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This study involves measurements of H2
16O, H2

17O, and H2
18O vapor spectra for the region between 590 and 2582 cm21.

The parameters derived from the data include line positions, energy levels, and linestrengths. The study involves high-
resolution line-position measurements with samples at room temperature in the (000)–(000), (010)–(010), and (010)–(000)
bands. The experimental frequencies were used along with microwave, far-infrared, and hot water emission measurements in
an analysis to obtain high-accuracy rotational energy level values in the (000), and (010) vibrational states of H2

16O for J #
20. The experimental linestrengths were fitted by least squares to a model in which the dipole moment was represented as a
series expansion containing up to 19 dipole moment matrix elements. The measurements in this work were more extensive than
reported in prior studies by this author for the (010)–(000) band.© 1998 Academic Press

1. INTRODUCTION

In earlier studies by this author covering H2
16O measure-

ments in the (010)–(000) band (1), the (020)–(010) band (2),
and the (100)–(010) and (001)–(010) bands (3), certain spectral
regions were inaccessible for measurements due to the pres-
ence of a small amount of formamine onto the walls of a 6-m
multiple transversal absorption cell. The present set of data
were recorded in 1995 and 1996 at the same facility and with
the same 6-m absorption cell. However, the majority of the
unwanted contaminants were removed prior to recording the
data with the aid of a diffusion pump and water vapor
absorptions can now be observed for the entire region above
590 cm21.

This study involves high-resolution measurements of line
center positions and strengths in the (000)–(000), (010)–(010),
and (010)–(000) bands of H2

16O and the (000)–(000) and
(010)–(000) bands of H2

17O and H2
18O. The H2

16O frequency
measurements were used to obtain high-accuracy values of
rotational energy levels for the (000), and (010) vibrational
states forJ # 20. These measurements were used in conjunc-
tion with microwave transitions given by Pearsonet al. (4),
far-IR measurements reported by Matsushimaet al. (5), labo-
ratory hot water emission spectra between 370 and 930 cm21

obtained by Polyanskyet al. (6) and further studied by Vitiet
al. (7), and sunspot hot water spectra analyzed by Polyanskyet
al. (8, 9). Also included in the analysis were previous mea-
surements by this author covering transition frequencies of the
(010)–(000) band of H2

16O (1) and the (010)–(000) bands of
H2

17O and H2
18O (10).

The line study analysis included new measurements which
were used along with previous measurements (1) in a fitting
procedure which involved 19 expansion coefficients in the

dipole moment forB-type transitions. In a recent report, Coud-
ert (11) used a new theoretical treatment which involved an
analysis of a large data set which included measurements of
line positions and strengths of the (010)–(000) band given in
my earlier paper (1). The results of the linestrength study
showed good agreement, on the average, with the measured
values and his theoretical model did not require a separation of
the data into sets which was required in my earlier analysis (1).
This theory (11) appears superior to the one applied in Ref. (1),
(and used here) especially for fitting linestrength values over
several orders of magnitude as was the case for the experimen-
tal data set obtained in this study and a somewhat smaller but
similar set given in Ref. (1) for the (010)–(000) band of H2

16O.
The main purpose of this study is to report new experimental

results and improvements, if necessary, of previous values (1,
10) with the analysis of the data being included as reference for
future studies.

2. EXPERIMENT AND SPECTRAL ANALYSIS

The spectra analyzed in this study were recorded with a
Fourier transform spectrometer (FTS) located at the McMath
solar telescope facility at the Kitt Peak National Observatory.
The experimental conditions are given in Table 1. The bottom
eight entries with total sample pressures#4.86 Torr were used
in the line-position analysis. The first eight entries were also
used in the self-broadened experiment (12) and the following
entries given with broadening agents (O2, N2, and air) were
used in the analysis of the H2O 1 N2 and H2O 1 air linewidth
and frequency-shift study which is another report that follows
(13), and another study involving H2O broadened by O2 (14).

Table 1 lists the spectral coverage of the H2
16O measure-

ments obtained for each run, unapodized spectral resolution,

JOURNAL OF MOLECULAR SPECTROSCOPY190,379–396 (1998)
ARTICLE NO. MS987611

379
0022-2852/98 $25.00

Copyright © 1998 by Academic Press
All rights of reproduction in any form reserved.



absorption path lengths, pressures, and temperatures. Sample
temperatures were inferred from readings of thermistor probes
in thermal contact with the absorption cell walls, while the
sample pressures were measured with a Baratron gauge with a
1- or 10- or 1000-Torr pressure head. The infrared radiation
from a globar source was collected onto a helium-cooled
arsenic-doped silicon single element detector. Each FTS run
consisted of 12 or more coadded interferograms. The signal-
to-noise ratios of the spectra ranged from about 500/1 with the
absorption path length at 25 m to about 130/1 with a 433-m
path length. The composite interferograms were transformed
into spectral data at the Kitt Peak facility.

Medium-to-strong absorptions of H2
16O contained added

contributions from a combination of narrow, low-pressure ab-
sorptions as a result of a small amount of water vapor and CO2

('200mm total pressure) in the vacuum tank that enclosed the
FTS and air-broadened H2

16O absorptions that were caused by
the H2

16O content in the open spaces between the infrared
source and the vacuum tank. These added, narrow, contribu-
tions were useful in the measurements of the stronger lines
using the scan, listed in Table 1, with the 6-m cell evacuated.

The optical path from the 6-m cell to the vacuum tank which

enclosed the FTS contained a 2.39-m-long evacuated cell and
several compartments which were purged with dry N2. The
optical path from the exit of the 6-m cell to the entrance to the
vacuum tank was about 5.5 m. This setup greatly reduced
interference from the H2O spectral absorptions due to room air.
For one of the runs (73 m path, 0.486 Torr pressure) a small
amount of N2O (0.2 Torr pressure) was added to the 2.39-m
cell for purposes of frequency calibration below 1200 cm21.
The residual room air in the vacuum tank also contained
enough CO2 so that the strongn2 lines were observed in all the
spectra below 700 cm21 and these lines were also used for
frequency calibration. The measured line positions were cali-
brated and corrected by reference to accurate H2

16O frequen-
cies (1, 2) for the region above 1200 cm21 and N2O (15) and
CO2 (16) positions covering observations below 1200 cm21.

A computer program of nonlinear least squares was used to
derive experimental values of line positions, strengths, and
linewidths from the spectral data listed in Table 1. This tech-
nique has been used in several previous studies [e.g., Refs.
(1)–(3) and (10)].

All of the runs listed in Table 1 were used to obtain line-
strengths and those with the shorter path lengths (0.25–1.75 m)

TABLE 1
Experimental Conditions of Spectra Used

in the H2
16O Measurements

* H2
16O absorptions observed were due to 0.018 Torr H2

16O pressure in the
vacuum tank which enclosed the FTS and atmospheric H2

16O (total pressure was
600 Torr) in the spaces between the IR source and entry to the tank. The open spaces
were purged with cooled N2. The optical path of the open spaces was approximately
5.5 m.
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were used to derive the experimental values of the stronger
lines of H2

16O. In an earlier study by this author (1), the
strengths of the stronger lines were inferred from pressure-
broadened H2

16O absorptions due to room air in the optical
path. The short path runs given in Table 1 represent data
obtained with two stainless steel absorption cells (1.5 and
0.25 m in length) that were placed between the globar source
and the vacuum tank which encloses the FTS. All portions of
the external path and the source enclosures were evacuated by
using some newly installed apparatus, thus eliminating room
air in the optical path.

The empty cell run given in Table 1 (1) with a path of 25 m
and 0.0 pressure was used to determine the effective H2O
absorption amount due to the low-pressure content in the
vacuum tank. By this procedure, it was determined that only
the stronger lines with linestrength values$1022 cm22/atm
were observed in the spectra. Therefore two line positions for
a given H2O absorption were input to the NLLS program for
the stronger lines: one representing the pressure-broadened
contribution and the other for the low-pressure feature from the
vacuum tank. It was not necessary to include two input lines in
the NLLS routine for the 6-m cell runs because the vacuum

tank contributions were dwarfed by their respective long path
counterparts. Also linestrength measurements from the 6-m
cell runs of the stronger lines were not used in the analysis.
Therefore the observed strengths of the stronger lines were
determined from the pressure-broadened runs and the strongest
transitions from the foreign-broadened runs. The usable line-
strength values derived from the self-broadened runs were for
transitions with strengths between 1023 and 0.12 cm22/atm
whereas for the foreign-broadened runs, only lines with
strengths$0.07 cm22/atm were reliable.

Examples of the NLLS analysis of the foreign-broadening runs
are displayed in Figs. 1–4. Figs. 1 and 2 show H2

16O lines
broadened by O2 and Figs. 3 and 4 show H2

16O lines broadened
by dry air. The low-pressure contributions appear on top of the
pressure-broadened counterparts. The observed spectra are over-
laid with the respective synthetic spectra and the residual plots are
shown in the upper portions of the figures and give the percent
differences between observed and computed spectra. For a given
transition, the linewidth parameter for O2 broadening is approxi-
mately 55% of that for air broadening and this effect is apparent
by comparing the O2-broadened lines displayed in Figs. 1 and 2
with the air-broadened lines shown in Figs. 3 and 4. Inspection of

FIG. 1. Unapodized observed and synthetic spectra of H2
16O. The features are caused by a narrow, low-pressure (vacuum tank H2O) H2

16O feature
superimposed on the O2-broadened counterpart. The partial pressures representing the broadened features are 0.67 Torr (H2O) and 552.2 Torr (O2) and the path
length is 1.5 m. The observed spectrum is overlaid with the respective synthetic spectrum, and the residue plot, shown in the upper portion, gives the percent
differences between the observed and synthetic spectra.
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Figs. 1 and 2 show the pressure-broadened components only a
little wider than the Doppler-width counterparts. However the
respective parameters of the two components were easily deter-
mined from the operation of the NLLS program and therefore
accurate pressure-broadened parameters (linestrength, linewidth,
and frequency-shifted position) were obtained from the H2O1 O2

spectra.

3. FREQUENCY MEASUREMENTS

The rotational energy levels derived in my earlier work (1)
for the (000) and (010) vibrational states of H2

16O are, on the
average, accurate for the majority of the levels given but
suspect for a few of the higherJ and/orKa term values. The
frequency measurements from the present set, especially the
transitions of the (000)–(000) band above 590 cm21, have
provided the necessary information to obtain more accurate
values for these suspect term values for the ground state. These
data also provided additional energy level values not included
in the earlier work (1). Recent measurements and analysis of
hot water laboratory emission spectra (6, 7) covering the 370–
930 cm21 region and further studies of hot water in sunspot
and laboratory emission spectra (8, 9) (to 1011 cm21) in this
region have provided accurate information on the quantum

assignments of the observed transition frequencies which en-
compassed a tremendous amount of H2

16O transitions involv-
ing vibrational transitions ranging from the (000)–(000) band
upward and beyond the (001)–(001) band withJ values#38.
The composite compilation of the laboratory data listings were
obtained by this author through the internet. Also obtained in
this fashion was a listing of their (6–9) derivation of the energy
levels for the several vibrational bands involved in the ob-
served transitions. The sunspot H2

16O frequencies used in the
present analysis were taken from Ref. (9).

Over 200 transitions in the (000)–(000) band and a few
frequencies in the (010)–(010) and (010)–(000) bands given in
the emission listings (6–9) were also measured in this study
and a comparison of the line positions indicates that the emis-
sion values are, on the average, higher than those in this work
by 4.5 3 1024 cm21 with an uncertainty in their values of
63.2 3 1024 cm21, and in a few cases, the differences
exceeded60.002 cm21. Their laboratory data (6, 7) were
obtained by flowing water vapor through a 1.2-m hot cell with
the pressure maintained at'15 Torr. Pressure-induced fre-
quency shifts could be as large as60.0006 cm21 (12) at this
pressure for many of the observed transitions which may, in
part, explain the rather large derived uncertainty (60.00032
cm21) in their values.

FIGURE 2
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Pearsonet al.(4) measured the frequencies of 30 millimeter-
and submillimeter-wave transitions of H2

16O between 100 and
600 GHz (3.3–20.0 cm21) which included transitions of the
(000)–(000), (010)–(010), (020)–(020), (100)–(100), and
(001)–(001) bands. This represents almost the same number of
measurements made in previous studies covering frequencies
only in the (000)–(000) and (010)–(010) bands and these
previous results were used in my earlier analysis (1) of the
(000) and (010) vibrational states. Pearsonet al. (4) list all of
the measurements (69 in all) with references to the previous
studies. In all, Pearsonet al. (4) give a measurement uncer-
tainty of about 100 kHz (0.33 1025 cm21).

Matsushimaet al. (5) measured 137 pure rotational transi-
tions in the (000)–(000) band from 0.5 to 5 THz (18.5–162.4
cm21) at high accuracy using a tunable far-infrared spectrom-
eter. Six of the transitions that they measured were also mea-
sured by microwave techniques (4) and the agreement between
the two sets of measurements for these six lines is excellent: on
the average, the difference is less than 0.14 MHz (0.53 1025

cm21) in magnitude. The combination of the microwave and
far-IR data for the ground state includes transitions that involve

all rotational levels withJ # 7 and the majority of the levels
with J 5 8 andj 5 9 and several withJ 5 10.

The measurements obtained in the present study for H2
16O

include 1288 transitions in the (010)–(000) band, 306 lines in
the (000)–(000) band, and 49 frequencies in the (010)–(010)
band. Also included were measurements of 75 lines in the
(000)–(000) band of H2

18O and 31 lines in the (000)–(000)
band of H2

17O and several measurements in the (010)–(000)
bands of the two isotopic species. The measurements from the
runs (bottom eight given in Table 1) were weighted and then
averaged with measurements made in earlier studies (1, 10)
incorporated in this analysis. In all, the transition frequencies
were determined to an absolute accuracy of 0.0001 cm21 or
better for the majority of the lines with an uncertainty in the
precision of the measurements of 63 1025 cm21.

4. ENERGY LEVELS

A. H2
16O

The procedure used here to derive the energy levels from the
measured frequencies is the same as that outlined in Ref. (1).

FIG. 3. Unapodized observed and synthetic spectra of H2
16O. The features are caused by a narrow, low-pressure (vacuum tank H2O) H2

16O feature
superimposed on the air-broadened counterpart. The partial pressures representing the broadened features are 2.75 Torr (H2O) and 349.7 Torr (air) and the path
length is 0.25 m. The observed spectrum is overlaid with the respective synthetic spectrum, and the residue plot, shown in the upper portion, gives the percent
differences between the observed and synthetic spectra.
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Initially, combination difference frequencies (CDFs) in the
ground state were determined from measurements in the (010)–
(000) band and were used in conjunction with (000)–(000)
band measurements. In the earlier report (1) the lowestJ levels
of the ground state were fitted together with use of the Ham-
iltonian that is caused by Watson (17) containing terms up to
and includingK10 and those term values derived by this tech-
nique were used in this work. These levels include theJ 5 1
levels and the 2 1 1level. The other levels were determined by
the method of adding to the CDFs and the pure rotational
transition frequencies the determined values of the lower rota-
tional level. These results were weighted and averaged with the
highest weight given to the microwave and far-IR measure-
ments. The majority of the levels withj # 9 and five levels for
J 5 10 were derived by this method using only microwave (4)
and far-IR (5) observations because of their superior accuracy,
and these results were given uncertainties based on their re-
spective estimated accuracies which, over all, were better than
1.1 3 1025 cm21. By this procedure, 24 lines in the (000)–
(000) band measured in the present study and many CDFs were
not included in the analysis. The remaining analysis of the
ground state levels included measurements from this study as

well as emission data (6–9) involving the (000) state. The
emission observed frequencies were modified to the calibration
used in this study: reducing those values by 4.53 1024 cm21.
Also, because of their rather high uncertainties,63.2 3 1024

cm21, the emission data were only used in the analysis when
the upper rotational levels to be derived were sparse in the
other data.

After the ground state term values and associated estimated
uncertainties were derived, the rotational levels in the (010)
state were determined from the (010)–(000) and (010)–(010)
band measurements by adding to each measured transition
frequency, the appropriate lower state energy level. These
results were weighted and averaged for each level. As was the
case for the ground state analysis, the highest weight was given
to the microwave (4) measurements and the emission (6–9)
data were only included when other measurements of the
desired levels were scarce.

B. H2
17O and H2

18O

The same procedure use for the H2
16O analysis was followed

for the analysis of the rare oxygen species using frequency mea-

FIG. 4. Unapodized observed and synthetic spectra of H2
16O. The features are caused by a narrow, low-pressure (vacuum tank H2O) H2

16O feature
superimposed on the air-broadened counterpart. The partial pressures representing the broadened features are 2.70 Torr (H2O) and 275.2 Torr (air) and the path
length is 0.25 m. The observed spectrum is overlaid with the respective synthetic spectrum, and the residue plot, shown in the upper portion, gives the percent
differences between the observed and synthetic spectra.
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TABLE 2
Energy Levels of the (000) and (010) States of H2

16O, H2
17O, and H2

18O in cm21 a

a The values given within parentheses are estimated uncertainties in the last digits.
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TABLE 2—Continued
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TABLE 2—Continued
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TABLE 2—Continued
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surements from this study and those of the (010)–(000) bands
given in Ref. (10). The result of this analysis gives added levels
for the ground state to those listed in the earlier work (10). These
additional levels were for the higherJ andKa values.

C. Table 2

Table 2 lists values of the rotational energies obtained in this
study for the (000) and (010) states along with associated,
estimated uncertainties given within parentheses. The values
are given with either six or five significant figures after the

decimal, where those with six places were derived entirely
from the analysis of microwave (4) and far-IR (5) measure-
ments for the (000) state of H2

16O while those given with five
significant figures past the decimal for the ground state of
H2

18O were taken from Ref. (10).

5. LINESTRENGTHS

The strength,S, of an H2O transition at frequencyn may be
expressed to good approximation by

TABLE 2—Continued
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S5 C~n /Q!~ g /T!@1 2 exp~2n /kT!#

3 exp~2E~L !/kT!|R~L, U !|2,

where

C 5 8p3/3hc

Q 5 QV 3 QR

and

E~L ! 5 EV ~L ! 1 ER~L ! , [1]

whereQ is the partition function which can be expressed as the
product of the vibrational,QV, and rotational,QR, partition
functions;g is the degeneracy caused by the nuclear spin of the
lower state level;k is the Boltzmann constant;T is the tem-

perature;E(L) is the lower state energy equal to the sum of the
lower state vibrational energy,EV(L), and rotational energy,
ER(L); and R(L, U) is the vibration–rotation dipole moment
matrix element connecting the lower state,L, with the upper
state,U. WhenT 5 296 K, QR 5 174.6 andQV 5 1.0004 for
H2

16O and for temperatures within 30° K of 300 K,Q(T) 5 Q
(296 K) [296/T]3/2.

Without considering near resonance effects, the vibration–
rotation dipole moment element,R(L, U), given in Eq. [1], can
be expressed as

R~L, U ! 5 O
j

u~ j ! 3 ~ j !

x~ j ! 5 ^J0 K 0aK 0c|^V0 | A~ j !|V9 &|J9 K9aK9c& , [2]

whereu(j) are the dipole moment coefficients;A( j) are the

TABLE 3
Matrix Elements Used in the Expansion of the Dipole Moment

for B-Type Transitions of Water Vapor
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transformed transition moment operators and prime and
double prime denote upper and lower states, respectively.
x(1) is the matrix element of the direction cosines in which
A(1) 5 Fa with a 5 z for A-type transitions anda 5 x for
B-type transitions. The asymmetric-top wavefunctions,
|JKaKc&, are expressed as an expansion of symmetry-adapted
wavefunctions as discussed in Ref. (1).

The matrix elements involved inR(L, U) were presented

in Refs. (1) and (10) and also used here and are given in
Table 3. The matrix elements,x( j ), were derived from the
vibration–rotation frequency constants given in Ref. (1) for
the (000) and (010) states of H2

16O. The coefficients,u(i),
were determined from a least-squares fit of the experimental
linestrengths using Eqs. [1] and [2] and the elements given
in Table 3. Measured linestrengths were normalized to a
temperature of 296 K by using Eq. [1] and lower state

TABLE 4
Dipole Moment Expansion Coefficients Derived from Least-Squares Fit

of the (010)–(000), (000)–(000), and (010)–(010) Bands of H2
16O

Note.Values given in Debyes.
a Values given within parentheses are uncertainties in the last digit(s).
b N represents the number of line strengths used in the least-squares fits.
c s% is the standard deviation resulting from the least-squares fit in percent;s%-{([(Sobs 2 Scal)/Sobs]

2/
N} 1/2 3 100.
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energies given in Table 2. A fitting scheme used in Refs. (1)
and (10) was also used in the present work for the analysis
of the measured linestrengths of the (010)–(000) band of
H2

16O in which the measurements were separated into sets,
with each set representing a frequency interval.

The analysis of the (010)–(000) band of H2
18O included over

100 lines measured in this study with strengths.0.5 cm22/atm
(normalized to 100% of species) plus the measurements given in
the earlier study (10) for the weaker transitions. The results for the

(010)–(000) bands of H2
16O and H2

18O are similar to those given
in Refs. (1) and (10), especially for the leading dipole term,u(1),
which is directly related to values of the strongest linestrengths of
a band. Therefore, it appears conclusive that the linestrength
values of the strongest transitions given in the prior studies (1, 10)
are accurate. The linestrengths of the (010)–(000) band of H2

17O
were not analyzed in this study; however, the results given in Ref.
(10) should be accurate.

The dipole moment matrix elements,u(i), obtained from the

TABLE 5
Line Positions (cm21) and Strengths (cm22/atm at 296 K) Observed

in the (010)–(010) Band of H2
16Oa
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TABLE 6
Line Positions (cm21) and Strengths (cm22/atm at 296 K) Observed

in the (000)–(000) Band of H2
18Oa
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individual least-squares fits of H2
16O are given in Table 4.

Included in the listing are the number,N, of experimental
values included in the fit, the standard deviation,s%, in
percent, and the spectral range of lines used in each analysis.
s% is defined as

s% 5 $O
n

@~Sobs2 Scal!/Sobs#
2/N%1/ 2 3 100. [3]

The values given in parenthesis in Table 4 are the uncertainties
in the coefficients and these were determined by varying the
value of each parameter while holding the others constant. The
uncertainty of the parameter was established when the standard
deviation of the computed strengths,s9, was equal to twice the
standard deviation of the least-squares fit, 2s.

Inspection of the table shows that the results for the (010)–
(000) bands are given in terms of sets with each set represent-
ing a frequency interval. The same was also found in my earlier
work (1) in which the theory in the present state is not adequate
to take care of all the necessary measurements in one fitting
procedure. Inspection of Table 4 shows a few terms of the
(010)–(000) and (000)–(000) band with uncertainties much
larger in magnitude than the values. For practical purposes, the
values for these terms can be set to zero; however, they were
included to indicate their magnitude and sign.

It was not necessary to separate the data into frequency
intervals for fitting the pure rotational bands because the range
of linestrength values were within the range (all strength values
within about three to four orders of magnitude of each other)
for the theory to operate sufficiently well with all measure-
ments included in one fitting procedure.

The results from the H2
18O analysis of the (010)–(000) band

measurements are not given in Table 4 because they prove no
improvement over prior values given in Ref. (10). Also the
linestrength measurements of the (000)–(000) bands of H2

17O
and H2

18O were not analyzed; however, they can be computed
to adequate accuracy using the dipole moment parameters of
the (000)–(000) band of H2

16O which are given in Table 4.

6. RESULTS

The listing for the (010)–(000) and (000)–(000) bands of
H2

16O are not given in this report. However, they will be
presented in a following paper discussing linewidth measure-
ments (13). The results for the (010)–(010) band are given here
and listed in Table 5. The table lists the observed frequency,
the difference between the observed and computed frequen-
cies, (o–c), the rotational quantum assignment, lower state
energy level, observed strength, estimated uncertainty in the
measured strength in percent, %s, computed strength, and the
percent difference between the observed and computed
strength, (o–c)%. Measured strength values with %s 5 15%
represent uncertainties ranging between 50% and possibly less
than 10% for one or more of the following reasons: (a) blend-
ing, (b) weakness of the transition, and (c) only one measure-
ment was obtained for that line. Values with %s . 15% were
the result of poor agreement between the linestrength values
derived from the various spectra. Linestrength values included
in the least-squares fits were those for which %s # 8% for the
(010)–(000) band and %s # 10% for the (000)–(000) band and
%s # 14% for the (010)–(010) band. The computed strengths
were derived from Eq. [1] with the dipole moment parameters
given in Table 4 and energy levels given in Table 2. The

TABLE 6—Continued
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computed line positions were determined from the levels given
in Table 2.

It was stated earlier in this report that the linestrengths of the
(000)–(000) bands of H2

18O and H2
17O could be adequately

computed from the H2
16O dipole moment parameters of this

band. This is displayed in Table 6 for H2
18O and Table 7 for

H2
17O. These tables are given in the same format as that of

Table 5. The computed frequencies were derived from the
energy level values given in Table 2 and the computed
strengths were calculated using Eq. [2] and, as noted, the
parameters for the (000)–(000) band of H2

16O given in
Table 4.

7. DISCUSSION AND CONCLUSIONS

The line positions of over 1700 lines of H2O were measured
at high spectral resolution and low sample pressures with the

samples near or at room temperature with absorption path
lengths up to 433 m. The transition frequencies were deter-
mined to an absolute accuracy of 0.0001 cm21 (3 MHz) or
better for the majority of the lines with an uncertainty in the
precision of the measurements of 63 1025 cm21. These data
were used in conjunction with microwave (4), far-IR (5), and
hot water emission spectra (6–10) along with previous mea-
surements reported by this author (1, 10) to determine accurate
values for energy levels for the (000) and (010) vibrational
states of H2

16O, H2
17O, and H2

18O. The methods used to
determine the ground and higher state energy level values are
the same as that discussed and applied in Ref. (1). The analysis
was limited to transitions that are or may be observed in earth
atmospheric experiments.

Three other studies of high-resolution H2
16O absorption

frequency measurements involving the (000)–(000) or (010)–
(000) bands were reported by Guelachvili (18), Johns (19), and

TABLE 7
Line Positions (cm21) and Strengths (cm22/atm at 296 K) Observed

in the (000)–(000) Band of H2
17Oa
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Paso and Horneman (20). These data were not included in the
present analysis because the majority of the measurements
(18–20) were of the stronger transitions of which the levels
involved were well covered in the measurements from the
present study as well as the very high accuracy measurements
from microwave (4) and far-IR (5) studies which were included
in the analysis. Also the weaker transitions involving higherJ
and/or Ka levels reported in Refs. (18–20) were also well
covered in the data used in this study with an overall higher
precision due to the high optical paths applied here which were
at least 10 times larger than used in any of the earlier studies.

The experimental linestrengths were fitted by least squares to a
theoretical model developed and used earlier (1, 10). The model
included 19 matrix elements with several terms empirically de-
rived. The model is not perfect, which is reflected by the necessity
to separate the data of the (010)–(000) band of H2

16O into three
sets. However, it was not necessary to separate the data into
frequency intervals for fitting the pure rotational bands because
the range of linestrength values were within the range (all strength
values within about three to four orders of magnitude of each
other) for the theory to operate sufficiently well with all measure-
ments included in one fitting procedure.
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