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Opacity	  calcula+ons	  play	  an	  essen+al	  role	  in	  planetary	  
atmosphere	  modeling.	  One	  of	  the	  fundamental	  problems	  
encountered	  by	  opacity	  calcula+ons	  is	  the	  limited	  knowledge	  of	  
line	  broadening,	  for	  which	  laboratory	  data	  is	  o;en	  lacking	  and	  
theore+cal	  models	  offer	  only	  coarse	  approxima+ons	  in	  most	  
cases.	  In	  addi+on,	  the	  spectral	  averaging	  methods	  employed	  in	  
compu+ng	  the	  atmospheric	  structure	  and	  radia+ve	  transfer	  can	  
lead	  to	  addi+onal	  discrepancies	  between	  models,	  and	  make	  on-‐
the-‐fly	  changes	  to	  the	  atmospheric	  composi+on	  difficult.	  We	  
present	  a	  brief	  comparison	  between	  our	  model	  and	  other	  current	  
methods	  of	  opacity	  calcula+ons	  for	  atmosphere	  modeling,	  show	  
the	  line	  width	  varia+on	  as	  a	  func+on	  of	  temperature	  and	  
pressure,	  and	  the	  possible	  implica+ons	  of	  these	  varia+ons	  for	  
deriving	  rota+onal	  veloci+es.	  

Abstract	  
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Line	  widths	  in	  our	  model	  

We	  use	  Voigt	  profiles,	  with	  the	  FWHM	  given	  by	  	  

	  where	  the	  Doppler	  and	  Lorentz	  widths	  are	  	  
FD=2 ln2* ν0 /c* vT

2 +vturb
2

FL=2*γ0*(p/1.01325)*(296/T)
n

FV≈FD*( (FL /FD)
2+2.012(FL /FD)+4.07-1.075)

	  H2O	  line	  widths	  as	  a	  func+on	  of	  (p,T),	  calculated	  
over	  J-‐band	  at	  vturb=0:	  average-‐black,minimum-‐
blue,	  maximum-‐red.	  
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frequency stabilized on the top of the line under study, so
the lineshift parameter d0 is simply deduced by monitoring
the laser frequency versus the gas pressure, which can be
done by using the same molecular line as a frequency dis-
criminator. The main advantages of such a technique are the
strong sensitivity achieved, which allows measurements at
low pressures, and the quite good stability of the frequency
reference.
For this purpose, the laser is frequency modulated at a 20

kHz frequency and part of the infrared power is sent through
a first cell filled with the active gas. After detection and
demodulation, the resulting signal is sent back to the laserFIG. 2. H2-induced broadening of HCN at room temperature. The ex-

perimental broadening parameter g0 (in 1003 cm01/atm) is reported versus power supply to achieve laser frequency stabilization on top
m for rovibrational transitions {j R branch of the n2 band (this work)}, of the line. Laser frequency drifts related to pressure induced
for l-doubling transitions {l, L n2 state (12, 13)}, and for rotational lineshifts are then monitored, thanks to a reference cell filledtransitions {m ground state (1–3)}. Calculated results obtained from the

with the same active gas and set at a fixed pressure. AfterRB formalism including electrostatic and atom–atom interactions (—), and
detection and demodulation, the resulting reference signal iselectrostatic interactions only (---).
proportional to the first derivative of the line shape versus
the frequency: with typical operating conditions, this signal

profile, which implies that correlations between molecular veloc- behaves linearly on a 20 MHz interval around the line center
ities and relaxation were neglected. However, in the case of (19). The calibration of this reference signal is performed
perturbers, such as HCN, N2, and Ar, whose masses are similar separately by recording the reference cell response versus the
to those of the absorbing molecules, residuals of line fits exhibit laser frequency. Its accuracy, better than 5%, was checked by
the characteristic feature of a small line narrowing (22). This recording the calibration signal twice, before and after the
can be attributed either to velocity-changing collisions or to shift measurements themselves.
speed dependence of collisional relaxation; the corresponding Lineshifts in the R branch of the n2 band of HCN have
lineshapes are the Galatry profile (23) or the speed-dependent been measured at room temperature for m values ranging
Voigt profile (24), respectively. More probably, the actual lines-
hape results from a combination of both processes, which occur
simultaneously (25, 26). It has been shown that, inasmuch as TABLE 2
the line narrowing is small, these various lineshapes are similar Self-, H2-, and He-Lineshift Parame-
at the lowest order with a suitable correspondance of parameters ters d0 (in 1003 cm01/atm) Measured in
(26); thus it seems impossible, from the inspection of experimen- the R Branch of the n2 Band of HCN at
tal signals only, to discriminate between these two effects— Room Temperature
velocity-changing collisions and speed dependence of relaxation.
As a consequence, we have fitted some lines using the Galatry

profile (23), which leads to the following results: (i) by compari-
son with the Voigt profile model, modifications in broadening
parameters g0 are not significant, since they are smaller than the
standard deviations derived from the fits; (ii) narrowing parame-
ters b are in agreement with previously observed values. As an
example, we get for the case of the R(24) transition (all units are
in 1003 cm01/atm, uncertainties refer to one standard deviation)b
Å 71{ 10 for N2-induced collisions, and 17{ 3 for Ar-induced
collisions; these results compare to the values 66 (N2-perturber)
and 30 (Ar-perturber) obtained for low m values in the n1 band
(5), and to the value 25 (Ar-perturber) obtained in the n2 band
(16); (iii) last, as in previous experiments (5, 16), no m-depen-
dence of the narrowing parameter b has been displayed, which
indicates that velocity-changing collisions should be dominant
in the line narrowing process induced by N2 and Ar.

III. MEASUREMENT OF PRESSURE INDUCED
LINESHIFTS OF HCN

Lineshift measurements were done with the method pre- Note. Errors in parentheses refer to the last
digits quoted (see text).sented in Ref. (19). With this technique, the diode laser is

Copyright q 1996 by Academic Press, Inc.

AID JMS 6992 / 6t0a$$$362 04-18-96 21:57:18 mspal AP: Mol Spec

sðvÞ / v3=2]. In such cases of a strong dependence on the relative velocity, the widths predicted
from the mean velocity, i.e.

g½!vðTÞ$ % !vðTÞ & s½!vðTÞ$; (3)
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Fig. 4. Measured temperature exponents. (a) values of n from: ' present work (average of n742 and n980), , Ref. [4], n
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Fig. 5. Comparisons between measured ð(Þ widths and values (—) calculated for the mean relative velocity (with the
potential of Ref. [2]) at the three temperatures.
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FIG. 14. N2-broadened half-widths vs temperature for the V 2 doublet 
863 .... 972. 862 .... 973. I experimental; calculated -RBtot ; •• ·RB.lee ; ---

ATC. 

proof of the previous predictions. The RBtot calculation 
gives satisfactory results and shows the resonance overtak-
ing effect (N

RBtot 
=0.4). As explained previously (Table 

VII), the RBe1ec calculation strongly underestimates the 
linewidths and their decrease with temperature. The ATC 
approach gives satisfactory results through compensations 
of errors due to the modelings of the potential surface and 
trajectories. 

IV. CONCLUSION 
Comparisons between calculated and experimental 

H 20 linewidths have shown the quality of our model. Con-
trary to those used up to now, it enables accurate predictions 
on systems for which the broadening contributions of inter-
actions at long distance are small. Our calculated and experi-
mental widths have demonstrated the complexity of the 
mechanisms of collisional-broadening temperature depen-
dence. Indeed, we have shown that kinetic effects resulting 
from velocity changes in both direction and module playa 
significant role in this temperature dependence. A second 
important effect results from the resonance overtaking asso-
ciated with the spreading of the perturber rovibrational po-
pulation distribution with increasing temperature. These 
two effects lead to a wide variety of temperature evolutions 
of H 20 linewidths. Dependences in T - N with N exponents 
going from N = 1.0, in the resonant case associated with low 
J j lines, to very low values of N (such as N =0.40, theoreti-
cally predicted and experimentally confirmed at high tem-
perature in the present work for H 2O-H20 and H 20-N2 ) 

for high Jj lines, are obtained. The strong dipole moment 
and large level spacing of H 20 are responsible for these wide 
variations. The latter are not correctly accounted for by 
models, such as A TC, which neglect velocity modifications 
and use a simplified modeling of the potential surface. 

Additional measurements (IR or Raman) oflinewidths 
in wide temperature and rotational quantum-number ranges 
would be particularly interesting. Studies for various collid-
ing partners, from strongly polar (H20) to nonpolar 

(Ar,Xe) perturbers, would also bring much information on 
kinetic and resonance overtaking effects. The line broaden-
ing of linear molecules by H 20, which has received very little 
attention, is another interesting field for experimental inves-
tigations. Ab initio calculated potential surfaces for various 
(H20, perturber) couples would be useful to determined 
accurate atom-atom parameters. 
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H2O	  self-‐	  and	  N2	  line	  broadening.	  Models	  include	  
dipole	  and	  higher	  order	  electrosta+c	  interac+ons.	  
Large	  varia+ons	  are	  also	  present	  between	  low	  and	  
high	  J	  levels	  (Hartmann	  et	  al.	  1987).	  

can be very different from the velocity averaged value:

!gðTÞ #
Z þ1
0

v% sðvÞ % fMBðv;TÞdv; (4)

where fMB is the Boltzmann distribution.2Comparisons between calculated values of these two
widths are plotted in Fig. 7 showing that the velocity averaging mostly affects the broadenings of
narrow lines at low temperature. This can be understood looking at the typical results in Fig. 8,
which are qualitatively similar to what is predicted by both semi-classical and close-coupling
calculations for other light molecules such as HF [21,22] and HCl [23]. This figure shows that, for
low J lines, which mostly involve small rotational energy transfers, gðvÞ nicely verifies a v2=3

dependence. In this case, sðvÞ / v&1=3 and g½!vðTÞ( is slightly smaller than !gðTÞ:3 For high J
transitions, the situation is very different since their broadening is due to rotational transfers
r0  r that involve large energy jumps jDEr0rj: In this case, collisions with small relative velocities
are very non-resonant and thus inefficient (recall that the resonance functions decrease quickly and
depend on quantities proportional to jDEr0rj=v [24,25]). Hence, for high J lines, starting from very
inefficient collisions—i.e. small values of sðvÞ—at low v; collisions become more and more efficient
as resonance is progressively overtaken [5] as jDEr0rj=v decreases with the increase of v: For the
161;16 150;15 transition at low temperatures, !gðTÞ results mostly from the strongly increasing
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Fig. 6. Same as Fig. 5 but calculations have been made with atom–atom potential parameters modified in order to
obtain agreement at 296K.

2In fact, one can analytically show from Eqs. (3) and (4) that !g ¼ gð!vÞ if sðvÞ is independent of v or proportional to 1=v
but that, when sðvÞ is proportional to v or to v2 one has !g ¼ 3pgð!vÞ=8 * 1:1gð!vÞ or !g ¼ pgð!vÞ=2 * 1:6gð!vÞ; respectively.

3For resonant collisions involving a single potential term in R&n; sðvÞ and gðvÞ are proportional to v&2=ðn&1Þ and
vðn&3Þ=ðn&1Þ; respectively. For a dipole–quadrupole interaction ðn ¼ 4Þ: sðvÞ is thus proportional to v&2=3: For sðvÞ
proportional to v&1=3; numerical calculations show that !g * 0:98gð!vÞ:

G. Wagner et al. / Journal of Quantitative Spectroscopy & Radiative Transfer 92 (2005) 211–230224

Temperature	  
dependence	  of	  water	  
line	  widths,	  broadened	  
by	  air.	  Even	  a;er	  	  
correc+ons	  to	  the	  
interac+on	  poten+al,	  
discrepancy	  factors	  of	  
~	  a	  few	  remain	  at	  
higher	  temperatures	  	  
(Wagner	  et	  al.	  2005).	  

Example	  HCN	  line	  
broadening,	  
showing	  the	  effect	  
of	  including	  atom-‐
atom	  interac+ons	  
(Lemaire	  et	  al.	  
1996).	  

Line	  width	  overview	  

Depending	  on	  the	  assump+ons	  made	  and	  
available	  data,	  differences	  by	  factors	  of	  a	  few	  
can	  arise	  in	  the	  es+mated	  line	  widths.	  

154 Hartmann 81 al. : Collisional broadening. II 
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FIG. 10. Self-broadened half-widths vs temperature for the V2 doublet 
862 ... 973,863 ... 972.1: experimental; ... : law 'r( n = 0.228 (460/no.73 

cm -I atm - I. Calculated by ATC: - only dipole-dipole interaction; --- all 
electrostatic interactions. 

two C2v molecules. Perturbers in the 000 and 010 vibrational 
states have been accounted for. 

As stated in Sec. II B the measured coefficients N are 
much lower than that associated with a resonant dipole-
dipole interaction (N = 1). That related to the 
770-881,771-880 doublet is even lower than the hard-
sphere value 0.5. The cut-off parameters bo ["v ( n, V:zof2] cal-
culated at 300 and 900 K with the only dipole-dipole inter-
action are plotted in Fig. 12 vs perturber level energy E v,.!,. 

The relative occupation of these levels are plotted in Fig. 13. 
Due to the important energies involved in the collision-in-
duced transitions from the doublet levels, the collisions asso-
ciated with the perturber levels more occupied at 300 K 
(E J :s; 500 em -I) are nonresonant and the corresponding 
bo are small. The more resonant and efficient colli-
sions are related to nonoccupied levels (Ev,.!, 500 em -I) 

-------------; 
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FIG. 11. Self-broadened half-widths vs temperature for the V 2 doublet 
770 ... 881, 771 ... 880. Experimental: I this work; 0 Refs. 19 and 20 (30% 
accuracy); .. ·law 'r(n = 0.148 (408/no.38 cm- I atm- I . Calculated by 
ATC: - only dipole-dipole interaction; --- all electrostatic interactions. 
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FIG. 12. ATC cut-oifparameter vs perturber initial rovibrational energy 
for the doublet 770 ... 881, 771 ... 880; self-broadening dipo1e-dipole calcula-
tion accounting for perturbers in the 000 and 010 vibrational states: ... 300 
K;-900K. 

and contribute little to broadening. The populations of these 
latter states increase with temperature; the resonance is 
overtaken through this spreading of the popUlation distribu-
tion as shown by the curves for 900 K. 

Figures 10 and 11 show that the widths and their de-
crease with temperature are underestimated by the dipole-
dipole (D-D) calculations; the contributions of higher-or-
der electrostatic interactions [dipole-quadrupole (D-Q and 
Q-D), and quadrupole-quadrupole (Q-Q)] are significant 
and increase the temperature coefficient N. This increase is 
surprising when compared with the resonant predictions, 
i.e., =0.75], =0.83], 

= 1.0]. In fact, it is explained by the slower 
decrease of the resonance functions for higher order, and 
thus shorter range (nD-D = 3, nD-Q = 4, nQ-Q = 5), electro-
static interactions. One can predict that accounting for the 
potential and trajectory modifications at short distances 
should improve the theoretical results for these lines; in fact, 
the values of bo are lower than 1.SRmin for some levels V:zof2 of 
low energy, which are significantly occupied at 300 K (see 
Fig. 12). 

The N2-broadened widths of the 2115.00 cm- I doublet 
are plotted vs temperature in Fig. 14. They are a second 

0.oL __ 
O. 500. 1000· 1500. 2000. 2500. 

FIG. 13. Relative occupation of the perturber levels. Same case and symbols 
as in Fig. 12. 
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Molecular	  line	  width	  values	  are	  difficult	  to	  
obtain,	  being	  determined	  by	  numerous	  
factors,	  including:	  temperature,	  pressure,	  
quantum	  numbers,	  energy	  levels,	  collisional	  
partner,	  turbulent	  velocity,	  polarizability.	  
These	  dependences	  are	  o;en	  poorly	  known	  
due	  to	  the	  lack	  of	  experimental	  data.	  

Our	  model	   Phoenix	  VSTAR	  

•  Molecular	  opaci+es	  include	  H2,	  TiO,	  VO,	  
H2O,	  CO,	  CO2,	  CH4,	  NH3,	  CaH,	  FeH,	  MgH,	  
CrH,	  TiH,	  CH,	  CN,	  C2,	  HCN/HNC	  (Bailey	  and	  
Kedziora-‐Chudczer	  2011).	  
•  Line	  widths	  are	  taken	  from	  detailed	  
calcula+ons	  in	  the	  literature:	  e.g.	  CH4	  from	  
HITRAN,	  Pine	  1992,	  Pine	  and	  Gabard	  2003	  ;	  
H2O	  from	  Bailey	  2009,	  Delaye	  et	  al.	  1989,	  
Gamache	  et	  al.	  1996;	  	  CO	  from	  Rothman	  et	  
al.	  2005,	  Regalia-‐Jarlot	  et	  al.	  2005.	  
•  Voigt	  profiles	  +	  van	  Vleck-‐Weisskopf	  
profile	  for	  the	  line	  wings,	  with	  correc+on	  
factors.	  
•  Radia+ve	  transfer	  code	  DISORT	  (1D,	  
plane-‐parallel,	  LTE)	  .	  

•  Molecular	  opaci+es	  include	  H2,	  TiO,	  VO,	  H2O,	  
CO,	  CaH,	  FeH,	  OH,	  MgH,	  SiH,	  SiO,	  SO2,	  SH,	  PH3,	  O2,	  
O3,	  NO,	  NO2,	  NH3,	  N2,	  LiCl,	  HF,	  HCN,	  HCl,	  H2S,	  CrH,	  
CO2,	  ClO,	  CH4,	  depending	  on	  atmospheric	  
composi+on.	  
•  The	  line	  widths	  are	  taken	  from	  the	  literature	  
or	  approximated	  using	  similari+es	  with	  available	  
measurements:	  e.g.	  CH4	  from	  L.	  Brown	  1996	  (priv.	  
comm.);	  H2O	  from	  Gamache	  et	  al.	  1998,	  2001;	  CO	  
from	  Bulanin	  et	  al.	  1984,	  Mannucci	  1991,	  Le	  Moal	  
and	  Severin	  1986.	  
•  Voigt	  profiles	  are	  computed	  for	  all	  lines.	  
Turbulent	  broadening	  can	  be	  included,	  but	  not	  
used	  by	  default.	  
•  Custom	  radia+ve	  transfer	  code	  (1D,	  plane-‐
parallel,	  LTE)	  ,	  same	  results	  as	  DISORT.	  

•  Molecular	  opaci+es	  include	  H2,	  TiO,	  
VO,	  H2O,	  CO,	  CaH,	  FeH,	  CH,	  NH,	  OH,	  MgH,	  
SiH,	  C2,	  CN,	  SiO	  (Allard	  et	  al.	  1995).	  
•  All	  line	  widths	  are	  computed	  in	  the	  
van	  der	  Waals	  approxima+on,	  with	  
correc+ons	  for	  non-‐alkali	  species.	  This	  
does	  not	  take	  into	  account	  the	  
dependence	  on	  molecular	  structure	  and	  
energy	  levels.	  A	  comparison	  between	  this	  
approach	  and	  other	  calcula+ons	  has	  not	  
been	  performed.	  	  
•  Par+al	  Voigt	  profiles,	  constant	  2	  km/s	  
turbulent	  broadening.	  
•  Phoenix	  radia+ve	  transfer	  code	  (1D	  
and	  3D,	  	  spherical	  and	  plane	  parallel,	  
op+onal	  NLTE).	  

Rota+onal	  veloci+es	  

We	  construct	  H2O	  absorp+on	  spectra	  for	  a	  set	  of	  (p,T)	  points	  and	  convolve	  them	  with	  the	  
rota+onal	  profiles	  for	  veloci+es	  of	  10,	  20,	  50	  and	  100	  km/s.	  Each	  convolved	  spectrum	  is	  cross-‐
correlated	  with	  the	  assumed	  input	  template	  spectrum,	  and	  the	  rota+onal	  velocity	  is	  derived	  by	  
fikng	  the	  peak	  of	  the	  cross-‐correla+on	  func+on	  using	  an	  MCMC	  algorithm.	  

If	  the	  template	  used	  to	  
derive	  the	  rota+onal	  velocity	  
is	  iden+cal	  to	  the	  original	  
spectrum	  before	  
convolu+on,	  the	  rota+onal	  
velocity	  is	  recovered	  within	  
~4%.	  

Dependence	  for	  vrot=20km/s	  	  	  

The	  vrot	  discrepancy	  is	  caused	  not	  only	  by	  the	  varia+on	  of	  the	  line	  width	  with	  (p,T),	  but	  also	  by	  
differences	  in	  the	  line	  list.	  For	  each	  temperature	  we	  limit	  the	  line	  list	  to	  the	  most	  important	  
transi+ons.	  When	  the	  template	  is	  computed	  at	  the	  same	  temperature	  as	  the	  original,	  the	  results	  
will	  show	  only	  the	  dependence	  of	  the	  derived	  rota+onal	  velocity	  on	  the	  line	  width.	  
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When	  both	  the	  original	  and	  the	  template	  are	  calculated	  at	  the	  same	  T,	  the	  vrot	  correc+on	  factor	  
depends	  also	  on	  the	  value	  of	  vrot.	  Over	  the	  chosen	  temperature	  range,	  this	  translates	  into	  a	  
monotonic	  rela+onship	  between	  this	  correc+on	  factor	  and	  the	  total	  FWHM	  of	  the	  line,	  
approximated	  as	  	  
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2 ,	  where	  FWHM0	  matches	  the	  pressure	  of	  the	  original.	  	  	  


