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Abstract

Calculations of self-broadened half-widths and self-induced pressure shifts are made using the complex Robert—Bonamy
formalism. The results of calculations using different approximations of the intermolecular potential indicate that this is a
strong collision system. The effects of the imaginary components on the half-widths are studied. The temperature,
vibrational, and rotational state dependence of the half-width are investigated. Results are compared with measurements
from the database of self-broadening of water vapor [Gamache RR, Hartmann J-M. An intercomparison of measured
pressure-broadening and pressure-shifting parameters of water vapor. Can J Chem 2004; 82: 1013-27].
© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Water vapor is the strongest atmospheric absorber of infrared radiation and is therefore the most important
gas controlling Earth’s surface temperature. There are about 50000 significant atmospheric spectral
transitions for H,O ranging from microwave to the visible range of the spectrum. The transitions can be
described in terms of spectral parameters, which are cataloged in databases such as HITRAN [1] or GEISA
[2]. The interpretation of remote sensing measurements and study of the radiative properties of atmosphere
depends on knowledge of these spectral parameters. Of the parameters needed for inverting remotely sensed
data, the air-broadened half-width is the least well known for atmospheric applications [3]. The effect of
uncertainty in half-widths on the accuracy of retrieved concentration profiles depends on molecule and
altitude [4-7] and is a major source of the uncertainty on the resulting concentration profile, especially in the
lower atmosphere. It is now known that the effect of the line shift on reducing data from remote sensing
measurements can be significant [§—10]. The spectroscopic and remote sensing communities [3,11-13] have
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determined that for accurate retrievals the half-width and its temperature dependence should be known with
an uncertainty of 3% for strong lines and 10% for weak lines. However, the self-broadening contribution in
typical air-broadened spectra can be as large as 5% and if omitted will result in values with uncertainty greater
than that desired for the inversion process. Thus, the self-broadening correction must be accounted for in
retrievals.

There have been a fair number of measurements of self-broadening of water vapor transitions
from the microwave to visible region of the spectrum [14-63] and a lesser number of measurements
of the self-induced line shift [26,34,42,47,50,56,58]. Together these studies yield data for 10 596 self-broadened
half-widths and 1543 self-induced line shifts. An intercomparison of these data, i.e. comparing
measured values for the same ro-vibrational transition, has recently been done [64]. From this data set it is
possible to make 440 intercomparisons of half-widths. Only four intercomparisons are possible for
more than three measured data points; three 4-point and one 5-point intercomparisons. The estimated
uncertainty (see Ref. [64] for details) for these intercomparisons is greater than 10%. The 5-point
intercomparison for the 3; 3« 2, transition of the rotational band is shown in Fig. 1 demonstrating typical
spread in the measurements. The intercomparison of pairs of points contains 92% of the self-broadening
intercomparisons of which 61% have estimated uncertainties greater than 10%. There are no intercompar-
isons of the line shifts.

Theory can contribute to the spectroscopic picture in uniquely useful ways. Although laboratory
measurements can and do supply pressure-broadened half-widths and line shifts, it is difficult to exhaustively
cover the vast spectral range and diversity of environmental conditions encountered in the actual atmosphere.
Theoretical calculations are in principle an attractive alternative, depending on the accuracy requirements of
the radiative transfer application one has in mind, and of course the credibility of the theory. Even when
laboratory measurements are available, however, certain effects (such as line mixing [65]) may still require a
sophisticated theoretical model in order to unravel observed spectra.

The complex Robert—-Bonamy (CRB) formalism has been successful in predicting the half-width and line
shift for self- and foreign-broadened spectral lines of many molecular systems. With the increased
computational capacity over the past decade, there have been many improvements in the potential and
wavefunctions yielding more accurate results. In this article, we report the self-broadening of water vapor
transitions using the CRB formalism. The effects of the expansion of the atom—atom potential and the
imaginary components were studied. Dependence of the half-width on temperature, vibrational state, and
rotational state was also investigated. The results were compared with measurements from the self-broadening
of water vapor database [64].
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Fig. 1. The 5-point intercomparison of measured half-widths for the 3,3« 2, transition of the rotational band demonstrating typical
spread in the measurements.
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2. CRB formalism
2.1. The general theory

The present calculations were based on the CRB formalism [66]. A detailed description of the theory may be
found in [67-69] and references therein. Here only the salient features are discussed. In the present approach,
the half-width and line shifts for a ro-vibrational transition f« i are given by the real and imaginary part of the
expression,
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where n, is the number density of perturbers and < ), s, specifies an average over impact parameter b, initial
relative velocity v, and initial rotational state J, of the collision partner. Real-valued 'S; and complex-valued
S,=RS, +i’S, are the Ist- and 2nd-order terms in the expression for the scattering matrix. S; and S,
depend on the ro-vibrational states (and the associated collision induced transitions between these levels),
the intermolecular potential and the collision dynamics. Explicit expressions for these terms are given
in Refs. [67-69].

In the CRB formalism, two important features have been incorporated, (i) the elimination of the cut-off
procedure and (ii) more correct treatment of close collisions. The cut off procedure adopted by earlier theories
[70,71] was eliminated by the use of linked-cluster techniques [72]. The close intermolecular collisions (small b)
in CRB theory are now well defined by (a) the dynamics, which is 2nd order in time producing curved
trajectories based on the isotropic part of the intermolecular potential, and the short-range (Lennard—Jones)
atom—atom potential, which has been shown to play an important role in pressure broadening when long-
range intermolecular forces are weak.

The present calculations for the line shape parameters used the mean relative thermal velocity (%)
approximation (mrtv). Most previous calculations used this method. The reason for using the approximation
is due to the time taken to perform the averaging over the Boltzmann distribution of velocities. It is estimated
that mrtv approximation gives results 30-50 times faster with a difference of a few percent from the velocity
averaged results at ~300K for the systems considered here [73].

2.2. The potential

The S, term (real-valued; appears as imaginary-valued iS;) of Eq. (1), in the absence of any vibrational
dependence of the anisotropic intermolecular forces, is determined by isotropic parts of the intermolecular
potential. It is called the vibrational dephasing term and arises in CRB theory only for transitions where there
is a change in the vibrational state. The potential leading to S; is given in terms of the isotropic induction and
London dispersion interactions:

2
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where p; is the dipole moment of the radiator molecule and «; and I are the polarizability and ionization
potential (IP) of the radiator (k = 1) and perturber (k = 2). For water vapor, the vibrational dependence of
Egs. (2) and (3) is contained in u; (by Shostak and Muenter [74] in Debyes) and o, (by Luo et al. [75] in au)
given respectively as

= 1.855 4+ 0.0051(v) + 1) — 0.0317(v5 + 1) + 0.0225(v3 + 1) (4)
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and
o = 9.86 + 0.29(v; + 1) — 0.03(v2 +1) +0.28(v3 + 1), (5)

with v, the number of quanta in the nth normal mode.

In this work, the vibrational dependence of the short-range part of the isotropic potential has been neglected
because there is no convenient means of determining the parameters, short of fitting. The result is that the line
shifts for high rotational quantum number may be in question.

The complex valued S,=RS,+i’S, results from the anisotropic interaction potential with leading
electrostatic components and atom—atom terms. The atom—atom potential is defined as the sum of pair wise
Lennard—Jones 612 [76] interactions between atoms of the radiating and perturbing molecules given by
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where n and m are the number of atoms in molecules 1 and 2 and the subscripts 1/ and 2;j stands for the ith
atom of molecule 1 and jth atom of molecule 2, respectively. The ¢; and ¢;; are the Lennard—Jones parameters
for the atomic pairs. Heteronuclear atom—atom parameters can be constructed from homonuclear atom—-atom
parameters (¢; and g;) by the combination rules of Hirschfelder et al. [77] or Good and Hope [78]. Here the
method of Hirschfelder et al. was used. The atom—-atom distance r;; is expressed as an expansion of the inverse
of center of mass separation, R given by Sack [79]. This yields an atom—atom potential that can be understood
as two simultaneous expansions. One is defined by the tensorial ranks ¢; and ¢,, which determine the
symmetry of the interaction [77,80]. A second expansion is defined by the sum ¢; + ¢, +2w, [79,81] which we
call the order of the expansion. It hardly needs to be emphasized that any calculation of line width or shift
should be converged with respect to both order and rank. In the present case, we have tested the results up to
8th order. The values for the atom—atom parameters (¢; and o) are tabulated in Table 1.

2.3. The wavefunctions

The reduced matrix elements were evaluated using the wavefunctions determined by diagonalizing the
Watson Hamiltonian [82] in a symmetric top basis for the vibrational states involved in the transition for the
radiator H,O. The Watson constants are from Matsushima et al. [83] for the ground state, from Flaud and
Camy-Peyret [84] for the v,, and v; states, from Grossmann et al. [85] for the 2v;+2v3, 2v; +2v,+v3, and
3v, + v3 states. For the v; +v3, v{ +2v,+ v3, and 2v, + v, + v5 states, the wavefunctions of the v3 state were used.

Table 1
The atom—atom Lennard—Jones (6-12) parameters for the H,O-H,O collision pairs

Atomic pair H-H H-O 0-0
a (A) 2.683 2.565 3.010
elkg (K) 11.25 24.13 51.73
Table 2

Molecular parameters of H,O, references in brackets

Moments (1072 esu) 1P (eV)
= 1.8549 x 108 [74] 12.6 [87]
Q. = —0.13 [86]

0y, = —2.5[86]

Q.. =2.63 [86]
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Most of the molecular parameters used here for the water vapor system are well known and we have used
the best available values from the literature. The multipole moments, rotational constants, polarizability and
IP employed and their references are tabulated in Table 2.

3. Calculations

Calculations were made for the transitions from the intercomparison of measured self-broadened half-
widths discussed above. This selection results in 440 transitions belonging to 16 vibrational bands.
Calculations were performed for the H,O-H,O system for these 440 transitions using the CRB formalism at
296 K to determine the half-widths and line shifts. The intermolecular potential used in the calculations was
varied with the atom—atom components ranging from the Oth order expansion (i.e. electrostatic potential) to
8th order. The imaginary components of the potential were also turned on and off to study their effects. The
parabolic trajectory model of Robert and Bonamy [66] was compared with calculations employing exact
trajectories. The half-widths were calculated at five temperatures, 200, 250, 296, 350 and 500 K, for the 440
transitions and their dependence on temperature was studied.

In order to assess the vibrational dependence of the half-width, transitions must be chosen that sample a
range of vibrational bands and rotational states that go from the prolate (K, = J) to oblate (K. = J) limit of
H,O. The vibrational dependence of the half-width and line shift were investigated for 71 rotational
transitions which include some of the doublet lines (J =+ 1911 < Jos) which have been shown to have strong
vibrational dependence [88] as well as unusual temperature dependence [89]. Calculations were made for four
vibrational bands, the rotational band, 2vs, 4v;, and 6vs, for a total of 284 transitions.

4. Results and discussion

The CRB method was used to calculate half-width and line shift for the H,O-H>O system. As described in
Section 1, the effects of the expansion of the atom—atom potential and importance of the imaginary
components were studied and the importance of each of these terms is discussed. The temperature, vibrational
state, and rotational state dependence of the half-width were also studied. The results of the CRB calculations
are compared with the intercomparison data from the measurement database [64].

4.1. Effects of the expansion of the atom—atom potential

As discussed above, the atom—atom potential is expressed as two simultaneous expansions; one in terms of
the tensorial ranks ¢; and ¢,, which determine the symmetry of the interaction [80,90] and a second expansion
defined by the sum ¢; + >+ 2w, [80,90] which is called the order of the expansion. In the calculation of line
width or shift the atom—atom potential should be converged with respect to both order and rank. In our
calculations, the tensorial rank ranged from ¢ = 0 to 2. The convergence of the atom—atom potential was
investigated with the order of the expansion ranging from 0 to 8. Note, the order equal to zero corresponds to
using only the electrostatic parts of the anisotropic potential.

In the prevailing view of the self-broadening of water, broadening is dominated by strong dipole-dipole
forces; the atom—atom potential is expected to play only a small part in determining the half-width or line
shift. To test the merits of this view, calculations were made for atom—atom expansion orders equal to 0, 2, 4,
6, and 8 and the results compared. In most cases, the differences in the half-width calculations of different
orders differ by much less than 1%. However, there are a few transitions where the difference from Oth to 8th
order is ~1%. Fig. 2 shows such a plot for the self-broadened half-width of the 8| « 77 transition of the v,
band versus the order of the atom—atom potential. The half-width for this transition changes about 1% in
going from Oth (electrostatic) to an 8th order expansion of the atom—atom potential. In this case, most of this
change takes place in going from Oth to 2nd order. Fig. 3 shows the line shift for the 16¢ ¢« 15; 15 transition of
the v, band changes by ~9% as the order of the atom—atom potential is varied from 0 to 8. In this case,
convergence appears to require all eight orders. In Fig. 4 the percent difference between the Oth order
(electrostatic) and 8th order atom—atom potential calculation of the half-width is plotted for the transitions
studied versus the half-width. Note, only for the small half-widths does the percent error reach ~1%.
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Fig. 2. The calculated self-broadened half-width of the 85|« 7, transition of the v, band versus the order of the atom-atom potential.
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Fig. 3. The calculated line shift for the 164« 15; ;5 transition of the v, band versus the order of the atom—atom potential.
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Fig. 4. The percent difference between the 8th order and Oth order (electrostatic) atom—atom potential calculation of the half-width for the
440 transitions studied versus the half-width.
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In general, the pattern suggests failure to include higher order terms will result in an overestimation of the
half-widths.

For the line shifts, there are some comparisons of the 8th and Oth order calculations that exhibit large
percent differences; however, this fact can be expected given the small magnitude of the line shifts. This trend
is shown in Fig. 5 where the percent difference between the 8th order and Oth order calculation of the line shift
versus the absolute line shift is plotted. It is for small values of the line shift where appreciable percent
differences are found. For such transitions the uncertainty in the calculations may also contribute to the
differences between the two calculations.

These results indicate that the effect of the atom—atom potential is small in computing the half-width (up to
1 %) and more noticeable for computing the line shift for the H,O-H,O system. However, given the
uncertainty criterion set forth by the spectroscopic and remote sensing communities for the half-width, the
calculations below employ the atom—atom potential expanded to 8th order.

4.2. Effects of the trajectories

It is known that for certain collision systems the effects of the trajectories can be important [91,92]. The
current model uses the Robert and Bonamy parabolic model [66], which is correct to 2nd order in time. The
method uses the isotropic part (¢; = £, = 0) of the atom—atom potential to determine the distance, effective
velocity, and force at closest approach. To simplify the trajectory calculations the isotropic part of the
atom—atom expansion is fit to an isotropic Lennard—Jones 612 potential and the resulting parameters are
used in the trajectory calculations. As the order of the expansion changes so do the resulting Lennard—Jones
6—12 potential parameters that define the trajectories. For a number of systems the change in the trajectories
has a marked effect on the half-width [92-97].

Calculations were made using the isotropic part of the 8th order expansion of the atom—atom potential and
solving Hamilton’s equations for the exact trajectories. There are no significant differences in the half-width or
line shift computed from the two models. These results imply the R-B trajectory model works well for this
system. However, the above results for calculations for different orders of expansion of the atom—atom
potential imply that the trajectory model has little or no effect on the line shape parameters for the H,O-H,O
system. To test this hypothesis, calculations for five randomly chosen transitions were made using epsilon and
sigma values for the Lennard—Jones 612 potential that are 20% higher and lower than the 8th order fitted
values and the half-widths and line shifts from the three calculations compared. The average absolute
percent differences in the half-width are 0.65 and 0.08 and in the line shifts are 3.4 and 4.5, respectively,
for raised and lowered Lennard—Jones 6—12 parameters. These values can be compared to those obtained for
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Fig. 5. The percent difference between the 8th order and Oth order calculation of the line shift for the 440 transitions studied versus the
absolute line shift.
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oxygen-broadening of the same transitions giving 28% and 9%, respectively for the half-width and 140% and
67%, respectively, for the line shifts.

To understand these results the effect of the isotropic part of the potential on the trajectories must be
considered. At large internuclear separation, the effect of the isotropic potential is negligible and the
trajectories are essentially straight lines. As the molecules come closer together, the effects of the potential lead
to bent trajectories. The results above suggest that for self-broadening of water vapor, the interaction is strong
enough so that the real part of S, is large and the exp(—S5) term in Eq. (1) is zero before the trajectories start
to bend. Thus, for this system, a straight line trajectory model will yield results that equal those made using a
more sophisticated trajectory model. In our calculations, we have used the Robert—-Bonamy parabolic model.

4.3. The effects of the complex terms

Previous studies on water vapor [67,69,98-100] have demonstrated the importance of the inclusion of the
imaginary components of the S, terms in the calculation of the half-width. Differences in the half-width
determined from calculations with and without the imaginary terms can be as large as 25%. Here, the role of
the imaginary terms in determining the self-broadened half-widths of water vapor is investigated. Calculations
were made employing the imaginary part of S, and the S; term and are compared with calculations made
using only the real terms of Eq. (1). The calculations were done for orders equal to 0, 2, 4, 6, and 8. Fig. 6
shows the half-width for the 33;«3;, transition of the 2v,+2v,+v; band determined from the real
Robert—Bonamy (RRB) calculation (dashed line with squares) and from the CRB calculation (solid line with
circles) versus the order of the atom—atom potential used in the calculation. At all orders of the atom—atom
potential the difference between the two calculations is ~9%. In Fig. 7, the percent difference between the 8th
order CRB and RRB calculations is plotted versus the half-width for the transitions studied. As can be seen in
the figure, a number of transitions have differences from 0 to 12 percent, with an average percentage difference
of 4.8 and standard deviation of 2.2. It seems noteworthy to mention that a systematic error is evident, with
RRB predicting half-widths that are too small. It is evident that in order to address the accuracy needs of the
remote sensing and spectroscopic communities the imaginary terms must be included in the calculations.

4.4. Temperature dependence of the half-width
Knowledge of the temporal and spatial variations of the distributions of H,O is essential, due to its major
role in thermo-physical processes in our atmosphere and combustion media. Hence, many experimental

studies on the spectroscopic parameters of H,O lines have been carried out. However, most of these
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Fig. 6. The half-width for the 33| « 3, , transition of the 2v; +2v, + v; band determined from the real Robert-Bonamy calculation (dashed
line with squares) and from the complex Robert-Bonamy calculation (solid line with circles) versus the order of the atom—atom potential.
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for the 440 transitions studied.

investigations restricted to the measurements at the room temperature for the Lorentz widths and shifts. In
fact, less than 10% of the measurements made of the pressure-broadened half-width consider the variation
with temperature. The difficulty in experimental setup for variable temperature may be the prime reason for
this.

The standard model for the temperature dependence of the half-width is the power law expression:

) =T 2] )

where y(Tp) is the half-width at the reference temperature 7y, and n is called the temperature exponent. A
“rule-of-thumb” expression for the temperature exponent has been given by Birnbaum [101]. For a
“dipole—dipole” system, such as H,O-H,O, the temperature exponent is 1.0. Eq. (7) works quite well over
temperature ranges of 50-100 K and where the major contributions to the half-widths are from the Re(S,)
terms. The model becomes less valid for large temperature ranges, so one must be cautious in applying Eq. (7)
in combustion studies for example. Recently, Wagner et al. [89] discovered that for certain types of transitions
for N,-, O,-, and air-broadening of H,O the power law formula is not valid. This occurs when the energy
jumps for collisionally induced transitions for the active and bath molecule do not match, yielding large energy
defects. These collisions are said to be “‘off resonance” and the result is that, at 300K, the rotational
contributions to the half-width become small and the process is dominated by the vibrational terms. At large
J” values, the resulting temperature exponents are negative and the power law, while not theoretically the
correct model, gives a reasonable fit. Hartmann et al. [32] have shown that as the temperature increases there
are kinetic and resonance terms that contribute to the temperature dependence of the half-width and a
“resonance overtaking’”’ mechanism which can lead to small and even negative values for n.

Chu et al. [6] have studied the effect of changing the temperature exponent on retrieved mixing ratios of
water vapor. They find that changing n from 0.5 to 0.7 results in roughly a 4% change in the mixing ratio at
10km. It has also been demonstrated that temperature exponents averaged as a function of J” or fit by
polynomials in the rotational quantum numbers do not give reliable predictions for all transitions [102,103].
Given the results of Chu et al. it is clear that the use of the specific measured or calculated temperature
exponent for the ro-vibrational transition in question will yield the best results.

In this study, five temperatures were considered, 200, 250, 296, 350 and 500 K. Calculations were done for
440 rotational transitions in sixteen vibrational bands. Some of the transitions match those of the Wagner et
al. [89] study and hence test the validity of the power law expression. The resulting half-widths at the five
temperatures are then least-squares fit to Eq. (7) and the slope, intercept, and correlation coefficient of the fit
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temperature exponent, 71, = 0.66.

determined. Fig. 8 is a typical example of the fit for the 7;;« 83 transition of the v, band. The power law,
while not working perfectly, does provide a good model of the temperature dependence.

Fig. 9 is a plot of the temperature exponents for the 440 transitions studied here versus J°* of the transition.
The average value of n is 0.66. The range of the temperature exponent is from about 0.15 to 1.0 giving a large
spread around the average value. Unlike that for N,-broadening [104], negative temperature exponents are not
observed for self-broadening. As will be discussed below, this is due to resonant collisions being present for
self-broadening of water vapor. See Ref. [89] for more details.

4.5. Vibrational dependence

Influence of vibration on the half-width and line shift of water vapor has been the subject of several
experimental studies [47,105-108]. The results showed that the difference for the half-width is in the range of
+3-5%. The vibrational dependence arises due to spectroscopic and purely vibrational effects. In the first
case, it is due to the slightly different rotational wavefunctions, energy gaps and transition probabilities for
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different vibrational bands. The reason for the second effect is the change in the vibrational part of the
intermolecular potential with the change in vibrational bands, i.e. the vibrational dephasing terms [88].
Seventy one ro-vibrational transitions were investigated for the pure rotation, 2vs, 4v3 and 6v; vibrational
bands. Two sets of calculations were performed: (i) with K. = J and K, = 0 (36 transitions), and (ii) with
K.=Jand K, = 1 (35 transitions). These transitions were chosen since they have been shown to have strong
vibrational dependence for water vapor broadened by nitrogen [88]. For nitrogen broadening of H,O, low J
transitions show only a small sensitivity to the vibrational states in the transition. By intermediate J the effects
of vibration are noticeable and by large J they can result in a factor of 2—4 difference in the half-width. The
reason for this change in vibrational dependence with J was found to be related to the terms in the potential
that affect the half-width [88]. At low J, the collisions are on resonance leading to the rotational contributions
dominating the half-width. At large J, the collisional energy transfer is off resonance leading to the vibrational
dephasing term being dominant. At intermediate J, the half-width is determined by a mixture of the two terms.
For self-broadening of H,0, a different picture emerges. For this collision system (the perturbing molecule
is the same as the radiating molecule), there are always some collisions that are on resonance thus the half-
width always has a substantial contribution from the rotational terms. Fig. 10 shows the half-width for the
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Fig. 10. The calculated half-width for the pure rotation, 2vs, 4v3, and 6v; doublet transitions with K, = 0 versus the average of (J' +J).
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pure rotation, 2v3, 4v3, and 6v; doublet transitions with K, = 0 versus the average of (J” +J). In the figure, the
differences between the vibrational bands is small (the spread is 0.1-3.3% with 3.3% for high J's) indicating
only a small vibrational dependence.

The line shifts follow the usual vibrational dependence. In Fig. 11, the line shift for all the transitions versus
the average of (J” +J') is plotted. It can be seen that the line shifts for higher J transitions of 6vs, compared
with the pure rotational transitions, are shifted to the red (more negative) by as much as 0.0l cm™'atm™', an
amount comparable to the line shift values themselves.

4.6. Rotational dependence

The dependence of the half-width on the rotational quantum numbers for water, being an asymmetric rotor,
is rather complicated. Brown and Plymate [108] have shown that for transitions with fixed K,, AJ, AK,, and
AK, there is often structure as a function of J”. With such structure half-widths for transitions not studied can
be estimated by the curves. In order to see if this procedure is useful for many combinations of K,, AJ, AK,,
and AK,., we took the calculated half-widths in the v, band (238 transitions) and made plots for combinations
withAJ =0, +1, AK, =1, AK. = —1 with K,” = 1, 2, and 3. Several of the figures do show structure however
for many the structure does not allow predicting half-widths for missing transitions. These plots are also
complicated by multiple points for a given J’ value that obey the selection rules.

4.7. Comparison with measurement

Calculations were performed for half-width and line shift for HyO—H,O for 440 ro-vibrational transitions
belonging to sixteen vibrational bands for which measurement intercomparisons are available for comparison.
Table 3 presents the comparison of the CRB calculations with the measured intercomparison average values.
The table gives the vibrational band, the number of rotational transitions studied, and the average %
difference between measurement and calculation. For the 440 transitions studied in this work the overall
average percent difference between measurement and theory is 1.3 with a standard deviation of 8.9%.

5. Summary

CRB calculations were done for 440 transitions belonging to 16 vibrational bands. The effects of the
expansion of the atom—atom potential, the complex terms, the trajectory model, the dependence of y on

Table 3
Vibrational band, number of rotational transition studied, the average percent difference between the measured half-widths and the CRB
calculated value and the absolute average percent difference from measurement intercomparisons for H,O-H,O

VvV Vivivy No of lines Ave. % diff. Explave % diff.|
000 000 7 6.15 7.67
010 000 238 0.68 7.30
020 010 1 1.33 6.90
101 000 3 0.34 8.55
122 000 1 -9.12 7.75
141 000 1 -9.98 3.80
201 000 2 9.19 26.86
202 000 20 0.78 6.38
203 000 1 -14.11 18.63
211 000 2 -0.25 0.82
221 000 63 0.04 3.94
231 000 1 -8.86 3.88
300 000 1 15.16 0.43
301 000 97 2.80 443
320 000 1 3.18 0.37

500 000 1 63.16 93.2
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temperature, vibrational and rotational states were investigated. It was found that the H,O-H,O system is a
strong collision system. The effect of the atom—atom potential on the half-width tends to be small. There is a
more pronounced effect on the line shift of transitions. Although the effects are small for determining the half-
width, there are a number of transitions where the effect should be taken into consideration if the results are to
address the concerns of the spectroscopic and remote sensing communities. Because of this fact it is
recommended that the calculations are done using the 8th order expansion of the atom—atom potential.

The effects of the complex terms on the half-widths are too large to be ignored and the recommendation is
that calculations of the self-broadened half-width be done via the CRB formalism.

The temperature dependence of the half-width can be adequately modeled by the standard power law
formula. It was found that there are always a number of on resonance rotational contributions to the half-
width that dominate and the unusual temperature dependence found for nitrogen-broadening of some doublet
transitions of water vapor are not observed for self-broadening. It is cautioned that the temperature range
used in the determination of the temperature exponent not be too great. In cases when the range is large the
power law model may not be exact.

Because there are always a number of collisional transitions that are on resonance for HyO—H»O this system
does not exhibit a strong dependence on vibrational state. While there are some trends associated with the
rotational state dependence of the half-width these are difficult to model and cannot be predicted a priori.

Finally, the comparison of the CRB calculations run with the 8th order expansion of the atom—atom
potential and the RB parabolic trajectory model agree well with a database of 440 measurement
intercomparisons.
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