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A new database is presented for the 14395—14407 cm ' region for calculations of the atmospheric
transmission using the exact calculated line parameters. The semi-empiric approach developed has
been used for calculation of the line broadening by air pressure and shifting coefficients of H,O spectral
lines, as well as the coefficients of thermal dependence of the line profile parameters. These calculations
have been performed for 24 strongest lines. Four lines were assigned, and the atmospheric transmittance
at the zenith angles of 70 and 80° has been simulated for the spectral range of a ruby laser.

Introduction

This work is a continuation of our previous
research,!™ in which we estimated the contribution
that comes to absorption of the solar radiation from
weak absorption lines of water vapor, that are missing
in the current HITRAN® and GEISA® databanks.

In this study we have investigated the molecular
absorption in the range of 14395—14407 cm™', which
is of interest for atmospheric applications, for example,
for measurements of the concentrations of H,O or
O, with the use of a ruby laser radiation. For this
spectral region, the presence of some substance in the
atmosphere, that causes an excess absorption, was
mentioned.” A part of this excess absorption can
likely be assigned to absorption by weak water vapor
lines, which are missing in the databanks. Therefore,
the detailed information is a necessary condition for
accurate calculations of the atmospheric transmission
by the Earth’s atmosphere in the region near 0.69 pm.
This information includes, first of all, accurate line
positions and intensities, quantum assignment of lines,
air pressure broadening and self-broadening, shifting
of the line position and the coefficient of temperature
dependence for the line profile parameters.

Despite the HITRAN databank, including its
latest versions, is the most complete and up-to-date
database of spectra of atmospheric gases, it is not free
of disadvantages. For example, as was noted in
Ref. 8, there are mistakes in the HITRAN databank,
resulting from compilation of spectra from original
papers. Some spectral line parameters are lacking, or
only average values are presented. In Ref. 9 it was
demonstrated that one should use the averaged values
of air broadening with care, because this can lead to
significant errors (up to 100%) in considering the
atmospheric absorption by weak H,O absorption lines.
For this reason in this study we have performed exact
calculations of the air broadening coefficients for
water vapor absorption lines.

Weak water vapor absorption lines, missing in
the HITRAN-2000 databank, were taken from the
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Partridge—Schwenke ab initio calculations.!" Our
previous investigations, for example, in Ref. 10,
showed that the calculations in Ref. 11 had high
accuracy for line positions and a satisfactory one for
line intensities. Therefore, the Partridge—Schwenke
data can be used for atmospheric applications.

The positions and intensities of H,O absorption
lines for this region, included in the HITRAN-2000
databank, were taken from Ref. 12, which presents
the absorption at the line peak for all transitions,
and the intensities, along with their errors, only for 8
strongest lines lying in this region. The HITRAN-
2000 contains also the information about the accuracy
of line positions and halfwidths. The data on the
accuracy of line positions and the error codes in the
HITRAN coincide with those presented in Ref. 12.
But for the errors in intensities, the situation is quite
different. The highest accuracy in the intensities of
transitions (from 1 to 2%) assigned to the four weakest
lines, which even have no assigned positions in the
databank, while for the strong lines the accuracy is
either not determined or worse than 20%, whereas it
is about 5% according to the data from Ref. 12.
These remarks also were among the motivations of
our investigation.

Technique and details of calculation of
the line broadening and shift parameters

For compilation of the database on halfwidths and
air pressure induced shifts of water vapor absorption
lines, we used a semi-empiric technique, including
various corrections associated with the deviation from
the Anderson approximation.'> !4

Within the framework of the semiclassical line
broadening theory, the halfwidth vy, and shift &,
attributed to the transition ¢ — f, can be written as

vy +idy =23 @0 fo@do [UG £, kb ojbdb, (1
k 0 0
the efficiency function UG, f, k, b, v) is
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Re{UG, [,k b,0)} =
=1 — {1 — Sy cosl Sy — Sigp + Im{S, i} — Im{S, )]
xexp[—(Re{S, 1} + Re{Sy ) + S50 (2)
Im{UG, [,k b,0)} =
= {1 — S50 sl Sy — Spip +T{S, i} — Im{S, )] x
xexpl —(Re{Sy i} + Red Sy} + 555701,

where 7 is the number density of the buffer molecules;
p(k) is the population of the k level, k is the set of
quantum numbers of the buffer molecule; v is the
relative velocity of the colliding molecules; f(v) is
the Boltzmann distribution function; b is the impact
parameter; Sy and S, are the first- and second-order
terms of the interaction efficiency function. The
superscripts L and C refer to “linked” and “connected”
diagrams of the perturbation theory. The first-order
term S is responsible for the adiabatic effect and is
determined only by the isotropic part of the potential,
while Sy is determined by the anisotropic part. These
two functions depend on the ”classical” trajectory of
relative motion of the colliding molecules.

Equations (1) and (2) represent the general
formulation of the semiclassical theory. Their
applicability depends on the approximations used for:
a) the relative trajectory of the colliding molecules,
b) intermolecular potential at both short and long
distances, c¢) consideration of adiabatic and nonadiabatic
effects, associated with the functions Sy and S,. In
the Anderson theory, the relative motion is assumed
rectilinear, and the intermolecular potential looks like
a sum of contributions from long-range electrostatic
forces.

In Ref. 15, Robert and Bonamy have developed
a semiclassical (RB) theory, which uses a more
realistic potential in the form of a sum of atom—atom
short-range and electrostatic short-range potentials.
They also used the effective parabolic trajectory in
place of the rectilinear one. It was shown that the
peculiarities of the intermolecular interaction at
short distances and the bending of trajectories play
an important role for close collisions, and the
consideration of these factors significantly improves
the calculations. Bykov et al.'® proposed a model of
exact trajectories (ET) for the semiclassical method
of calculation of the broadening parameters. This
model was successfully applied by Buldyreva et al.
for calculating the line halfwidths.!”!8

Different versions of the cut-off-free method,
accounting for more and more finer effects, yielding
small corrections, which were mentioned above,
satisfactorily describe the H,O line parameters, but,
because of the complexity of calculations, they do not
allow one to represent and analyze the processes,
proceeding in the colliding molecules. Therefore, it is
interesting to correct the Anderson method in order
to remove its main disadvantages. In Ref. 19, we
proposed some semiempirical version of such a
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correction. In this paper, it is considered with the
equations for the halfwidth, taken as an example.
The general equations (1) and (2) involve the transition
probabilities D*(ii'00) and D*(ff'00) of different
dissipation channels i - @', f - f’, coupling the lower
and upper transition levels with the neighboring levels.
These parameters are the squared reduced matrix
elements of the molecular operators, such as the dipole
moment or components of the quadrupole tensor.
In the Anderson theory, the halfwidth can be
expressed as a sum, including these parameters

Vi = AG. )+ D DG DR ) +
i

> D*(ff'DPMayy) +... (3)
1

with the higher-order terms neglected. Here A(Z, [) =

=gZp(2)_[vdvb§(v,2,i,f) is the usual term of the

2 0
Anderson theory, caused Dby the interruption
(by(v, 2, i, f) is the interruption parameter).

The sums in Eq. (3) include different-type
transitions (dipole, quadrupole, etc.) and contain the
products of two parameters D*(i#'0l) and P;'(w;). The
transition strengths D*(ii'00) and D*(ff'01), attributed
to the dissipation channels i - ¢, f - f', depend only
on the properties of the absorbing molecule (dipole or
quadrupole moments, wave functions) and include
only intramolecular effects. The terms with [ =1
correspond to the dipole-type transitions, while [ = 2
corresponds to the quadrupole transitions in the main
molecule.

The parameters PMw;) can be considered as
efficiency functions for this dissipation channel. PNwi)
is a smooth function; therefore, it seems logical to
introduce a correcting factor to this function, leaving
without changes the term D*(ii'0l), describing the
dynamics of the absorbing molecule, that is, to
represent the efficiency functions P;(w) in the form

P(w) =Pl +a; w+ay @ +..], 4)

where P(w) is the efficiency function in the Anderson
approximation. The expression in the square brackets
is the correction for different effects, ignored in the
Anderson theory. The coefficients ay, @, are determined
from the fitting to the experimental values of the line
broadening coefficients. The use of the efficiency
function P;(w) as the initial approximation in Eq. (4)
allows the reconstruction of the correct behavior of
halfwidths at the high values of the rotational
quantum numbers or at high temperatures to be made.
We used such a semi-empiric approach in Ref. 19,
where it worked good in calculating the halfwidths
and pressure caused shifts of CO, lines, giving good
predictions even for a line with high J.

The calculation of nitrogen and oxygen pressure
broadening of H,O lines were performed with the
use of the efficiency functions in the following form:
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P]((A)/'/") = Plx((.k)/ e /(Cz +\/T/')]’ (3)

where ¢; and ¢, are the fitted parameters. Thus, we
used a correcting factor to the function Pj(w) in the
form of a simple expression, containing two parameters
determined from the fitting to the experimental data.
But this is not a simple operation of fitting to some
experimental curve, because the correcting term,
obtained from the fitting to several values of the
broadening coefficients of some band, describes not
only the experimental data in this band, but also
the broadening and shift of lines for the whole set
of bands of the colliding pair (in our case, H,O—N,).

The calculations of line halfwidths are performed
taking into account the dipole—quadrupole interaction
between the H,O dipole moment and the quadrupole
moment of the buffer molecule, as well as the
quadrupole—quadrupole interactions.

The indices of the temperature dependence N’
and N" are determined as:

(1) = o0 |

300
(6)

5(T) = 5(300)(?)€JN”.

Having calculated the coefficients of broadening
and shift by nitrogen and oxygen as described above
for temperatures of 200—350 K and used the equations

Yair = O79yNz + 0'21y02r
B, =0.798,, +0.213,,

D)

we obtain the corresponding air broadening and shift
coefficients and the indices of their temperature
dependence.

Parameters of the lines in the spectral
range of a ruby laser emission

To compile a new database for the spectral range
of a ruby laser emission, we used the HITRAN-2000
databank, the Partridge—Schwenke calculation,!! and
the available experimental data.?>?! Among 17 of the
H,'°O lines, included in HITRAN for this range,
four lines are unassigned and the air-broadening and
self-broadening coefficients for them are presented
by averaged values. From the Partridge—Schwenke
calculation,'' we took only the Ilines with the
intensity higher than 107 cm/mol.: 123 lines of
H,'%0, 68 lines of H,'®0, and 27 lines of H,'"O. The
HDO lines with the intensity higher than
1072 ¢m/mol. are absent in this region. For the seven
strongest (with the intensity 01072 cm/mol.) lines
from Ref. 11, missing in HITRAN, the line positions
were refined using the upper and lower energy levels
determined by processing the experimental spectra.??!
For the other weak lines, the refinement was made
whenever it was possible in principle, that is, the lower

B.A. Voronin et al.

energy levels were mostly refined. The four lines,
unassigned in HITRAN, were assigned in accordance
with Ref. 20. The broadening and shift parameters
were calculated for 24 lines.

The Table presents the frequency, quantum
rotational-vibrational assignment, and parameters of
the lines for the 14395—14407 cm™' range. The four
lines, unassigned in HITRAN-2000, are presented
with the index i, and their assignment is taken from
Ref. 20. Seven lines marked by s are the strongest
lines (with the intensity 0107 cm/mol.) from the
Partridge—Schwenke calculation.!" The positions of
these seven lines are refined using the energy levels,
determined from the analysis of the experimental
spectra.??! In addition, the Table presents the air
broadening calculated in this work vy, and the air
broadening from HITRAN-2000 y,;,(F). The coefficient
Vair from HITRAN for the lines 14395.9407,
14397.6187, 14397.9000, and 14406.9532 is tabulated
equal to 0.0964 cm~!/atm, but our calculation shows
that for the line 14397.6187 it is halved and equals
to 0.05433 cm™'/atm. For the lines 14395.9407,
14397.9000, and 14406.9532, v, differs not so widely
and is equal to 0.08747, 0.09240, and 0.09450,
respectively. The data on self-broadening vy, are
taken from HIRTAN. For the lines marked by the
asterisk (*), the data on V. were absent, and our
approximate calculation — averaging over the J-
dependence — is presented. The temperature
dependence &, and the coefficients n,, n(H), and ns
were then calculated. In addition, the Table gives the
line intensities from the Partridge—Schwenke
calculation I(S) and from HITRAN-2000 I(H), as
well as the upper E' and lower E" energy levels. One
upper level, marked by s, was taken from Ref. 11, two
levels, marked by ¢, were taken from Ref. 21, and the
other upper levels from Ref. 20.

Description of the method
for transmittance calculation
and results of simulation

The transmittance was calculated by the line-by-
line method, which accounts for the contribution
coming from every line to the absorption at a given
frequency. The transmission function was described
by the equation

Tny :é fexpl — 11y, (8
Av
where
-_ 1 I S
() = Cosd ;ki(v,z)p(z)dz )

is the optical depth; N is the number of lines taken
into account; ¢ is the zenith angle; kv, z) is the
absorption coefficient of the ith line, determined for
the unit concentration of the absorbing gas; p(z) is
the concentration of the absorbing gas at the height z.
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In this calculation, we used the Voigt profile.
Only the absorption by water vapor and its continuum
absorption (CKD 2.4 model) were taken into
account. The transmittance was calculated for the
zenith angles of 70 and 80°.

Three series of model calculations were performed
to analyze the effect from refinement of the HITRAN
databank on the basis of the Partridge—Schwenke data
and our data on the halfwidths. The results calculated
by modeling are shown in Figs. 1—4. Figure 1 shows
the effect of corrected air broadening coefficients on
the results calculated.
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Fig. 1. Difference in the absorption when accounting for
different number of lines at the zenith angle of 70°.
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Fig. 2. Simulation of optical depth for the zenith angle
of 80°.

The curves in Figs. 1—4 show the following:

1) The solid curve shows the difference between
the calculated absorption for 17 lines from HITRAN-
2000 with the air broadening coefficients changed in
accordance with our calculations (see the Table) and
for the same lines but with unchanged coefficients.
That is, this curve shows the difference due to only
the refinement of the air broadening coefficients for
the H,O absorption lines.

2) The dashed curve shows the difference between
the absorption for 17 lines from HITRAN-2000 and
the same lines with the changed parameters, as well

as the additional seven strongest lines from the
Partridge—Schwenke calculation!! (these lines are
marked by the asterisk in the Table).

3) The dotted curve shows the difference between
the absorption in 17 typical lines from HITRAN-2000
and the same lines with the changed broadening
parameters and the additional seven strong and
218 weak lines from the Partridge—Schwenke
calculation. !
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Fig. 3. H,O transmittance in the 14395—14407 cm ! region
for the zenith angle of 80°.
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Fig. 4. IO transmittance in the region of 14403 cm ' for
the zenith angle of 80°.
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The difference between the calculations for the
first and second cases in Fig. 1 gives 3% in absorption,
which is already a significant value, because the
typical error in determination of the absorption
function for the Fourier transform spectrometers is
about 1% and smaller (that is, the signal-to-noise
ratio 0100,/1 and higher??). For the third case, when
all possible lines with the intensities from the
Partridge—Schwenke calculation'' are taken into
account, the difference is already as high as 4%,
which is indicative of the need in additional
information about weak lines and/or continuum
absorption of water vapor.”
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Figure 2 shows the calculated optical depth for
the three situations described above. In the first case,
the absorption by 17 lines from HITRAN-2000 is
shown by the solid curve (17 lines in this region and
62 neighboring lines, lying in the 13370—14432 cm™'
region, which are taken into account by far wings). In
the second case (dashed curve), 17 lines from HITRAN-
2000 are supplemented with seven strongest H,'°O
lines from the Partridge—Schwenke calculation.!' The
positions of these seven lines were refined from the
known experimental upper energy levels.?”*! In the
third case (dotted curve), 17 and 7 lines are
supplemented with 218 lines from the Partridge—
Schwenke calculation,!' corresponding to the isotopic
modifications of H,'°0, H,'’0, and H,'?0.

Figure 3 depicts the transmittance in the spectral
region of 14395—14407 cm™! for conditions described
above for Fig. 2. It can be seen that the missing lines
can contribute significantly nearby 14396 and
14404 cm™!. Figure 4 shows the transmittance near
14404 cm™'. It can be seen from Fig. 4 that the
contribution of the missing absorption lines differs by
almost 7% from the calculation based on the HITRAN
data bank.

Conclusions

This paper presents the most complete up-to-date
information on the spectral line parameters of water
vapor in the 14395—14407 cm™' region.

It is shown that the HITRAN uses the averaged
air broadening coefficients for some water vapor lines
and their refinement can lead to a significant, up to
3%, increase of the absorption at long paths through
the atmosphere at a zenith angle of 70°.

The account of all water vapor absorption lines,'
missing in HITRAN, can contribute up to 5-7%
to the absorption (the path at a zenith angle of 80°).

Supplementing the HITRAN-2000 database with
the strongest water vapor absorption lines from the
Partridge—Schwenke calculation,'' we can increase the
absorption by 3—5%. It should be expected that
the additional lines could be recorded experimentally
in the spectrum with the use of, for example,
photoacoustic instrumentation.”?
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