0 030 0 0 

730 674.110 0 0 0 3.121E-20 0.0 0 0E + 0 0.120 0.240 0 838.5640 0.75-.0 030 0 0 

730 674.1150 0 0 2.278E-20 0.0 0 0E + 0 0.120 0.240 0 910.72240.75-.0 030 0 0 

730 674.120 0 0 0 2.239E-20 0.0 0 0E + 0 0.120 0.240 0 920.1720 0.75-.0 030 0 0 

730 674.1250 0 0 2.285E-20 0.0 0 0E + 0 0.120 0.240 0 875.79330.75-.0 030 0 0 

730 674.130 0 0 0 1.560E-20 0.0 0 0E + 0 0.120 0.240 0 1054.60 070.75-.0 030 0 0 

730 674.1350 0 0 2.169E-20 0.0 0 0E + 0 0.120 0.240 0 1078.95460.75-.0 030 0 0 

730 674.140 0 0 0 1.070E-20 0.0 0 0E + 0 0.120 0.240 0 1272.96960.75-.0 030 0 0 

730 674.1450 0 0 1.921E-20 0.0 0 0E + 0 0.120 0.240 0 1339.72350.75-.0 030 0 0 

730 674.150 0 0 0 9.669E-21 0.0 0 0E + 0 0.120 0.240 0 1279.80 090.75-.0 030 0 0 

730 674.1550 0 0 1.578E-20 0.0 0 0E + 0 0.120 0.240 0 1660.88170.75-.0 030 0 0 

730 674.160 0 0 0 6.312E-21 0.0 0 0E + 0 0.120 0.240 0 1744.1410 0.75-.0 030 0 0 

730 674.1650 0 0 1.472E-20 0.0 0 0E + 0 0.120 0.240 0 1696.0410 0.75-.0 030 0 0 

730 674.170 0 0 0 5.649E-21 0.0 0 0E + 0 0.120 0.240 0 20 0 0.69030.75-.0 030 0 0 

730 674.1750 0 0 1.263E-20 0.0 0 0E + 0 0.120 0.240 0 2415.31350.75-.0 030 0 0 

730 674.180 0 0 0 5.215E-21 0.0 0 0E + 0 0.120 0.240 0 2653.02320.75-.0 030 0 0 

730 674.1850 0 0 1.124E-20 0.0 0 0E + 0 0.120 0.240 0 2408.74220.75-.0 030 0 0 

730 674.190 0 0 0 2.827E-21 0.0 0 0E + 0 0.120 0.240 0 2373.38330.75-.0 030 0 0 

730 674.1950 0 0 7.568E-21 0.0 0 0E + 0 0.120 0.240 0 2267.63920.75-.0 030 0 0 

730 674.20 0 0 0 0 5.089E-21 0.0 0 0E + 0 0.120 0.240 0 2635.96440.75-.0 030 0 0 

Notes: MM = molecule index; I = isotopologue index. Set I = 0 as an indicator of pseudoline 

line; wavenumber in cm 

−1 ; line intensity, S, of benzene in natural abundance at 296K in 

cm 

−1 /(molecule.cm 

−2 ); N 2 -broadened width, Self-broadened width in cm 

−1 /atm; E ′′ = lower state en- 

ergy (cm 

−1 ); n = temperature dependence exponent for pressure broadened widths; Pressure-induced 

frequency shifts (cm 

−1 /atm). Note that the format for the first 67 columns each line is the same for all 

HITRAN database. Further details, See the HITRAN database ( Rothman et al., 2009, 2013 ). 
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Eqs. (2) –( 4 ), one can obtain Eq. (5) for a given j th spectrum, 

ln 

(
ln τc 

ln τm 

)
≈ ln 

S c ( T o ) 

S m 

( T o ) 
+ C 2 ( E 

′′ 
c − E ′′ m 

) 

(
1 

T o 
− 1 

T j 

)
(5)

where subscripts c and m are for calculated and measured val-

ues, respectively, derived from the j th spectrum recorded at tem-

perature, T j . The two unknowns, S c ( T o ) and E ′′ c , which are over-

determined, are adjusted while fitting all the spectrum sets si-

multaneously. The whole fitting process is iterated until conver-

gence, when the differences between the calculated and observed

transmittance spectra are minimized. As described in the ini-

tial pseudoline document ( http://mark4sun.jpl.nasa.gov/data/spec/

Pseudo /Readme), when plotting the left-hand side of Eq. (5) vs.

(1/T 0 - 1/T j ) and fitting a straight line, the intercept, i.e. , the first

term in the right hand side of Eq. (5) , is the fractional error in the

retrieved pseudoline intensity, and the gradient is ( E ′′ c − E ′′ m 

) , the

error in the currently assumed lower state energy ( E ′′ c ). For very

weak lines whose absorption peaks are close to 100% transmission

level, the retrieval of their lower state energies are very sensitive to

small uncertainties of the continuum line level, so their lower state

energies were constrained to remain within physically reasonable

limits during the iterative spectrum fitting. 

Finally, a PLL was derived in the HITRAN format ( Rothman et al.

2009 , 2012) for C 6 H 6 absorption features in the respective spectral

regions as listed in Table 4 . An excerpt of the compiled PLL is pre-

sented in Table 6 for N -broadened benzene in the Q-branch re-
2 
ion of v 4 band. One should note that the molecule index (two

igits) has been set to be 73, which is an arbitrary choice. The

sotopologue index has been set to be 0 in order to explicitly in-

icate these parameters are pseudolines rather than true spectro-

copic lines. The observed spectra were reproduced using the same

seudoline list, which are presented in Fig. 6 . Typical spectral fit-

ing residuals are ∼ 3% or better, as shown in Fig. 6 . As expected,

he residuals are worse for high resolution spectra at low sample

ressures (usually for pure benzene spectra, e.g. , Fig. 6 a), but excel-

ent for pressure-broadened spectra ( e.g. , Fig. 6 b and c). In general,

ood agreement (better than 3%) was seen across the spectral re-

ions. The strong Q-branch region of the v 4 band in the pure ben-

ene spectra at the high spectral resolution ( < 0.01 cm 

−1 ) showed

uch larger fitting residuals ( ∼20%) but with no appreciable sys-

ematic bias, probably because the 0.005 cm 

−1 grid spacing does

ot fully resolve the very fine structure of the Q -branch transi-

ions observed in the low pressure condition. Such poor residuals

ear the Q -branch become substantially diminished ( ∼3%) in the

ressure-broadened spectra as shown in Fig. 5 b and d. As seen in

ig. 6 c, spurious H 2 O absorption features as protruding lines (in

lue) are still present in the ratioed spectra. This is because the

mount of residual water in the interferometer and in the cold cell

aried from spectrum to spectrum, resulting in a significant mis-

atch in the water absorption peak height. However, in the mul-

ispectrum fitting by the pseudolines, the water absorption fitted

ut, so the resultant benzene pseudolines compiled in this work

http://mark4sun.jpl.nasa.gov/data/spec/Pseudo


K. Sung et al. / Icarus 271 (2016) 438–452 447 

a b

c d

Fig. 6. Residuals, (JPL obs. – calc. based on the pseudoline list ) for the N 2 -broadened spectra of benzene (a) in the v 4 region at 243 K, ( 2 ) in v 14 region at 258.5 K, (c) and 

(d) in the v 13 region at 258.5 and 245 K, respectively. Better than 3% residuals is seen for all the spectrum sets (except for noisy spectra and the strong Q -branch region). 

Residual water features arising inside the FT-IR chambers were largely canceled out in these ratioed spectra. As seen in (c), any residual water transitions, from the varying 

water vapor impurity in the sample, are effectively fitted out during the generation of the benzene pseudoline list. 
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re almost free of the H 2 O line contamination, as shown in the

esidual plot of Fig. 6 c. 

Finally, all the results and comparisons are presented for the v 14 

and region. Synthetic spectra representing Region III (See Table 4 )

ere generated at all the temperatures and pressures of measure-

ents by using one single set of the pseudoline list; they are pre-

ented in Fig. 7 with the number of spectra and measurement

emperatures captioned on the figures. The noisier features in the

esiduals are ascribed to spectra with a lower SNR recorded at

ow pressures ( < a few Torr), where absorption features retain

uch finer structures than the spectrum grid, 0.005 cm 

−1 . All of

he N 2 -pressure broadened spectra show fitting residuals better

han 1%, which are shown above the spectrum in each panel in

ig. 6. 

As part of the evaluation of the pseudoline approach described

bove, their statistical validity was assessed by inspecting the dis-

ribution of lower state energies and line intensities in two ways.

pectroscopic line parameters for the v 4 band are available in the

EISA 2009 database ( Jacquinet-Husson, et al. 2011 ). A compari-

on of the pseudolines is illustrated in Fig. 8 to the ‘true’ spectro-

copic line parameters for one single cold band, v 4 , from the GEISA

009 database. Fig. 8a shows that the mean intensities over 1 cm 

−1 

ins for the pseudoline intensities are systematically higher that
heir corresponding values from the GEISA 2009 database. How-

ver, their intensity variation patterns are very well aligned with

ach other, indicating that the pseudoline intensities have cap-

ured the J and K dependence of the line strengths for the J mani-

olds. In Fig. 8b , mean intensity-weighted lower state energies over

 cm 

−1 bins from the benzene pseudolines are compared to those

f GEISA. Good agreement is seen in the J-manifold dependence.

s expected, the empirical lower state energies for the pseudolines

re systematically higher than the values from the GEISA linelist

ecause the pseudolines include all the contributions from cold

nd hot bands. The empirical lower state energies from the pseu-

olines should be regarded as effective mean values at the given

requency bin ( i.e. , pseudoline position), because multiple spectro-

copic transitions can occur in the frequency bin, including many

f them from hot bands. It is confirmed in Fig. 8b that the propen-

ity of having higher values for the low state energies was picked

p well by the pseudoline generation approach. 

Recalling that all the 34 spectra were recorded at various

ressures and temperatures, any deviation in the spectrum-to-

pectrum consistency could be interpreted as an indicator of mea-

urement uncertainties. While performing the multispectrum fit-

ing of the laboratory spectra, we also performed retrieval of VMR

cale Factors (VSF) to speed up the fitting convergence. In an ideal
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Fig. 7. Each panel shows spectrum fitting residuals for spectral Region III in the 

range of 5% for the individual experiment conditions, and all the synthetic spectra 

(in the bottom panel) based on the one single pseudoline list. 
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b

Fig. 8. (a) Mean intensities averaged over 1 cm 

−1 bins for the pseudoline intensities 

compared to their corresponding values from the GEISA 2009 database. (b) JPL-PLL 

empirical E" s averaged over 1 cm 

−1 bin weighted by pseudoline intensities com- 

pared to GEISA. The former E"s are larger, especially near the band center, which 

can be attributed to contribution from hot band transitions, absent from GEISA. 
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condition, i.e. , free of noise in the laboratory spectrum, the re-

trieved VSFs would all be unity, confirming that the known ex-

perimental inputs listed in Table 3 are sufficiently accurate. Apart

from intrinsic limitations arising from the assumption made for

the pseudoline generation ( e.g., one representative lower state en-

ergy for each given frequency grid), there are several other fac-

tors contributing to retrieval error, which includes spectral noise,

disturbance on the 100% transmission line, interfering molecules

( i.e. , residual H 2 O), and uncertainties in the experimental condi-

tions (VMR, T, and P). As presented in Fig. 9 , the mean value for

the retrieved VMR scale factors was observed to be 1.01, i.e., only

1% away from the ideal value when all the bands are considered.

Therefore, no significant systematic bias has been observed in the

benzene PLL derived from 34 laboratory spectra in this work. For

the v 14 band, the mean value for the retrieved VMR scale factors

was observed to be 1.03, implying a 3% bias, which has been ac-

counted for in the total measurement error estimates. 

7. Results and discussions 

We have estimated the integrated band intensity, A B , by

summing up the pseudoline strengths over the frequency

ranges as listed in Table 4 . Since the pseudolines are deter-

mined through actual spectrum fitting by adopting a physi-

cally sound molecular line shape model, the pseudoline list

(PLL) can be used to simulate a spectrum at any other pres-

sures and temperatures within the range of laboratory mea-

surements to better than 5% transmittance. The integrated

band intensities, A B , at 296 K from the N 2 -broadened ben-

zene are measured to be 177.0(4.1%), 0.72(10.1%), 14.04(7.3%),

1.38(4.4%), and 27.24(3.4%) ×10 −19 cm 

−1 /(molecule ·cm 

−2 ) for the

Regions I–V, respectively, as summarized in Table 7 . For (H 2 + He)-

broadened benzene, the integrated band intensity, A B , for the

same v region specified as Region VI is estimated to be 168.8
4 
1.0%) cm 

−1 /(molecule ·cm 

−2 ), showing a slight discrepancy ( ∼4.6%)

rom the value derived for N 2 -broadened spectra, but consistent

ithin their combined measurement uncertainties. Based on the

ompiled pseudoline list, combined with the partition function of

enzene described in Eq. (4) , the integrated band intensities were

erived at other temperatures as well, which are presented in

able 7 . A small temperature dependence is seen for the derived

ntegrated band intensities, falling by 6 to 15% as temperatures de-

rease from 296 K to 240 K. 

The integrated band intensities derived from the pseudoline

ist compiled for the N 2 -broadened benzene spectra in this work

re compared to earlier measurements, as presented in Table 8 .

ince many of the earlier works reported their intensities at

98 K, we derived the integrated band intensities at 298 K us-

ng Eq. (3) in order to facilitate the comparison. There are sev-

ral other early low resolution measurements, especially for the

 4 band region, whose integrated band intensities were reported

o be 146 (16) at 300 K ( Speeding et al. 1956 ), 140.5(33) at 300 K

 Overend 1963 ), 165.4 (46) at 300 K ( Broun and Iogansu 1965 ),
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Table 7 

C 6 H 6 integrated band intensities, A B , in 10 −19 cm 

−1 /(molecule ·cm 

−2 ) derived from the pseudoline list in the region specified. 

Regions Retrieved from pure- and N 2 -broadened C 6 H 6 spectra 

Range(cm 

−1 ) 296 K 260 K 250 K 240 K 

I ( v 4 region) 630–735 177.0(4.1%) 170.6(70) 168.9(69) 166.9(68) 

II ( v 17 –v 20 ) 740–840 0.72(10.1%) 0.48(5) 0.48(5) 0.48(5) 

III ( v 14 region) 950–1100 14.04(7.3%) 13.83(10) 13.60(10) 13.28(10) 

IV ( v 7 + v 20 ) 1340–1425 1.38(4.4%) 1.31(6) 1.28(6) 1.24(5) 

V ( v 13 region) 1425–1538 27.24(3.4%) 24.54(83) 23.80(81) 22.93(78) 

Regions Retrieved from pure- and (85%H 2 + 15%He)-broadened C 6 H 6 spectra 

Range(cm 

−1 ) 296 K 260 K 250 K 240 K 

VI ( v 4 region) 630–735 168.8(1.0%) 160.0(16) 157.1(16) 153.4(15) 

Note : Measurement errors reported are estimated by combining retrieval errors for the line intensity parameters and mean value of the Volume Mixing 

Ratio (VMR) adjusted. See Section 6 . for details. 

Table 8 

Comparison of integrated band intensities, A B in 10 −19 cm 

−1 /(molecule ·cm 

−2 ), at 298 K to the early work available. 

C 6 H 6 T obs (K) Region I ( v 4 ) Region III ( v 14 ) Region IV ( v 7 +v 20 ) Region V ( v 13 ) 

This work (C 6 H 6 + N 2 ) 298 173.9(71) 13.97(102) 1.36(6) 26.17(89) 

Rinsland et al. (2008) a 298 172.7(52) 14.22(44) 1.25(37) 26.62(80) 

PNNL b 298.1 172.2 14.22 1.26 26.47 

di Lonardo et al (1990) c 298 168.8(74) 13.68(29) 1.26(45) 26.18(49) 

Raulin et al. (1990) d 300 143.9(94) 13.37(61) d 23.0(13) d 

Dang-Nhu et al. 1989 296 171.6(33) 

GEISA 296 159.2 e 

Khlifi et al. (1992) 297 152.2 

Goodman et al. (1989 ) 298 12.42(25) d 23.58(80) d 

Waschull et al. (1997) 295 12.3(10) 

a From Rinsland et al. (2003)’s absorption cross section in the 615–735 cm 

−1 region based on the Pacific North- 

west National Laboratory (PNNL) spectra at 298 K ( Sharpe et al., 2004 ). However, the contribution from the absorp- 

tion below 630 cm 

−1 was insignificant. 
b For the same spectral region, 635–730 cm 

−1 , as for PLL. 
c di Lonardo et al: A B for v 4 from pure benzene spectra recorded at 0.03 cm 

−1 =165.1(82). We adopted the value 

from air-broadened spectra of C 6 H 6 at 0.05 cm 

−1 , recommended by the author. 
d Cited in Dang-Nhu et al. (1989) and di Lonardo et al. (1999) . 
e Report for v 4 cold band only. 

Fig. 9. Volume mixing ratio Scaling Factors (VSF) for benzene retrieved from the 

observed spectra using the pseudolines are presented for three representative re- 

gions. Different colors are for different regions with solid symbols being for pure 

sample spectra, open symbols for mixtures. 
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72.7(80) ×10 −19 cm 

-1 /(molecule ·cm 

−2 ) at 300 K ( Akiyama et al.

989 ). Di Lonardo et al. (1999) made an extensive comparison of

heir results with these earlier measurements, so we do not repeat

hem in a table. Instead, our measurements have been compared

o either recent or more representative values that were employed

n the atmospheric remote sensing, as summarized in Table 8. 
The reported intensities in the v 4 region range in the Table 3

f di Lonardo et al. (1999) show a large variation in the integrated

and intensities by 23% as shown in Fig. 10a . However, as seen

n Fig. 10a and b, our results show an excellent agreement with

hose from Rinsland et al. (2008) , which was based on the PNNL

pectrum sets ( Sharpe et al., 2004 ), by 0.7%, -1.8%, -1.7% for the

hree strongest bands, i.e ., Regions I, III, V, respectively. Although

he spectral range integrated for Rinsland et al. (2008) was 615–

35 cm 

−1 in contrast to ours (630–735 cm 

−1 ), no significant ab-

orption from the out-of-band contribution was observed outside

he spectral range specified in Table 7 , making it legitimate to do

irect comparison for the v 4 band region. Both results from this

ork and Rinsland et al. (2008) also show a good agreement with

he results from di Lonardo et al (1999) for the v 4 , v 14 , and v 13 

and regions. However, the results from Raulin et al. (1990) and

hlifi et al. (1992) are significantly lower than the first three works 

isted in Table 8 , including this work. 

The GEISA 2009 database compiled spectroscopic line param-

ters for 9797 transitions for the v 4 band of benzene for the

rst time ( Jacquinet-Husson et al., 2011 ), based on the molec-

lar constants and the band strength (S v ) reported by Dang-

hu et al. (1989) and Dang-Nhu and Pliva (1989) . Their inte-

rated intensity in the 642.43–705.26 cm 

−1 region is computed

o be 82.23 ×10 −19 cm 

-1 /(molecule ·cm 

−2 ), which is, in fact, for

he cold band v 4 only. Using the vibrational partition func-

ion Q vib =1.810 at 296 K, the integrated band intensity, A B , for

he v 4 band region including all other contributions from other

eak and hot bands in the region can be estimated to be

2.23 ×1.81 = 148.84 ×10 −19 cm 

−1 /(molecule ·cm 

−2 ) at 296 K. Since

he GEISA database reported for 12 C 6 H 6 , whose natural abundance
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a

b

Fig. 10. (a) Our integrated band intensities, labeled as ‘JPL(PLL)’, at various tem- 

peratures are compared to those from Rinsland et al. (2008) labeled as ‘PNNL’, 

GEISA, and many other early measurements ( See text ). di Lonardo et al. 1991 ( �); 

Spedding and Whiffen 1956 (pentagon); Overend 1963 (inverted triangle); Broun 

and Iogansen 1965 (right triangle); Akiyama et al. 1989 (triangle); Raulin et al. 1990 

(o); Khlifi et al. 1992 ( ∗). (b). Temperature dependence of the measured integrated 

band intensities is compared for the selected regions between the results from this 

work and Rinsland et al. (2008) . 
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is estimated to be 93.48% only, in the normal sample of benzene

used in this work, their integrated band intensity should be ad-

justed for valid comparison with other works, including this study.

As a result, the adjusted intensity for a normal sample of benzene

becomes 14 8.84/0.934 8 = 159.22 ×10 −19 cm 

−1 /(molecule ·cm 

−2 ) at

296 K, which is significantly lower than both this work and

Rinsland et al. (2008 ) by 10% and 6.5%, respectively. Likewise,

Dang-Nhu et al. (1989) and Dang-Nhu and Pliva (1989) , which

were cited in the GEISA database, reported the C 6 H 6 v 4 band in-

tensity, S v =218.5 ( ±4.5) cm 

−1 /atm at 296 K, from which one can

deduce the integrated band intensity (A B ) (cm 

−1 /(molecule ·cm 

−2 ))

of normal sample of benzene (C 6 H 6 ) in the v 4 band region to be

159.5(3.3) ×10 −19 cm 

−1 /(molecule ·cm 

−2 ) using Eq. (6) , 

A B = S v × Q vib ( T o ) × T o / 7 . 3391 × 10 

21 (6)

where Q vib =1.810 computed at T o =296 K by Eq. (4) . As expected,

the value reported by Dang-Nhu et al. (1989) and Dang-Nhu and

Pliva (1989) was in good agreement with the GEISA value, thus
heir measurement is lower than both this work and Rinsland et al.

2008) as discussed above. 

We have estimated error budgets considering the uncertainties

ssociated with the experimental conditions, e.g. , measurement

emperature drifts, path length of the gas cells, pressure readings,

ero-offsets, 100% transmission level offsets due to possible ice ab-

orption features, and uncertainty in the mixing ratio for the ad-

ixture gas samples. Among them the last two are the biggest

ontributors to the error. Firstly, an offset from the 100% transmis-

ion level caused by extra absorption by unidentified cryodeposits

n the windows, growing with time during which the cell was kept

old, was minimized to be less than 0.5–1% by taking the average

f two empty spectra recorded before and after the sample scans.

econdly, as presented in Fig. 9 , the mean value of the retrieved

olume mixing ratio scale factors (VSF’s) for all the spectral fitting

egions shows only 1% offset. The 1 % offset could be taken as an

verall measurement error with respect to the experimental inputs

hile their standard deviation, 8 %, reflects the retrieval noise from

pectrum to spectrum that is primarily governed by spectral noise

 i.e. , S/N). The mean values of the VSF, i.e. , systematic bias with re-

pect to the experimental inputs, were observed to be −1.0%, 0.4%,

%, 3%, 3%, and 0.8% for Regions I–VI, respectively. Since the pseu-

oline intensity retrievals were affected by these offsets, we have

stimated measurement uncertainties to be 4.1%, 10.1%, 7.3%, 4.4%,

.4%, and 1.0% for the integrated band intensities in the six Re-

ions, I–VI, respectively, by combining the mean value of the VSF’s

nd the retrieval uncertainties for the pseudoline intensities, which

re listed in Table 7. 

One should keep in mind that the pseudoline list represents

otal apparent absorption with all contributions from cold-, hot-,

nd other weak bands integrated. For polyatomic molecules hav-

ng significant number of low-lying states well below 10 0 0 cm 

−1 ,

heir hot bands persist even in the cold temperatures such as ∼
30 K in the Titan’s stratosphere. Benzene is worse, because it will

ostly condense out before the ambient temperature is sufficiently

old to suppress the hot band contributions. Therefore, in order

o achieve the decent precision in the spectroscopic observations,

haracterization of the hot band features cannot be put aside. This

oint is well illustrated in Fig. 11 , where synthetic spectra based

n both the pseudoline list from this work and traditional spec-

roscopic linelist of the v 4 band from the GEISA 2009 database

Husson-Jacquinet et al. 2013) are compared; the missing contri-

ution from hot and weak combination band features are substan-

ial not only at 296 K, but also at a cold temperature, 235 K. This is

ritical for the accurate analysis of spectral regions in the observed

tmospheric spectrum, particularly for the region congested with

bsorption features from many other atmospheric molecules. The

LL generated from this work enables a more accurate estimation

f the atmospheric abundance of benzene. Furthermore, the pseu-

oline list can reproduce the expected hot band features well, so

s to keep the unfitted featureless broadband features from being

isinterpreted as the effect of aerosols and scattering. Moreover,

s pointed out by Nixon et al. (2009) , accurate interpretation and

 search for new trace gases appearing in the CIRS spectra become

hallenging without proper characterization of polyatomic species

 e.g. , benzene at 15 μm). 

Lastly, it is worthwhile to discuss error estimates expected

hen these pseudolines are extrapolated to extreme conditions,

.g. , at temperatures as cold as 60 K. As pointed out earlier, the

seudoline list is readily amenable to line-by-line calculations for

adiative transfer modeling to other pressure and temperature con-

itions. Thus, we have estimated the integrated band intensities,

 B , for the Region I ( v 4 band region) at temperatures between 260

nd 60 K respectively from the pseudoline lists and compared to

he values from the GEISA 2009 database having their v 4 band line

ist as a canonical comparison set representing true spectroscopic
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Fig. 11. Comparison of calculated spectra for the v 4 region. Synthetic spectra from GEISA spectroscopy (blue) and from pseudo-linelist (red) are compared to the correspond- 

ing observed spectra (black). It shows that the PLL nicely reproduces the observed hot- and cold-band features in the upper and lower panels, respectively. 
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ine parameters. It is encouraging to observe that the integrated

and intensities estimated from the pseudolines show agreement

ithin ∼12 % for the N 2 -broadened benzene pseudoline and ∼34%

or (H 2 + He)-broadened spectra at the temperatures between 260–

0 K when further adjustment was made to the GEISA values by

0% and ∼6%, respectively, to compensate the discrepancy already

bserved at 296 K. The reasonable agreement for the extrapolation

f the pseudoline list to the extreme temperatures indicates that

he empirical lower state energies derived through multispectrum

tting are sufficiently good to represent the line intensity varia-

ion with temperatures. It should be recalled that, since the ben-

ene vapor pressures, whose information is not available at the

emperatures below 200 K, but is expected to be extremely small

t colder temperature, e.g., 100 K, several kilometers of absorption

ath would be needed to study benzene spectroscopy at these

emperatures. 

. Conclusions 

High-resolution laboratory characterization of the benzene

pectroscopic features at cold temperatures is required to accu-

ately interpret the spectroscopic observations from past, present

nd future planetary missions ( ISO/SWS , Cassini/CIRS, JUNO/JUICE,

tc. ) , thus providing better constraints for hydrocarbon photo-

hemistry modeling. We have therefore measured absorption cross

ections for N 2 -broadened benzene (C 6 H 6 ) spectra in the 690–

550 cm 

−1 region at temperatures from 235 K to 297 K and cre-

ted a pseudoline list (PLL) that represents the measured spectra

o within 5%. We also have retrieved a separate PLL for the pre-

ixture (85%H 2 + 15%He) broadened benzene in the 630–735 cm 

−1 

egion. The pseudoline list includes the line strengths, and lower

tate energy, as well as other prescribed parameters (frequency

ins as line center positions, pressure-broadened line widths and

heir temperature dependence, and pressure-induced frequency

hifts) assumed for the line shape model of Voigt profile. It is ob-
erved that the pseudoline set could reproduce better the observed

pectral absorption, i.e. , well within 3% at any of the temperature

nd pressure conditions for the pressure-broadened spectra, except

or the strong Q-branch of the v 4 band at 674 cm 

−1 . Total inte-

rated band intensity in the 690–1550 cm 

−1 region is estimated to

e 2.204( ±93) ×10 −17 cm 

−1 /(molecule ·cm 

−2 ) at 296 K derived from

he N 2 -broadened absorption features, which is in an excellent

greement (better than 0.5%) with the earlier low-resolution N 2 -

roadened benzene measurements ( Rinsland et al., 2008; Sharpe

t al., 2004 ). 

We have compiled the pseudoline lists for each of the five spec-

ral regions in an electronic file by adopting the HITRAN format (a

ample is shown in Table 6 ). The two separate lists of C 6 H 6 pseu-

olines have been generated; one for N 2 -broadened spectra in the

ve spectral regions, and the other for (H 2 + He)-broadened spectra

n the v 4 band region. The PLL for the five strongest regions (Re-

ions I, III–VI) are reported in electronic supplements and also will

e available from: ( http://mark4sun.jpl.nasa.gov/data/spec/Pseudo ).

hey can readily be used in the line-by-line radiative transfer cal-

ulations in the same manner as for true spectroscopic line param-

ters. In modeling atmospheres, the pseudoline approach benefits

he spectroscopic analysis of atmospheric molecules, such as ben-

ene, whose spectroscopic line parameters are yet to be accounted

or in any quantum mechanics analysis. The pseudoline approach,

owever, should be regarded as a practical interim solution un-

il quantum-mechanically-based spectroscopic line parameters are 

vailable. 
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