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Abstract

Water vapor in the Earth’s atmosphere is being studied in the 3.2–17.76 lm spectral region by the atmospheric infrared sounder
(AIRS) on Aqua, the troposphere emission spectrometer (TES) and the high-resolution dynamics limb sounder (HIRDLS) on Aura,
both part of the NASA EOS mission. However, the lack of sufficient data on spectral parameters will hamper the prospect of accurate
retrievals of temperature and concentration profiles. The spectral parameters for thousands of water vapor transitions are required,
which are hard to determine by measurements alone. As reported previously [Can. J. Chem. 82 (2004) 1013–1027], of the 10602 mea-
surements of H2O self-broadening half-widths only 440 intercomparisons with more than 3 data points have estimated uncertainty less
than 10%. In this work, we have employed the mean relative thermal velocity approximation of the complex implementation of Robert–
Bonamy formalism to obtain the self-broadened half-widths and self-induced line shifts for 5442 water vapor transitions in the 3.2–
17.76 lm region. The calculations are compared with the measurement database and trends in the half-widths and line shifts are studied.
� 2006 Elsevier Inc. All rights reserved.
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1. Introduction

The number and range of predicted future scenarios due
to global warming [1] has made us to think more closely on
the Earth system. To understand such a complex system a
clear picture on the cause-and-effect relationships between
lands, oceans and atmosphere must be obtained. However,
our knowledge is very limited about the impact of anthro-
pogenic forcings and its effect on the climate change. To
study these effects the entire globe must be surveyed over
a long period of time. The data thus collected may be used
to construct computer models to predict the cause-and-ef-
fect of climate change. One of the principal roles of
NASA’s Earth Observing System (EOS) is to collect data

using its remote sensing satellites, to be used as input to cli-
mate models. The interpretation of remote sensing mea-
surements, the retrieval of temperature and concentration
profiles, and study of the radiative properties of the atmo-
sphere from these remote sensed data are modeled using
the absorption coefficients of atmospheric gases. The
absorption coefficients, in turn, can be determined from
knowledge of spectral parameters of the gases present.
Water vapor is the strongest absorber of infrared radiation
in the terrestrial atmosphere and is therefore one of the
most important gasses controlling Earth’s surface tempera-
ture. There are over 60 000 significant atmospheric spectral
transitions for the isotopologues of H2O ranging from
microwave to the visible range of the spectrum. (More
information on NASA’s Aqua and Aura satellite missions
can be found on the website http://eospso.gsfc.nasa.gov/
eos_homepage/mission_profiles/index.php).
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The spectroscopic parameters [2,3], i.e. the vacuum
wavenumber of a molecular quantum transition, the corre-
sponding transition intensity, the half-width and line shift
of the transition, and the lower state energy, describe the
absorption coefficient. These parameters and their temper-
ature dependence are the basics to the understanding of our
atmosphere. Proper knowledge of the spectral parameters
helps to construct accurate computer models which enable
us to forecast the cause and effect of climate changes. Of
the parameters needed for inverting spectroscopic remotely
sensed data, the collision-broadened half-width is the least
well known [4]. The effects of uncertainty in half-width on
the accuracy of retrieved parameters are well understood
[5–7]. Also, the importance of the line shift is now under-
stood [8,9], however the effects of the uncertainty on the
retrieval are not as important as those of the half-width.

The half-width that one uses in simulating the spectrum
is that for the mixture of gases present. Thus in the terres-
trial atmosphere the half-width has components from
nitrogen- and oxygen-broadening, given as the air-broad-
ened value in the databases [2,3], and a component from
self-broadening. While the self-broadening component is
smaller than that of air-broadening it must be taken into
account if one is trying to reach the uncertainty criteria
established by the spectroscopic and remote sensing com-
munities [4,10–12]. Currently, many radiative transfer
codes use a table of self-broadened half-widths for water
vapor that was generated by averaging a small number of
measurements as a function of the rotational quantum
number J.

The complex Robert–Bonamy (CRB) formalism [13,14]
has been successful in predicting the half-width and line
shift for self and foreign broadened spectral lines of many
molecular systems. This method is used here to make calcu-
lations on the water vapor transitions in the spectral region
from 3.2 to 17.76 lm (3124.2–563.2 cm�1) at temperatures
of 225 and 296 K. From the calculations the temperature
dependence of the half-width can be determined. In a
previous work Antony et al. [15] studied the effects to the
self-broadened half-width by changes in rotational state,
vibrational state, intermolecular potential, collision
dynamics, and method of calculation. The calculations
made here are based on that work and the results com-
pared with measurements from the self-broadening of
water vapor database [16].

2. Theory

2.1. General theory

The present calculations are based on the complex Rob-
ert–Bonamy formalism [13]. A detailed description of the
theory and its derivations may be found in [14,17,18] and
references therein. Here only the necessary equations and
the salient features of the method are presented. In this
approach the half-width and line shift for a ro-vibrational

transition f ‹ i are calculated by the formalism given by
the real and imaginary part of the expression,

ðc� idÞf i

¼ n2

2pc
v� 1� e�

RS2ðf ;i;J2;v;bÞe�i½I S1ðf ;i;J2;v;bÞþI S2ðf ;i;J2;v;bÞ
h iD E

v;b;J2
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where, n2 is the number density of perturbers and h. . . iv;b;J2

is the average over all trajectories (with impact parameter b
and initial relative velocity v) and initial rotational state J2

of the collision partner. The real S1 and complex
S2 = RS2 + iIS2 are the first and second order terms in
the expression for the scattering matrix. S1 and S2 depend
on the ro-vibrational states (and the associated collision in-
duced transitions between these levels), the intermolecular
potential and the collision dynamics involved. The com-
plete expressions for these terms are explicitly defined in
references [13,14,17,18].

The two features that have been incorporated in the
present CRB formalism are; (i) the elimination of the cut-
off procedure, and (ii) the better modeling of close colli-
sions. The cut-off procedure adopted by earlier theories
[19,20] was eliminated by the use of linked-cluster tech-
niques [21]. The close intermolecular collisions (small b)
are now very well defined by (a) the dynamics, which is sec-
ond order in time producing curved trajectories based on
the isotropic part of the intermolecular potential, and (b)
the short range (Lennard–Jones) atom–atom potential,
which is an important component for a proper description
of pressure broadening, especially in the case of weekly
interacting molecules [22].

The present calculation for the line shape parameters
uses the mean relative thermal velocity ð~vÞ approximation
(mrtv) to the CRB equations. It is estimated that mrtv
approximation gives results 30–50 times faster than the
velocity averaged results with a difference between the
two methods of computation being only a few percent at
�300 K for the system considered here [23].

2.2. The potential

The term S1, a purely imaginary part of Eq. (1), is iso-
tropic in the absence of any vibrational dependence of
the anisotropic intermolecular forces. It has the label of
the vibrational dephasing term and arises only for transi-
tions where there is a change in the vibrational state. The
potential leading to S1 is given in terms of the isotropic
induction and London dispersion interactions given as,

V induction
iso ¼ � l2

1a2

R6
ð2Þ

and

V dispersion
iso ¼ � 3

2

I1I2

I1 þ I2

a1a2

R6
ð3Þ
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where l1 is the dipole moment of the radiating molecule
and ak and Ik are the polarizability and ionization potential
of the radiator (k = 1) and perturber (k = 2). For water va-
por the vibrational dependence of Eqs. 2 and 3 is contained
in l1 (by Shostak and Muenter [24] in Debyes) and ak (by
Luo et al. [25] in au) given respectively as,

l ¼ 1:855þ 0:0051 v1 þ
1

2

� �
� 0:0317 v2 þ

1

2

� �

þ 0:0225 v3 þ
1

2

� �
ð4Þ

and

a ¼ 9:89þ 0:29 v1 þ
1

2

� �
� 0:03 v2 þ

1

2

� �

þ 0:28 v3 þ
1

2

� �
ð5Þ

with vn the number of quanta in the nth normal mode.
The complex valued S2 = RS2 + iIS2 results from the

anisotropic interaction potential with leading electrostatic
components and atom–atom terms. The atom–atom poten-
tial is defined as the sum of pair wise Lennard–Jones (6–12)
[26] interactions between atoms of the radiating and per-
turbing molecules given by,

V at–at ¼
Xn

i¼1

Xm

j¼1

4eij

r12
ij

r12
1i2j

�
r6

ij

r6
1i2j

( )
ð6Þ

where n and m are the number of atoms in molecules 1 and
2 and the subscripts 1i and 2j stands for the ith atom of
molecule 1 and jth atom of molecule 2, respectively. The
eij and rij are the Lennard–Jones parameters for the atomic
pairs. The heteronuclear atom–atom parameters are con-
structed from the homonuclear atom–atom parameters (ei

and rj) by the combination rules of Hirschfelder et al.
[27] or Good and Hope [28]. The atom–atom distance rij

is expressed as an expansion of the inverse of the centre
of mass separation, R given by Sack [29]. As this expansion
is truncated, sufficient order must be taken to ensure the
convergence of calculated half-widths and line shifts [30].
In the present case we have tested the results up to 8th or-
der for convergence. The values for the homonuclear
atom–atom parameters (ei and rj) are tabulated in the
Table 1.

2.3. The wavefunctions

The reduced matrix elements are evaluated using the
wavefunctions determined by diagonalizing the Watson
Hamiltonian [31] in a symmetric top basis for the vibration-
al states involved in the transition for the radiator H2O.
The Watson constants are obtained from Matsushima
et al. [32] for the ground state, from Camy-Peyret and Flaud
[33] for the m1, m2, m3, and 2m2 states and from Camy-Peyret
and Flaud [34] for the 3m2 state.

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 ionization
potential (IP) employed here are tabulated in Table 1,
along with their references.

3. Calculations

Calculations were performed using the CRB formalism
for each vibrational band for the systems at 296 and
225 K to get the half-widths and line shifts using Eq. (1).
For self-broadening of water vapor, out of 13622 transi-
tions available in the 2001 HITRAN database [37], calcula-
tions have been performed for 5442 rotational transitions
in 11 vibrational bands (with J 6 18) in the spectral range
3.2–17.76 lm (3124.2–563.2 cm�1). In the calculations the
atom–atom potential is expanded to 8th order to insure
convergence and the imaginary components are used. The
number of lines considered in this work for each vibration-
al band of H2

16O in the wavenumber region is listed in
Table 2.

4. Results and discussion

The calculations provide the half-width and line shift for
self-broadening of the water vapor transitions with J 6 18
in the 3.2–17.76 lm spectral range. There are a number of
measurements of the self-broadened half-width [38–52] and
self-induced line shift [52] for water vapor transitions in
this spectral range. Below the calculations are compared
with the measurement database.

Table 1
Electrostatic moments of H2O and heteronuclear atom–atom Lennard–
Jones (6–12) parameters for the collision pairs

Moments

l/esu [24] Qxx/esu [35] Qyy/esu [35] Qzz/esu [35]
1.8549 · 10�18 �0.13 · 10�26 �2.50 · 10�26 2.63 · 10�26

Ionization potential 12.6 eV [36]

Atom–atom parameters

Atomic pair H–H H–O O–O
r (Å) 2.683 2.565 3.010
e/kB (K) 11.25 24.13 51.73

Table 2
Rotational transition for each vibrational band for H2O–H2O

m01m
0
2m
0
3 m001m

00
2m
00
3 # lines

000 000 506
010 010 144
010 000 1885
020 010 872
100 010 532
030 020 382
001 010 484
020 000 326
030 010 146
100 000 90
001 000 75
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4.1. Comparison with measurement

There are a number of transitions in the spectral range
of this study for which multiple measurements have been
made by different experimental groups. In such cases the
average value of the measurements is determined and com-
pared with the measurements as well as with the calculated
value. For self-broadening of water vapor there are 221
transitions with pairs of measurements, 20 transitions with
3 measurements and 2 transitions with 4 measurements. In
the comparison the average percent difference (APD)
(experiment-calculation), the average absolute percent dif-
ference (AAPD), and the standard deviation (SD) are cal-
culated. For the intercomparison of measurements, each
measurement is compared with the average value of the
measurements, hence the average percent difference is zero.
The data are also compared as a function of vibrational
band.

Table 3 presents the intercomparison of the measured
data and the comparison of the average value of the mea-
surements (when 2 or more data exist for the same transi-
tion) with the value from the CRB calculations. The first
row gives the comparison of roughly one thousand data
for which only a single measurement was available per
transition. The APD is �4.31 with the AAPD of 5.85 indi-
cating the calculations are giving results roughly 4% larger
than the measurements. The standard deviation for these
data is 6.23. Next we have pairs of points. For 221 transi-
tions 2 measurements were made. The APD of the compar-
ison of the average of the measurements to the calculations
is �0.08. It is interesting to note that the AAPD and SD of
the comparison of calculations with measurement are
smaller than the intercomparison of the measurements.
For 3 and 4 points there are fewer intercomparisons, 20
and 2 transitions, respectively. The 3 point data average
compared with calculation gives an APD of 5.00, that for
the 4 point data average has the APD equal to 9.91. For
both these data sets, the SD and AAPD of the comparison
of calculations with the average experimental values gives
better agreement than the intercomparisons of the
measurements.

In the region of this study, measurements have been
made for five vibrational bands; rotation, m2, m2–m2,
2m2–m2, and m1–m2. Table 4 shows the results of the compar-
ison with measurement. There are 1207 transitions in the
5 vibrational bands with an average absolute percent

difference of roughly 5 to 6. The AAPD does not vary
much from band to band with the exception of the m2–m2

band for which there are only 2 transitions compared.
The comparison with the self-broadening measurement

database gives confidence in the CRB calculation results.
And while the AAPDs are roughly the same from band
to band the APD values reported in Table 4 indicate that
a simple scaling of the calculations is inappropriate.

Toth et al. [52] have made line shift measurements for
1136 transitions belonging to 5 vibrational bands in the
spectral region 590–2400 cm�1. Most of the data are for
the rotation and m2 bands with additional data for the
2m2–m2, m1–m2, and m2–m2 bands. These data are compared
with the calculations. Due to the small magnitude of the
line shifts (the uncertainty can be larger than the measured
shift) the comparison uses the difference between the mea-
surement and the calculated value. The difference has been
plotted in Fig. 1 versus the absolute value of the measured
line shift in cm�1 atm�1. The differences are clustered about
zero with values as large as 0.05 cm�1 atm�1. Table 5
shows the statistics of the comparison as a function of
vibrational band and overall. The agreement between mea-
surement and calculations is good. The table shows the
poorest agreement is with the rotation band. This is the
only band where the calculation does not have a purely
vibrational contribution (the S1 term). The line shift comes
from the real and imaginary parts of the S2 term. As dis-
cussed in previous works [53,54] the atom–atom parame-
ters have an uncertainty that results from the method
used to determine them. It is expected that in the future
better agreement will be obtained between measurement
and calculations made using a better intermolecular
potential.

Table 3
Average percent difference, standard deviation and average absolute percent difference for measurement versus average measurement and calculation
versus average measurement for transitions measured by a single, two, three, and four groups

# measured data per transition # data measured # data calculated Ave % diff (exp � calc) SD jAve PDj
Exp Calc Exp Calc

1 964 964 �4.31 0.00 6.23 0.00 5.85
2 442 221 �0.08 9.09 8.10 7.08 5.94
3 60 20 5.00 10.79 5.72 8.47 5.72
4 8 2 9.91 14.90 1.79 13.49 9.91

Table 4
Vibrational band, number of measured and calculated lines, average
percent difference (measurement-calculation), standard deviation, and
average absolute percent difference

Band # of lines APD(exp � calc) SD AAPD

Exp CRB

000–000 121 117 0.27 10.09 6.06
010–000 1115 853 �3.12 6.72 5.72
010–010 2 2 �0.85 14.57 10.30
020–010 205 204 �6.21 3.95 6.50
100–010 31 31 �4.80 3.32 4.85
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4.2. Dependence of the half-width and line shift on rotational

states

In their work on self-broadening of water vapor transi-
tions Toth et al. [52] looked at trends in the half-width and
line shift as a function of the rotational quantum numbers.
They listed their measurements according to ‘‘families’’ of
transitions defined by DJ, DKa, and Ka. Within a ‘‘family’’
of transitions the rotational quantum numbers obey the fol-
lowing rules’’ DKa and K 00a are the same and f00 is 0 or 1 where

f ¼ Ka þ Kc � J ð7Þ

and the prime and double prime are the standard spectro-
scopic notation, upper and lower state, respectively. For
example, the rotational transitions 110 ‹ 000, 212 ‹ 101,
313 ‹ 202, etc. correspond to a family. Toth et al. suggest
that in most cases the half-widths follow a pattern within
a ‘‘family’’ from which they determine ‘‘smoothened val-
ues’’ that can be used when data are not available.

Here we investigate how recognizable the pattern is with
in a ‘‘family’’ and ask to what extent are the smoothened
values useful given the needs of the spectroscopic and

remote sensing communities [4,10–12]. This is done using
the calculations for the m2 band for which 1885 transitions
were considered. Plots were made for the ‘‘families’’ where
the half-width in cm�1 atm�1 is plotted versus J00. Plots
were made for K 00a ¼ 0–13, jDKaj = 1 and 3, for P-, Q-,
and R-transitions, and f = 0 or 1. Typical examples are
shown in Figs. 2 and 3 where the half-width is plotted ver-
sus J00 for transitions with DKa = ±1, K 00a ¼ 3 and f = 0 for
R-type (Fig. 2) and Q-type (Fig. 3) transitions. In the fig-
ures the symbols are the sign of DKa. While some trend is
evident, it is apparent that ‘‘smoothened values’’ extracted
from such a plot will have high uncertainty. In addition the
structure appears and disappears for different values of K 00a.
It should also be pointed out that the points used to deter-
mine smoothened values have associated error thus
increasing the uncertainty in the ‘‘smoothened values’’.

Toth et al. stated that at first inspection the pressure
shifts appeared to have no smooth behavior as a function
of the quantum numbers. However, closer inspection of
subset pairs of families revealed structure in the shifts
and for the vibrational bands they considered transition
pairs with the rotational quantum numbers and the
reversed set of rotational quantum numbers often have
shifts that are opposite in sign.

Their finding is not a surprise. Theoretically it is known
that the line shift is comprised of several components in
terms that compete with each other [53]. The line shift is
strongly dependent on the vibrational transition in ques-
tion through the S1 term. The imaginary part of the S2 term
also contributes and within the same band the parts for the
upper and lower state change sign when rotational reversal
is done. In addition the real part of the S2 term damps out
the sin[S1 + Im(S2)] term as Re[S2] gets large. These find-
ings suggest that from transition to transition in a family

the line shift may not follow a smooth line. To see if this

Fig. 1. The difference between the measured and calculated line shift, (dexp � dCRB), versus the absolute value of the measured line shift in cm�1 atm�1.

Table 5
Comparison of measured and CRB calculated line shifts for the 5
vibrational bands studied by Toth et al. [52] Differences are measure-
ment � calculation in units of cm�1 atm�1

Band # lines Ave difference Ave jdifferencej SD

000–000 105 �0.0177 0.0200 0.0178
010–000 796 �0.0012 0.0071 0.0105
010–010 2 �0.0085 0.0085 0.0044
020–010 203 �0.0007 0.0090 0.0121
100–010 30 0.0059 0.0124 0.0149

Overall 1136 �0.0025 0.0088 0.0128
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conjecture is true plots were again made for the families as
discussed above where now the line shift is plotted versus
J00. Fig. 4 is an example for Q-type transitions with
DKa = ±1, K 00a ¼ 3 and f = 0. In the figures the symbols
are the sign of DKa. For both the DKa = 1 and �1 the
curves are not smooth with the line shift jumping up and
down and often changing sign. One can see here, and
in other plots that were made, that if only a subset of the
data are plotted it can give an appearance of smooth
behavior.

In another measure to increase the database of half-
widths, Toth et al. [52] used the fact that the half-widths
for transitions where the rotational quantum numbers are

reversed, i.e. J 0K 0aKc
 J 00K 00a K 00c

and J 00K 00aK 00c
 J 0K 0aKc

, are often
observed to be similar to each other. Note, in their study
Toth et al. assumed the vibrational dependence of the
half-width was negligible. It is now understood that in cer-
tain classes of transitions the vibrational dependence of the
half-width can be strong [53]. However, the off-resonance
effects that lead to the strong vibrational dependence are
not realized in self-broadening of water vapor since there
are always some on resonance collisions leading to the
half-width [15]. Toth et al. found that the differences
between the half-width of a transition and that from the
rotational reversed state are often less than 10% even when
considering the ground and hot bands.

Fig. 2. The half-width for the family of transitions with DKa = ±1, K 00a ¼ 3, f = 0, and R-type transitions in the m2 band versus J00. In the figures the
symbols are the sign of DKa.

Fig. 3. The half-width for the family of transitions with DKa = ±1, K 00a ¼ 3, f = 0, and Q-type transitions in the m2 band versus J00. In the figures the
symbols are the sign of DKa.
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Here the use of rotational reversal to estimate the half-
width was investigated again using the data for the m2 band.
The data were taken and the half-widths for transitions
J 0K 0aKc

 J 00K 00aK 00c
with data for the corresponding reversed

transition J 00K 00aK 00c
 J 0K 0aKc

was considered. This yielded 827
pairs of transition-reversed transition. The percent differ-
ence between the two half-widths was determined and plot-
ted versus the magnitude of the half-width. These data are
plotted in Fig. 5. While the percent difference for a good
number of transitions fall between ±10% (660 points) as
reported by Toth et al. many go to ±20% (167 points).
The average absolute percent difference, 6.33, is larger than

the uncertainty desired by the spectroscopic and remote
sensing community.

The study of Toth et al. suggested that the line shift of a
rotationally reversed transition is minus that of the original
transition. The data for the m2 band was taken and the
ration of the line shift for a transition and the rotational
reversed transition was formed. In Fig. 6 this ratio is plot-
ted versus the magnitude of the line shift. If the conjecture
of Toth et al. is correct one should expect to see a conflu-
ence of points along a line equal to �1. This is clearly evi-
dent in the figure, but there are many points that are not
close to the line at �1. In fact the ordinate axis limits are

Fig. 4. The line shift for the family of transitions with DKa = ±1, K 00a ¼ 3, f = 0, and Q-type transitions in the m2 band versus J00. In the figures the symbols
are the sign of DKa.

Fig. 5. The percent difference between the half-width for a transition in the m2 band and that from the transition with the rotational quantum numbers
reversed versus the magnitude of the half-width in cm�1 atm�1.
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set to ±20 in Fig. 6, where as in the original figure the range
in the ratios is from �100 to +200. The average ratio for
the 827 points is �1.33 indicating that the conjecture of
Toth et al. is reasonable. However, given the number of
transitions where the ratio is not close to �1 indicates that
using this method to predict line shifts will lead to large
error.

4.3. Temperature dependence of the half-width

The temperature dependence of the half-width is gener-
ally given in terms of the power law model,

cðT Þ ¼ cðT 0Þ
T 0

T

� �n

: ð8Þ

However, for certain types of radiator-perturber interac-
tions the power law model is being questioned. Wagner
et al. [55] have shown that for certain transitions of water
vapor perturbed by air, N2 or O2 the power law does not
correctly model the temperature dependence of the half-
width. This fact was also demonstrated by Toth et al.
[56] in a study of air-broadening of water vapor transitions
in the region from 696 to 2163 cm�1. In both studies it was
found that the temperature exponent, n, can be negative for
many transitions. In such cases the power law, Eq. (8), is
not valid. The mechanism leading to negative temperature
exponents was discussed by Wagner et al. [55], by Antony
et al. [15], and by Hartmann et al. [50] and is called the res-
onance overtaking effect. Antony et al. showed that for
self-broadening of water vapor that there are always en-
ough collisions that are on resonance where the resonance
overtaking effect can be neglected. Thus for the H2O–H2O
system the power law is a reasonable fit to the data and the
temperature dependence can roughly be determined by two
temperatures.

Here, calculations were made for the 5442 transitions in
the spectral region of the study at 225 and 296 K. From
these values the temperature exponent was determined
for each transition. It is estimated that the uncertainty of
the temperature exponents derived from the two tempera-
tures is not greater than 10–15%. Fig. 7 shows the temper-
ature exponent for all transitions studied versus
J 00 þ 0:9ðK 00a=J 00Þ. The factor added to J00 is to spread the
points out according to the oblate-prolate limit of the
states. Birnbaum [57] has shown that for a system that
has only the ‘‘dipole–dipole’’ interaction, the temperature
exponent is 1.0. H2O–H2O has been thought of as a ‘‘di-
pole–dipole’’ system. Indeed the study of Antony et al.
[15] demonstrated that H2O–H2O behaves as a ‘‘dipole–di-
pole’’ interacting system in many ways. The temperature
exponents in Fig. 7 range from �0.95 to 0.1 showing a
large variation from the value for a pure ‘‘dipole–dipole’’
system and from the average temperature exponent of 0.54.

The temperature exponent for like rotational quantum
numbers and different vibrational quantum numbers were
compared for 1194 rotational transitions involving 3867
points. For each rotational transition the percent difference
from the average temperature exponent of the group was
determined. The results show that there is a small vibra-
tional dependence with differences generally of order
±5% for different vibrational bands. The average absolute
error for the comparison is 4% with some values as large as
� ± 35%.

The temperature exponent data were studied to see if
there was any structure with respect to the families of tran-
sitions and if the structure, if any, could be used to predict
values not in the data. Plots were made for K 00a ¼ 0–13,
jDKaj = 1 and 3, for P-, Q- and R-transitions, and f = 0
or 1. Fig. 8 shows the temperature exponent versus J00 for
transitions with DKa = ±1, K 00a ¼ 2 and f = 0. In the figure

Fig. 6. The ratio of the line shift for a transition in the m2 band and that from the transition with the rotational quantum numbers reversed versus the
magnitude of the line shift in cm�1 atm�1.
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the symbols are the sign of DKa. While some structure is
evident, it is not smooth and cannot be used to predict
missing data especially when parts of the data set are
missing.

5. Summary and conclusion

Half-width and line shift calculations were made for
transitions (with J 6 18) of the principal isotopologue of
water vapor in the region 3.2–17.76 lm at 225 and 296 K
using the complex implementation of the Robert–Bonamy
theory. These calculations give the line shape parameters
for 5442 rotational transitions in 11 vibrational bands
in the spectral range. The calculations were compared
with the measurement database for self-broadening and

self-induced line shifts [16]. The calculated half-widths
agree with the measurements as well as the measurements
agree with each other. The line shifts agree well with the
measurements of Toth [52] with the rotation band data
showing the largest differences as discussed above.

The calculated data were divided into families of transi-
tions and these families studied for trends in the half-width,
line shift and temperature dependence of the half-width.
There are some general trends. However, the structures
change strongly for different K 00a values making this method
not very useful for predicting missing data. Reversal of the
rotational quantum numbers was also studied to see if tran-
sitions related by rotational reversal have the same half-
width and line shift. Here as well general trends could be
seen but the number of transitions that do not obey the

Fig. 7. The temperature exponent for all transitions studied versus J 00 þ 0:9ðK 00a=J 00Þ. The factor added to J00 is to spread the points out according to the
oblate-prolate limit of the states.

Fig. 8. The temperature exponents for the family of transitions with DKa = ±1, K 00a ¼ 2, f = 0, and P-type transitions versus J00. In the figure the symbols
are the sign of DKa.
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trends is large. The result is that using rotational reversal to
predict half-widths or line shifts does not yield valuable
results.

The temperature dependence of the half-width was
determined for the 5442 transitions of this study. The val-
ues range from �0.95 to 0.1. The temperature exponents
were studied with respect to the families of transitions.
Again for some K 00a values general trends can be seen but
not for others. A small vibrational dependence of the tem-
perature exponent was observed.

These data are available from one of the authors (http://
faculty.uml.edu/Robert_Gamache/) or from the Supple-
mental data site of the Journal of Molecular Spectroscopy.
The final self-broadened data file was given to Dr. Larry
Rothman to be merged with the measured half-widths for
addition to the HITRAN database.
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