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Abstract—Using first principles quantum mechanics we have computed a list of 6.2 million
infrared transitions for H}*O. This dataset is used to study the absorption properties of water
as a function of temperature between 300 and 3000 K. Comparison is made with experimental
data of Ludwig (4ppl. Opt. 10, 1057) and the 30,117 lines contained in the HITRAN database.
AT 300K the HITRAN data is the most reliable, but at higher temperatures HITRAN
contains too few lines to be useful. Ludwig’s data is too coarse to be reliable for many
applications and shows a number of systematic errors when compared with our dataset or
HITRAN. Methods of further improving our linelist are discussed.

1. INTRODUCTION

The infrared spectrum of water is one of the most important and most thoroughly studied. However
little reliable data on hot water (above ~ 1000 K) is generally available. One important source of
spectral absorption data is the Ludwig' steam data. Ludwig measured the absorption of water in
a flame between 1000 and 3000 K and hence tabulated absorption coefficients for water in the
temperature range 300-3000 K. Ludwig’s experiment was performed at 20 cm ™' resolution and he
binned his results in 25cm~' boxes. This data is still widely used for constructing water band
profiles,”* atmospheric modelling,’” laser modelling.® flame models’® and analysing the atmospheres
of cool stars.'"'® Although water absorption coefficients have been generated by other workers, for
example,*'"'® none of these are as comprehensive as Ludwig’s and only the earlier work of Ludwig
et al'® probed high temperatures. All these works only used a resolution of 25cm™'.

Recently we have become interested in the absorption properties of water vapour, our primary
motivation being the study of cool stellar atmospheres.'® To this end we have generated, using first
principles quantum mechanics, an extensive list of infrared transitions for water which have been
used to model the atmosphere of cool M dwarf star VB10.'® The results for this model using our
linelist were dramatically different from results obtained using Ludwig’s absorption coefficients.
This difference was attributed to the inclusion of much more detailed structure in our linelist
compared to the highly smoothed data of Ludwig, and in particular to the resulting gaps between
our absorption features which led to a greatly reduced opacity functional at certain key
wavelengths.

The differences obtained using our linelist and the Ludwig data were sufficiently striking for us
to consider it worthwhile to perform a more detailed comparison. As a control we have also used
the 30,117 H}*O lines available in the HITRAN database.” These individually measured lines
should give very accurate absorption coefficients at 300 K but the database contains insufficient
high lying rotational levels and hot bands to be reliable at higher temperatures.

2. CALCULATION OF THE LINELIST

The water linelist used in this work was generated by direct quantum mechanical calculation of
rotation—vibration energy levels, wavefunctions and associated dipole transition strengths. The
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energy levels and wavefunctions were obtained using TRIATOM program suite*' which finds exact.
within the Born-Oppenheimer approximation, variational solutions to the triatomic nuclear
motion problem.

Energies and wavefunctions were generated using the best then available™ water potential due
to Jensen.” Transition intensities were obtained using a specially written Discrete Variable
Representation (DVR) program DIPOLE3*?" and the dipole surfaces of Wattson and Rothman.*
Both the potential energy and dipole surfaces were obtained by systematically adjusting ab initio
surfaces so that they reproduced the results of high resolution spectroscopic studies.

Detailed comparison of all the observed vibrational band origins calculated with those calculated
using Jensen’s potential shows a standard deviation of 6.4 cm™'.22 However for the bands of interest
here, our calculations reproduce the band origins with a standard deviation of only 0.9 cm~'. For
low lying rotational levels Jensen’s potential reproduces the observed rotational term values with
a standard deviation of only 0.14 ¢cm~'?%; but calculations for high lying rotational states (J ~ 20)
show errors as large as 10 cm~'.*® Comparisons of individual linestrengths with those tabulated on
the HITRAN database have been performed by Wattson and Rothman® and Lynas Gray et al*
who found that most of the strong transitions were reproduced within the 10% error quoted in
HITRAN.

The initial linelist, reported by Miller et al”’ (who give details of the calculations) was extended
by Allard et al.'® It is this linelist that we use in this work. The linelist is based on calculations
performed for rotational levels up to J = 30. Although convergence was good for states with J < 20
it deteriorated to about 10cm™' for states with J = 30. All levels up to 11,000 cm" ' above the
ground state are included as well as many, but not all, higher ones. Transitions were calculated
using only rigorous selection rules concerning angular momentum (AJ =0, 1) and parity.™
8.4 x 10°® transitions were calculated and 6.2 x 10°, with line strengths greater than 107" D?, were
retained in the linelist used here.

There are a number of ways in which the accuracy and extent of our linelist could be improved
which will be discussed below. However at this stage we should note one important defect of our
present calculations. For technical reasons due to choice of coordinates in TRIATOM program,”
our calculations do not distinguish between wavefunctions of ortho and para states of water. In
generating total absorption coefficients therefore, we have weighted all transitions with a common
nuclear spin degeneracy factor of g = 2, rather than the g = 3 and g = [ appropriate for ortho and
para states, respectively. This approximation is fairly reliable at high temperature as most of the
high lying rotational levels come in (near) degenerate ortho-para doublets. However at low
temperature this procedure is less reliable.

For this reason we have identified the 25,894 transitions associated with the vibrational ground
state in rotational levels up to J = 10 and assigned the appropriate ortho/para g weighting. Detailed
comparisons with HITRAN data at 300 K showed that this procedure greatly improved our
predicted absorption parameters at low temperature but made little difference to results at 3000 K.
A similar procedure, i.e., assigning nuclear spin states by hand for a few low-lying levels, was found
to give reliable partition functions in a recent study of the thermodynamic properties of Hy .*

3. ABSORPTION COEFFICIENTS

Starting from the natural abundance weighted transition probabilities, |R|*, tabulated in
HITRAN® in D’ we obtained an integrated absorption intensity, in cm *atm™', for each
transition of frequency w, in cm™', using the expression

27 +1 —E —E s
=g o7 ) ool 7 ) ) "

where the constant of proportionality, C, has the value of 11.152 for the particular combination
of units and natural abundance used in HITRAN.

Our linelist stores Einstein A coefficients, Ay, in s~!'. These can be converted into transition
probabilities, |R[?, without weighting for isotopic abundance, using the expression
277+ 1 A,
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Using this [R] in Eq. (1) means that the constant, C, takes the value 3.5656 x 10’.
In Eq. (1), Q is the partition function. Our partition function was calculated directly from our
computed ro-vibrational energy levels by explicit summation

N " _EJ,/
Q—;(4J+l)g exp( T ) (3)
where / runs over all the computed levels with rotational quantum number J, J values considered
ran from 0 to 30 and, for reasons discussed above, g =2 for all levels. OQur partition function is
obtained as a sum over the available calculated levels. As the set of levels is necessary truncated,
our value will always be a lower bound on the true partition function. Convergence tests® suggest
that this error is still less than (% at 3000 K.

Values of our partition function agree well with those given by other sources, including
HITRAN.? We note however that this definition of the partition function appears to differ by a
factor 4 [or (27 + 1)*] from that generally used by the astrophysics community,”*> who appear to
neglect the nuclear spin contribution.

As an initial comparison with Ludwig’s absorption coefficients, we used both HITRAN and our
linelists to generate absorption coefficients binned in boxes of 25 ¢cm ! for a range of temperatures.
This binning was done entirely by frequency, w, and thus ignored the possible effect of the profile
of the individual lines. Estimates of both the Doppler and pressure broadening half widths based
on the formulae quoted by Phillips* show that the Doppler width is very small for temperatures
below 3000 K and for pressures of 1 atm or less the self-broadening Lorentz half width is never
more than 0.5cm ™', which can be safely neglected for the box sizes considered here.

Figure 1 shows results for 300 and 3000 K for the entire frequency range considered by Ludwig.
A1 300 K all three sets of absorption coefficients are similar. However at 3000 K there are significant
differences. The absence of high J lines and limited number of bands covered causes systematic gaps
in the absorption calculated from the HITRAN database. On the other hand, above about
4000 cm ', the Ludwig absorption coefficients appear much larger than the others. A discrepancy
between the Ludwig results and other measurements of the bands at 1.4 and 1.1 um has already
been noted.” We also find a similar mismatch with our calculations of the 1.9 ym band and suggest
that Ludwig’s results overestimate the absorption coeflicient of water over the entire 1-2 um region
at higher temperatures. The only other absorption coefficients available for this region at high
temperature, due to Ferriso et al,' give results very similar to Ludwig’s and will not be considered
further here.

Figures 2 and 3 give more detailed comparisons for pure rotation spectrum and the first
stretching overtone band at 1.4 um, respectively. In this case the absorption coefficients generated
using HITRAN and our linelist have been binned in 5 cm~! boxes. Comparison of our data with
HITRAN for the stretching overtones at 300 K, Fig. 3(a), shows wavelength shifts at both ends
of the band. This is due to our calculation being less reliable for the highest rotational states which,
as discussed above, are both poorly represented by Jensen’s potential and not well converged by
our calculations.

The comparisons in Figs. 2 and 3 show up the almost total loss of structure in the coarser Ludwig
results. At 300 K the Ludwig data gives a fair average of the absorption coefficient predicted by
both HITRAN and us for the pure rotational transitions, Fig. 2(a). However at 3000 K Ludwig’s
results appear to be blue shifted by up to 100 cm ', although the general shape and magnitude of
the band appears satisfactory.

Ludwig and our results are in reasonable agreement for the fundamental bands so a detailed
comparison is not given here. However, for the streiching overtone (Fig. 3) the situation is less
satisfactory. At 300 K, the magnitude of the absorption coefficient seems to be similar between the
all sets of data, but the peak in the Ludwig data at 7200 cm~' appears at a minimum in the other
data. At high temperature, as noted above, the Ludwig data overestimates the absorption although
the general shape of the profile is similar to ours. This situation also occurs for the bend-stretch
combination band at 1.9 um.

For diatomic molecules band models have often been generated directly from known linelists.
This has not been done routinely for non-linear polyatomic molecules because the number of lines
required appear to make such a procedure impractical.** In the absence of a comprehensive linelist




376 Jeremy H. Schryber et al

(a)
= 97
E -
wn ]
w87
« ]
TS 7
< .
-] 61
v 1
g s
1) ]
S -
g 4
Q ]
g
.
T
5 _
@ .
L o]
< ] , x 10
1 L ¥
0 T T T Y T T = -
0 1000 2000 3000 4000 5000 6000 7000 8000
Frequency (cm™')
(b)
o 3.0
B ]
»n ]
- ]
© o5
Ta ]
Iz ]
o 2.0
‘I'S .
L 15
=] ]
(=] ]
apd !
2 o)
» 1.0-:
)
S ]
2
0.5 [
0.0 Sy A T = ‘h

T ' T T T T |
0 1000 2000 3000 400 5000 6000 7000 8000

Frequency (cm™')

Fig. 1. Comparison of absorption coefficients taken from Ludwig,' dashed line; generated using the

HITRAN? linelist, dotted line, and our linelist, solid line. The absorption coefficients are computed in

25cm™' bins. The results for frequencies above 4500 cm™' have been scaled by a factor of 10. (a) For a
temperature of 300 K and (b) for a temperature of 3000 K.
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Fig. 2. Comparison of absorption coefficients for pure rotational transitions of water. Results taken from

Ludwig,' dashed line; generated using the HITRAN® finelist, dotted line, and our linelist, solid line.

Ludwig’s results are for 25 cm™' bins and the others for 5 cm ™! bins. (a) For a temperature of 300 K and
(b) for a temperature of 3000 K.
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Fig. 3. Comparison of absorption coefficients for the first stretching overtone of water. Results taken from

Ludwig,' dashed line; generated using the HITRAN® linelist, dotted line, and our linelist, solid line.

Ludwig’s results are for 25 cm~' bins and the others for Scm~' bins. (a) For a temperature of 300 K and
(b) for a temperature of 3000 K.
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for water, sophisticated statistical techniques of generating water band profiles have been
developed.”** However such procedures are by their very nature approximate and it is hard to see
how they can be reliably extended to high temperatures for which there is little or no experimental
data available. In this work we have for the first time used an extensive linelist to generate band
profiles for water. Such linelists can in principle be used to generate parameters at arbitrary
resolution and temperature.

4. CONCLUSION

We have shown that our linelist can be used to produce the absorption coefficients for water,
particularly at high temperature. These coefficients have been compared to those of Ludwig,' but
can be used in a more flexible and realistic manner to allow for the many gaps that appear in the
infrared spectra of a light molecule such as water. In addition, using standard formulae (for
examples those quoted by Phillips?) line profiles can be generated for a range of temperatures,
pressures and compositions. A list of 6.2 million lines is too large to publish usefully in the
conventional form but the authors will be glad to supply the data in electronic form.t

The linelist used here was our first attempt at the comprehensive treatment of the ro-
tation—vibration spectrum of a triatomic system. There is no doubt that the accuracy and extent
of the linelist can be improved. In particular new, significantly more accurate potential energy
surfaces for water are now available™®*" and our new 3D DVR code? not only resolves the problem
with the ortho-para nuclear spin statistics discussed above, but also should allow us to generate
reliable results for higher lying states. We plan to generate a new water linelist in the near future.
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