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A Bruker IFS-120HR Fourier transform spectrometer located at the Pacific Northwest National Laboratory
(PNNL) in Richland, Washington was used to record a series of spectra of pure H2O and air-broadened
H2O in the regions of the m1 and m3 bands (3450–4000 cm�1) at different pressures, temperatures and vol-
ume mixing ratios of H2O in air. Eighteen high-resolution, high signal-to-noise (S/N) ratio absorption
spectra were recorded at T = 268, 296 and 353 K using two temperature-controlled absorption cells with
path lengths of 9.906(1) and 19.95(1) cm. The resolution of the spectra recorded with the 9.906 cm and
19.95 cm absorption cells was 0.006 and 0.008 cm�1, respectively. A multispectrum nonlinear least
squares fitting technique was employed to fit all the eighteen spectra simultaneously to retrieve 313
accurate line positions, 315 intensities, 229 Lorentz air-broadened half-width and 213 air-shift coeffi-
cients and their temperature dependences (136 for air-broadened width and 128 for air-shift coefficients,
respectively). Room temperature self-broadened half-width coefficients for 209 transitions and self-shift
coefficients for 106 transitions were also measured. Line mixing coefficients were experimentally deter-
mined for isolated sets of 10 transition pairs for H2O-air and 8 transition pairs for H2O-H2O using the off-
diagonal relaxation matrix element formalism, and 85 quadratic speed dependence parameters were
measured. Modified Complex Robert-Bonamy (MCRB) calculations of self-, and air-broadened (from
N2- and O2-broadening) half-width and air-shift coefficients, and temperature dependence exponents
of air-broadened half-width coefficients are made. The measurements and calculations are compared
with each other and with similar parameters reported in the literature.

� 2017 Elsevier Inc. All rights reserved.
1. Introduction

Accurate knowledge of spectroscopic line parameters for all
atmospheric molecules, particularly for water vapor transitions is
not only of great importance but also crucial for reliable remote
sensing applications for Earth’s and other planetary atmospheres
(e.g., Mars), exoplanets, comets, brown dwarfs and stellar atmo-
spheres, e.g. [1–6]. H2O is one of the most important and ubiqui-
tous atmospheric molecules whose line parameters are listed
first in well-known spectroscopic databases such as HITRAN and
GEISA [1–3]. Because of its importance in many spectroscopic
applications, its spectrum has been the subject of numerous
experimental and theoretical investigations (e.g. [6–35] and other
references therein). The water molecule has nine isotopologues
(H2

16O, H2
17O, H2

18O, HD16O, HD17O, HD18O, D2
16O, D2

17O, and D2
18O)

and each has three fundamental vibrational bands, m1, m2 and m3.
However, there are a very large number of overtone, combination,
and difference bands arising from these three fundamental vibra-
tions, and the reader may refer to Refs. [1–3] for a general idea
of the enormous number of water vapor transitions and the
numerous spectroscopic investigations (e.g., [7–35]) performed
on the various water vapor bands. In 2004, Barber et al. [6]
reported the (then) most complete calculated water vapor line list
comprising more than 500 million transitions, and commented
that over 90 percent of all known experimental water vapor energy
levels (at that time) agreed within 0.3 cm�1 of their calculated val-
ues. Line parameter measurements for the fundamental bands, and
a number of overtone, combination and difference bands of water
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vapor using high-resolution instruments have been reported by
numerous investigators over the past several decades, and the
number of experimental and theoretical studies related to the
research available in the literature is huge. Therefore, the refer-
ences listed in this work are in no way considered exhaustive
because only limited studies that are most relevant to the present
measurements are cited in this work.

At low gas sample pressures, the basic parameters needed to
characterize any molecular band transitions are their line positions
and line intensities. At higher sample pressures, information on
line width and line shift coefficients become important. Depending
upon the sample gas mixtures and their temperatures, additional
information such as self-broadened and foreign-gas broadened (e.
g., air, N2, O2) half-width coefficients and the corresponding line
shift (pressure-shift) coefficients and their variations as a function
of sample gas temperature must be known for proper characteriza-
tion of any specific band. When spectra are obtained at relatively
high resolution and high S/N ratios, depending on the applications
that are sought, knowledge of sophisticated and detailed line shape
parameters such as the line narrowing (Dicke narrowing), line mix-
ing (first order Rosenkranz approximation or full relaxation matrix
element formalism), speed dependences of Lorentz broadening and
pressure-shift coefficients, and their variations with temperature
also become important, and are required for applications such as
accurate remote sensing measurements.

Different analysis techniques are employed by various investi-
gators to retrieve the spectroscopic information from the recorded
spectra. In some studies, line parameters are determined by ana-
lyzing small spectral intervals (micro-windows) involving line-
by-line and spectrum-by-spectrum fittings in all of the recorded
spectra followed by computing the average of many such measure-
ment results; while in other studies larger spectral intervals
(extending from a few to several tens of cm�1 wide) from a number
of spectra are simultaneously fitted to obtain a unique and self-
consistent set of line parameters. In other instances, the entire
molecular band could be fitted all at once for several spectra
obtained at various experimental conditions of temperature and
pressure, simultaneously. From the analysis point of view, some
spectrum fitting software could provide an extensive error analysis
of the retrieved line parameters. When several research groups
report measurements of certain specific line parameters (e.g., posi-
tion, intensity) for a ro-vibrational band, comparisons of measure-
ments are expected irrespective of the quality of data to be
compared with. In some cases, very good/excellent agreement
among different measurement sets is observed and, at other times
the agreement with other studies may be found to be poor. It
should be noted that in order to compare values among different
sets of measurements it is imperative that the quality of data ana-
lyzed and the software used to retrieve the data must be similar. It
is not always possible to achieve such standardization among dif-
ferent laboratory studies, however, including the present study
(PS) with measurements from other laboratories.

A literature survey shows that there have been a large number
of high-resolution measurements of line shape parameters using
different broadening gases for the various water vapor bands
employing several measurement techniques (e.g., [7–28]). For ana-
lyzing remotely sensed terrestrial atmospheric spectra, particularly
stratospheric spectra, air-broadened line shape parameters (such
as pressure-broadened widths, shifts, and their temperature
dependences) are more important and necessary than the self-
broadening parameters. However, because of the roughly five
times larger self-broadened half-width coefficients compared to
the corresponding air-broadened half-width coefficients, informa-
tion on self-broadened line shape parameters also becomes impor-
tant. As pointed out by Brown et al. [36] in the case of methane,
which is also true for all other molecules including water, one of
Please cite this article in press as: V. Malathy Devi et al., J. Mol. Spectrosc. (20
the major shortfalls in the knowledge of line parameters is the
large uncertainties for the pressure-broadened line shape parame-
ters throughout the databases [1–3]. It is apparent from the results
available for water vapor transitions of the fundamental bands,
that the majority of the studies related to line shape parameters
for common broadening gases (such as self, air, N2, O2) concern
mostly the m2 band. This has been particularly true for the air-
broadening measurements until recently. The first (and only) labo-
ratory measurements of line mixing in H2O were also carried out in
the m2 band [19]. The major objectives of the present study there-
fore, were to measure air-broadened half-widths, pressure-shifts
and their temperature dependences, and to determine line mixing
parameters where possible, for transitions in the m1 and m3 bands.

In this study, we report measurements of line positions, inten-
sities, air-broadened half-width and pressure-shift coefficients
and their temperature dependences for the strong transitions in
the m1 and m3 bands of H2

16O in the 3645–3980 cm�1 range.
Room-temperature measurements of self-width and self-shift
coefficients were also obtained for a number of strong transitions.
When the present study was just completed and the manuscript
was in preparation, new results of self-broadened [26] and, air-
and self-broadened line shape parameters were reported [27,28].
The measurements by Ptashnik et al. [26] on self-broadening were
published in late 2016. The recent results of Loos et al. [27,28]
include more transitions than the present results because of the
larger absorption path lengths available in Refs. [27,28]. The pre-
sent results are compared and contrasted with those listed in Refs.
[27,28] along with some other measurements from Refs. [15,26].

A list of all measured line parameters along with the calculated
values using the Modified Complex Robert-Bonamy (MCRB) for-
malism will be provided as a Supplemental file available in the
online version of this article.
2. Experimental details

The Bruker IFS-120HR Fourier transform spectrometer (FTS) at
the Pacific Northwest National Laboratory (PNNL) located in Rich-
land, Washington was used to record the spectra for the present
analysis. Two absorption cells with path lengths of 9.906(1) and
19.95(1) cm were used to contain the gas samples. A total of eigh-
teen spectra (seven pure H2O and eleven air-broadened H2O) were
recorded at temperatures T = 268, 296 and 353 K. Sixteen of those
spectra were obtained at 0.008 cm�1 resolution using the 19.95 cm
cell, while the remaining two pure H2O spectra were recorded at
0.006 cm�1 resolution using the 9.906 cm path cell. Both of these
specially built absorption cells were made of stainless steel, elec-
troplated and gold-coated to minimize decomposition and sticking
of the gas samples and, to minimize reactivity when using corro-
sive gases such as HCN. Both cells have an inner diameter of 5
cm. The two cells are coolable to �215 K and can also be heated
to 373 K.

For the present measurements, the entire spectrometer bench
and the sample compartment were kept under vacuum (below
0.03 Torr) using a mechanical vacuum pump. A ½00 diameter copper
tube, positioned horizontally, ran the length of the moving mirror
compartment, and both ends of the tube came out of the spectrom-
eter through vacuum feed-through fittings. The ends of the tube
were bent so they were vertical. This tube was kept filled with liq-
uid nitrogen for the duration of each measurement. Two molecular
sieve sorption traps were connected to the sample and detector
vacuum chambers, and these traps were cooled to liquid nitrogen
temperature during the duration of each measurement. The spec-
tra using the 9.906 cm and the 19.95 cm cells were obtained during
two different experimental setups which were several months
apart, and slightly different spectral resolutions were used in
17), https://doi.org/10.1016/j.jms.2017.11.011
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acquiring the data. In each experimental setup, the absorption cell
was mounted inside the sample compartment of the spectrometer
to avoid errors associated with beam steering due to cell misalign-
ment. A temperature-regulated water jacket surrounds this inner
tube and is plumbed through the spectrometer’s vacuum bulkhead
to a circulating water bath (Julabo F25-MD). The cell is actively
temperature stabilized by either heating or cooling the circulating
fluid, which consists of a weak solution of propylene glycol in
water. A single RTD sensor was used to monitor the temperature
of the sample cell and hence the gas mixtures. The cell is connected
to the sample manifold via a valve located inside the spectrometer
to minimize dead volume. This valve in turn is plumbed through
the spectrometer’s vacuum bulkhead to a manifold, which has
numerous valved ports for pumping and sample introduction.
Three precision Baratrons (MKS-690A) with full range pressure
measurements of 0–1, 0–10 and 0–1000 Torr and accuracies of
±0.05% of the pressure reading are coupled to the manifold through
short sections of tubing. Pressures in the sample cells were mea-
sured using the one of the three manometers that gave the most
accurate reading for the sample pressure range. A diffusion pump
is used to evacuate the manifold and the gas cell. Sample fillings
and nitrogen backfilling of the sample are automated by computer
control of the manifold and associated valving.

The 19.95 cm cell was fitted with 2-in diameter wedged KCl
windows sealed against the cell using Viton O-rings. The shorter
9.906 cm long cell used wedged BaF2 windows also sealed to the
ends of the cell with Viton O-rings. Although a number of higher
pressure and heated self-broadened H2O spectra were recorded
using this cell, those spectra were not included in the present anal-
ysis. Hence it was not possible to extract information of tempera-
ture dependences of self-broadened line shape parameters from
the dataset used in this study. The gas sample temperatures are
known to ±0.02 K or better in both experiments. Spectra were
recorded using a CaF2 beam splitter and an InSb detector. Digital
filters set for the spectral region of interest were used to minimize
the size of the interferograms. For each background or sample
spectrum recorded, either 128, 256, 384 or 512 single-sided inter-
ferograms were co-added. For Fourier transform conversion, a
Mertz-phase correction, 1 cm�1 phase resolution, zero-filling factor
of 2, and box car apodization were applied to the averaged interfer-
ograms. The signal-to-noise ratios of the recorded spectra were
>1500, dependent on the number of co-added scans. Additional
details of the experimental setup with the 19.95 cm cell are avail-
able in Refs. [37,38].

Appropriate precautions were taken to condition the absorption
cells for the pure water vapor and H2O-air gas mixtures to attain
equilibrium pressure and temperature conditions before the data
recordings were started. Water samples were purified before intro-
ducing into the absorption cell to remove impurities such as air
and CO2. With the 19.95 cm cell, for each air-broadened spectrum
the H2O was introduced into the cell first, followed by the research
grade synthetic air. After recording each spectrum, the cell and
connecting tubing to the manifold were thoroughly pumped down,
backfilled with dry nitrogen gas and pumped again before a new
sample was introduced into the absorption cell. The self-
broadened H2O spectra with the 19.95 cm cell were recorded the
day after all of the air-broadened spectra were completed, allowing
the cell to pump down overnight between the two series, and the
self-broadened H2O spectra with the 9.906 cm cell were recorded
several months later, using similar filling and pumping procedures.
In the recorded spectra, no CO2 lines were observed (in the 3500–
3750 cm�1 region). The wavenumber range of all spectra was lim-
ited to 2950–4947 cm�1.

Since our main goal was to examine temperature dependences
of line widths and shifts (and possibly detect line mixing) for the
strongest transitions in the m1 and m3 bands, the optical density of
Please cite this article in press as: V. Malathy Devi et al., J. Mol. Spectrosc. (20
spectra used in the present dataset was not high; thus, the absorp-
tion features corresponding to high-J transitions were weak, and
only a very few 2m2 lines were measured in this work. Several back-
ground empty-cell spectra were recorded in order to compute ratio
spectra which were used in the analysis. Calibration of wavelength
scales of the spectra was achieved using the accurate positions of
the CO 2 0 lines [39].

Although wedged windows were used in the absorption cells,
channel spectra were still present in the recorded spectra. Two
channel spectra were observed in the two low-pressure pure water
vapor data recorded with the shorter cell, while three channel
spectra appeared in the 19.95 cm data. The amplitude and phase
of these channelings changed slightly with wavenumber while
the periods of the channel spectra were nearly the same. As a
result, small residual channelings were present even in the ratio
spectra. The channel spectra were more prominent in the low-
pressure pure H2O spectra and were minimal in the air-
broadened spectra. The amplitudes of the residual channelings
were between ±0.002 and they did not appear to affect the 100%
absorption level.
2.1. Sample spectra

Compressed plots of a few spectra analyzed in this study are
illustrated in Fig. 1 where laboratory absorption spectra of one
pure H2O (top panel a) at 296 K, and three air-broadened H2O spec-
tra recorded at 296 K, 268 K and 353 K are shown in panels (b)-(d),
respectively. The 19.95 cm cell was used for obtaining these spec-
tra and the resolution of the spectra was set to 0.008 cm�1. On the
0? 1 range chosen for the y-axis scale in Fig. 1, no channeling is
apparent in the pure sample spectrum. Brief experimental condi-
tions of the spectra are given in the appropriate figure legends
and more details are listed in Table 1.

Examples of channel spectra (3717–3729 cm�1) observed in
two low-pressure pure water vapor spectra recorded with the
19.95 cm cell (see Table 1) are displayed in Fig. 2. Two to three
channel spectra (depending upon the absorption path lengths)
were observed and fitted satisfactorily (during the analysis) in
the appropriate spectra by proper choice of each channel spec-
trum’s amplitude, period and phase. In panels (a) and (c) the two
observed low-pressure pure water vapor spectra exhibiting chan-
nelings and in (b) and (d) the corresponding weighted fit residuals
(observed minus calculated) with channel spectra mostly removed
from the data, are displayed. The amplitude and period of the three
channel spectra seen in Fig. 2(a) and (c) were 0.00168, 0.00154 and
�0.00126 and, 1.195, 0.560 and 0.576 cm�1, respectively for the
spectrum in (a) and the corresponding values for the spectrum in
(c) were 0.00175, �0.00168 and �0.00118 and, 1.198, 0.560, and
0.577 cm�1, respectively. These channel spectra were mostly elim-
inated in the fitted ratio spectra as seen in the small uniform resid-
uals plotted in panels (b) and (d). To see details of these
channelings, the vertical axes in (a) and (c) are expanded to show
only the top 5% of the spectra. The residuals plotted in panels (b)
and (d) result from fitting all 18 spectra (Table 1) simultaneously.
The characteristics (amplitude, period and phases) of these channel
spectra varied slightly with wavenumber and required solving for
their values in each fitted region.
3. Multispectrum fitting

3.1. General description of spectrum fittings

The first step prior to starting the multispectrum fitting was to
calibrate the wavelength scales of all the spectra such that the line
positions in each spectrum to be fitted are aligned properly. This
17), https://doi.org/10.1016/j.jms.2017.11.011

https://doi.org/10.1016/j.jms.2017.11.011


Fig. 1. Compressed plots of a few sample absorption spectra of pure and air-broadened water vapor in the m1 and m3 bands between 3450 and 4000 cm�1. The spectra were
recorded with the Bruker IFS-120HR FTS at the Pacific Northwest National Laboratory in Richland, Washington. The spectral resolution is 0.008 cm�1 and the path length of
the absorption cell is 19.95 cm. Brief experimental conditions of the spectra are given in the figure legends in panels (a)–(d) and more details in Table 1.
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process was achieved using the accurate positions of the 2 0
band lines of CO [39]. A multispectrum nonlinear least squares fit-
ting technique [40,41] was employed to fit all 18 spectra (Table 1)
simultaneously. The entire spectral region, extending from 3645 to
3980 cm�1, was covered (except for the short spectral region from
3659 to 3667 cm�1 where no major absorption features were
observed) by fitting 19 intervals, each ranging between 12 and
24 cm�1 wide. The initial line list used for the least squares fittings
was taken from the HITRAN2012 database [2]. Since purified
(removing contaminants such as trapped air/CO2) water vapor
samples of natural abundance were used in the experiments, the
distribution of the various isotopologue abundances listed in the
HITRAN database was used. All spectral lines listed in the
HITRAN2012 database were selected with no intensity cutoff to
be included in the least squares solution.
Please cite this article in press as: V. Malathy Devi et al., J. Mol. Spectrosc. (20
The multispectrum analysis was applied interactively. Since no
pure water vapor spectra other than at room temperature were
recorded, it was not possible to determine accurately the temper-
ature dependences of self-width and self-shift coefficients. Hence
the temperature dependences of self-width and self-shift coeffi-
cients were fixed to nominal default values of 0.65 and 0.0 cm�1

atm�1 K�1, respectively. The self-width coefficients for weak lines
that could not be measured reliably were fixed to the HITRAN2012
values while the self-shift coefficients were fixed to �0.005 cm�1

atm�1 at 296 K, close to the mean value observed for stronger lines
in this spectral region. Similarly, for the weak transitions, air-
broadened half-width coefficients, their temperature dependence
exponents and air-shift coefficients were fixed to values listed in
the HITRAN2012 database. For medium-strength transitions where
air-shift coefficients could be measured but not their temperature
17), https://doi.org/10.1016/j.jms.2017.11.011
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Table 1
Summary of the experimental conditions of H2O and H2O-air spectra analyzed. Path lengths of cells = 19.95 cma and 9.906 cmb.

Serial # Spectrum file namec Total gas pressured (Torr) Sample gas temperaturee (K) Volume mixing ratio of H2O

Only H2O
1a 3450x1393.aus 0.130 296.20 1.0
2a 3450x1397.aus 0.103 296.19 1.0
3a 3450x1394.aus 0.0235 296.20 1.0
4a 3450x1395.aus 0.0690 296.20 1.0
5a 3450x1396.aus 0.0415 296.21 1.0
6b 3450x1609.aus 2.032 298.00 1.0
7b 3450x1612.aus 4.16 298.00 1.0

H2O + airf

8a 3450x1391.aus 150.1 296.20 0.0051
9a 3450x1390.aus 305.5 296.19 0.0072
10a 3450x1389.aus 450.4 296.20 0.00564
11a 3450x1384.aus 100.5 268.20 0.00606
12a 3450x1383.aus 252.7 268.19 0.00438
13a 3450x1382.aus 400.6 268.19 0.00467
14a 3450x1381.aus 600.0 268.19 0.00376
15a 3450x1377.aus 100.8 353.23 0.00775
16a 3450x1376.aus 250.3 353.23 0.00682
17a 3450x1375.aus 400.6 353.23 0.01026
18a 3450x1374.aus 612.9 353.24 0.0200

1 atm = 101.3 kPa = 760 Torr.
a,b Cell length is known with an uncertainty of 0.01% (see the text for details).
c Included for authors’ identification of spectra analyzed.
d Gas sample pressures are measured with uncertainties of ±0.05% of full-scale readings of the pressure gauges (1, 10 or 1000 Torr, as appropriate).
e Cell (gas sample) temperatures are measured with uncertainties of ±0.02 K.
f Research grade air sample was used for the air-broadened H2O spectra.
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dependences, their temperature dependences were fixed to 0.0
cm�1 atm�1 K�1. To minimize the instrumental line shape distor-
tions, the effective apodization factor, residual phase error and
the field of view (FOV) corrections were adjusted during the least
squares iterations, if warranted.

Collisional line mixing coefficients for H2O-air and H2O-H2O
systems were retrieved for specific transition pairs by applying
the off-diagonal relaxation matrix element formalism of Levy
et al. [42]. A quadratic speed dependence parameter for Lorentz
broadened half-width coefficients (a value common for both self-
and air-broadening in the present study) was measured where
appropriate.

A sample multispectrum fit of all eighteen spectra is displayed
in Fig. 3. The set consists of seven pure and eleven air-broadened
water vapor spectra between 3830 and 3847 cm�1. The 18 experi-
mental spectra fitted simultaneously are overlaid and plotted vs.
wavenumber (cm�1) in (a) and the corresponding weighted
(observed minus calculated) fit residuals are shown as a function
of wavenumber (cm�1) of the fitted region in panels (b)–(e) for
selected spectra grouped together based on their temperature
ranges. Although plotted in different panels, the fit residuals in
each panel were from the same multispectrum fit. These residuals
demonstrate that each of the 18 spectra are fitted to the noise
levels of the spectra. Spectra were given weights based upon the
quality of each spectrum, a maximum weight of one was assigned
to the best spectrum or several spectra of similar high quality. Dif-
ferent colors are used to distinguish the various sets of residuals
plotted and the colors of each group of residuals correspond to
those in panel (a). The solid horizontal line plotted along the peaks
of absorption features in (a) represents the 100% absorption level.
The short black lines at the top of panel (a) correspond to positions
of lines included in the multispectrum fit. Experimental conditions
of all spectra are available in Table 1. There are 170 transitions
included in this fitted interval. A Voigt line shape profile with a
quadratic speed dependence of Lorentz broadening was employed.
In panel (f) the residuals from all spectra with speed dependence
removed from the fit are shown which clearly indicate the need
to include speed dependence in the solution.
Please cite this article in press as: V. Malathy Devi et al., J. Mol. Spectrosc. (20
3.2. Line parameters and number of measurements

Since the optical densities of the fitted spectra were relatively
small, especially for the pure H2O spectra, the majority of the tran-
sitions measured were from the m3 band while a smaller number of
transitions from the weaker m1 band were observed and measure-
ments were made. A few weak transitions of the 2m2 and
m2 + m3 � m2 bands were observed in the fitted regions, but due to
their weakness, the accuracies in their measured positions and
intensities were poor. Line shape parameters could be obtained
for only one transition for the 2m2 and none for the m2 + m3 � m2 band.

The types of line parameters and numbers of measurements
made for the each type are listed in Table 2. The first and the third
columns list the spectral line parameters while the numbers of
measured parameters are listed under the second and the fourth
columns. Line intensities of 315 transitions in the whole fitted
region were measured, but the line positions were measured for
313 lines because a few lines were either very weak or blended,
and the individual positions could not be measured well. It is clear
from this table that more parameter measurements were obtained
for the air-broadening than for self-broadening. The number of
half-widths and pressure-shift coefficients for which temperature
dependences were measured is less than the corresponding num-
ber of room-temperature measurements. In cases where two com-
ponents of a collision-mixed transition pair were involved in line
mixing, some of their line shape parameters, such as widths, shifts
and temperature dependence exponents, were constrained to be
the same for both line-mixed components. A quadratic speed
dependence (Sd) parameter [43] was included for the majority of
the strong transitions; for weak transitions, the speed dependence
was fixed to a default value of 0.1 based upon similar measure-
ments on the recent studies of CO2-broadened HDO transitions
(e.g., [44–46]). As in our previous studies [44–46], for doublet tran-
sitions whose positions were separated by small amounts, auxil-
iary parameters were applied to constrain the separation
between the lines and their relative intensities. More details on
measurements of various parameters will be provided in the fol-
lowing sections.
17), https://doi.org/10.1016/j.jms.2017.11.011
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Fig. 2. Examples of channel spectra observed in two low-pressure pure water vapor spectra. 2–3 channel spectra (depending upon absorption path lengths) were observed
and fitted in each spectrum by proper choice of each channel spectrum’s amplitude, period and phase. Panels (a) and (c) show the two experimental low pressure pure H2O
spectra (see Table 1) while panels (b) and (d) display the corresponding weighted observed minus calculated fit residuals after considering the channel spectra in the least
squares analysis. Further details are given in the text. Only the top 5% of the spectra are shown here to illustrate some details of the channel spectra.
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3.3. Positions and intensities

We have compared the line positions and intensities from the
present measurements with an earlier but extensive set of results
by Zou and Varanasi [15] and with the recent results of Ptashnik
et al. [26] and Loos et al. [27,28]. Among all of the measurements
thus far published, those by Zou and Varanasi and by Loos et al.
are the most extensive, providing results for a larger spectral range
than the present study. Details of these comparisons will be pro-
vided in Section 6 of this paper.
3.4. Line shape parameters and their temperature dependences

Fitting the experimental spectra (Table 1) simultaneously by
applying multispectrum analysis software [40,41], we were able
to retrieve an accurate and self-consistent set of line parameters
Please cite this article in press as: V. Malathy Devi et al., J. Mol. Spectrosc. (20
especially for the air- and self-broadened half-widths and
pressure-shift coefficients for the strong water vapor transitions
in the 3645–3980 cm�1 region. We measured the temperature
dependence exponents for air-broadening and temperature depen-
dence coefficients for air-induced pressure-shifts for the strong
transitions in the m3 band and for a smaller number of transitions
in the m1 band. The relationships of these parameters are given in
Eqs. (1)–(3) below.

bL ¼ p� b0
L;air � ð1� vÞ

T0

T

� �n1

þ b0
L;self � v

T0

T

� �n2� �
ð1Þ

m ¼ m0 þ p� d0air � ð1� vÞ þ d0self � v
h i

ð2Þ

d ¼ d0 þ d0 � ðT � T0Þ ð3Þ
17), https://doi.org/10.1016/j.jms.2017.11.011
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Fig. 3. A sample multispectrum fit of seven pure and 11 air-broadened water vapor spectra between 3830 and 3847 cm�1. All 18 experimental spectra fitted simultaneously
are plotted in panel (a) and the weighted (observed minus calculated) fit residuals in panels (b)–(e) of selected groups of spectra in different temperature ranges. Fit residuals
shown in panels (b)–(e) are from the multispectrum fit of all 18 spectra. The color of each group of residuals corresponds to the color of the corresponding spectra shown in
(a). The solid horizontal line at the bottom of absorption features in (a) is the 100% absorption level. The short black vertical lines above the absorption lines correspond to
positions of all lines included in the fitted intervals. Details of individual spectrum conditions are given in Table 1. The last panel (f) shows the fit residuals of all 18 spectra
without speed dependence included in the solution. (For interpretation of the reference to color in this figure legend, the reader is referred to the electronic version of this
article).
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The quantities b0
L and d0 appearing in Eqs. (1)–(3) represent the

pressure broadening and pressure-shift coefficients (in cm�1 atm�1

at 296 K), respectively. The parameter bL is the Lorentz half-width

(in cm�1) of the spectral line at pressure p and temperature T, b0
L;air

and b0
L;self are the Lorentz half-width coefficient for H2O-air and

H2O-H2O broadening, respectively, at the reference pressure p0
(1 atm) and temperature T0 (296 K) of the broadening gas, either
air or H2O in the present work, andv is the ratio of the partial pres-
sure of H2O to the total sample pressure H2O + air. Temperature
dependence exponents of H2O-air half-width coefficients (n1) and
Please cite this article in press as: V. Malathy Devi et al., J. Mol. Spectrosc. (20
temperature dependence coefficients, d0air; of air-shifts were mea-
sured for a number of transitions listed in Table 2. No temperature
dependences were determined for self-broadened half-width or
self-shift coefficients. The linear expression given by Eq. (3) was
used to model the temperature dependences of pressure-shift
coefficients.

Even though line parameters were measured for over 300 indi-
vidual transitions (Table 2) in the 3645–3980 cm�1 region, it was
not possible to measure all nine line parameters (position, inten-
sity, air-width and air-shift coefficients and their temperature
dependences, self-width and self- shift coefficients at 296 K and,
17), https://doi.org/10.1016/j.jms.2017.11.011
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Table 2
Measured line parameters and number of measurements for various line parameters obtained in the 3654–3976 cm�1 region.

Parameters Number of
measurements

Parameters Number of
measurements

Position (m)a 313 Intensity (S)b 315
Air-broadened H2O half-width coefficient (H2O-air width)c 229 Self-broadened (H2O–H2O) half-width coefficient

(self-width)c
209

Temperature dependence of air-broadened H2O half-width
coefficientd (n1)

136 (H2O–H2O) pressure-shift coefficientc (d0self Þ 106

H2O–air pressure-shift coefficientc (d0air) 213 Off-diagonal relaxation matrix element coefficients 10,7f

for H2O–air and H2O–H2O collisionsc

Temperature dependence of H2O–air pressure-shift coefficiente

(d0air)
128 Speed dependence (air- and self-broadened

widths)g
85

Notes: The number of measurements for various parameters listed in the above Table includes constrained parameter values (e.g., widths, shifts and temperature dependence
exponents for individual components in collision-mixed transition pairs were constrained to have identical values).

a Line positions in cm�1.
b Line intensity in cm/molecule at 296 K.
c Lorentz half-width and pressure-shift coefficients, and the off-diagonal relaxation matrix element coefficients in cm�1 atm�1 at 296 K.
d Temperature dependence exponents of H2O-air broadened half-width coefficients (n1) and speed dependence parameter (no units). Only room-temperature measure-

ments for self-broadened half-width and self-shift coefficients were measured.
e Temperature dependence of H2O-air pressure-shift coefficient (d0air) in cm�1 atm�1 K�1.
f 10 pairs of line-mixed transitions for (H2O-air) and seven pairs for (H2O-H2O) collision systems; three (H2O-H2O) line mixing coefficients were fixed to 0.0. See the text for

details.
g Including constrained values. No temperature dependence of speed dependence was considered, Speed dependence parameter was assumed to be the same for both air-

and self-broadening.
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speed dependence) for each measured transition. As listed in
Table 2, the number of transitions for which parameters other than
positions and intensities could be measured was limited by the
weakness of the transitions and the limited optical densities of
spectra available in this study. The eighty-two transitions, for
which all nine parameters were measured, are listed in Table 3
for convenient comparison with results in Refs. [15,26–28] while
all transitions for which at least one parameter value was retrieved
in the multispectrum fits are listed in the Supplemental file avail-
able online.

Table 3 lists the vibrational (V0  V00) and rotational (J0 K0a K
0
c  

J00 K00a K00c ) identifications of the transitions in columns 1 and 2,
respectively. It may be noted that all transitions in this Table belong
to the same vibrational band identified by 5 1 in column 1,
which is the m3 band according to HITRAN [1,2] nomenclature
(V0 = 5, V00 = 1). The following columns list the measured line posi-
tions (cm�1), intensities (cm�1/(molecule cm�2), Lorentz broad-
ened half-width coefficients, their temperature dependence
exponents, pressure-shift coefficients and their temperature
dependences and lastly the speed dependence of the pressure-
broadened half-with coefficients. Percent uncertainties in mea-
sured line intensities, half-width coefficients, their temperature
dependence exponents and speed dependence parameters are
listed in the columns next to their measured values; while mea-
sured uncertainties for positions, pressure-shift coefficients and
their temperature dependences are given in parentheses next to
their measured values. Line intensities, pressure-broadened half-
width and pressure-shift coefficients, and speed dependence corre-
spond to T = 296 K. The uncertainties reported in the various col-
umns correspond to 1-sigma internal statistical errors obtained
from the least squares fits. The two-row format used for the line
shape parameters for each transition provides air-broadening
parameters in the top row of each cell and self-broadening param-
eters in the bottom row. As noted in Table 3, only room-
temperature values for self-width and self-shift coefficients are
measured. The speed dependence parameter and its percent uncer-
tainty listed under the last two columns show that only a single
value common for both air- and self-broadened half-width coeffi-
cient has been retrieved from the present analysis. It was noted
earlier that for all transitions (measured and unmeasured) default
values of 0.65 and 0.0 cm�1 atm�1 K�1 were applied for the tem-
perature dependences of self-width coefficients (n2) and of self-
shift coefficients (d0self ), respectively.
Please cite this article in press as: V. Malathy Devi et al., J. Mol. Spectrosc. (20
3.5. Off-diagonal relaxation matrix element coefficients

In order to fit all spectra to their noise levels, it was necessary to
include collisional line mixing for certain transition pairs, as
observed from the fit residuals. In the present study we applied
the formalism of Levy et al. [42] using the off-diagonal relaxation
matrix element coefficients to include line mixing. Prior to this
study, collisional line mixing in pressure-broadened water vapor
transitions was first reported by Brown et al. [19] who measured
room temperature line mixing for two pairs of H2O transitions,
one pair each in the P and R branch, for self-broadening and six
other perturbers (foreign-broadening gases) (H2, He, CO2, air, N2

and O2) in the m2 band. Recently, line mixing via off-diagonal relax-
ation matrix element coefficients were reported for several transi-
tion pairs in the m2, m1, and the m3 bands of HDO broadened by CO2

[44–46], and Rosenkranz line mixing parameters [47] were
reported for air- and self-broadened H2O transitions in the 1850–
4000 cm�1 region [27,28], including temperature-dependence of
the Rosenkranz line mixing for six air-broadened transitions [27]
over the range 250–300 K. Details of the equations used for retriev-
ing the off-diagonal relaxation matrix element coefficients are
given in Refs. [19,48] and therefore will not be repeated here.
Because the air-broadened spectra analyzed in this study were
recorded at different temperatures (T = 268, 296 and 353 K), varia-
tion of the relaxation matrix element coefficients with temperature
was examined. No theoretical calculations of off-diagonal relax-
ation matrix element coefficients and their temperature depen-
dences have been reported thus far for any water vapor
transitions. However, a number of theoretical studies on
pressure-broadened half-widths and line-shift coefficients for dif-
ferent water isotopologues involving various broadening gases
have been published [29–35], including a few studies involving
the temperature dependences of half-width and line-shift coeffi-
cients for the rotational transitions [35]. In the absence of any the-
oretical studies published on the temperature dependence of line
mixing parameters (off-diagonal relaxation matrix elements) for
any water vapor transitions, we have assumed the same power
law expression, given by Eq. (1), used for the half-width coeffi-
cients, to be applicable for the temperature dependence of line
mixing coefficients as well. However, we were unable to determine
any reliable values for the temperature dependence exponents for
the measured H2O-air or H2O-H2O collisional line mixing coeffi-
cients. We have therefore fixed the temperature dependence
17), https://doi.org/10.1016/j.jms.2017.11.011

https://doi.org/10.1016/j.jms.2017.11.011


Table 3
Measured line positions, intensities and, air- and self-broadened line shape parameters for the strongest transitions in the m3 band of H2

16O.

Vibrational
quanta

Rotational quantum
numbersa

Position and
unc.b

Line
intensityc

% unc. Width (b0L Þd % unc. T. dep. (n)e % unc. Shift (d0)d and unc. T. dep. (d0)f

and unc.
Speed
dependenceg

% unc.

5 1 3 3 1 4 3 2 3647.552909(5) 3.9068e�20 0.02 0.07986 0.06 0.6498 0.35 �0.003072(24) +0.041(5) 0.0932 2.3
0.45275 0.21 +0.03200(150)

5 1 4 0 4 5 0 5 3649.283053(3) 1.4542e�19 0.01 0.08778 0.02 0.6799 0.22 �0.008648(16) +0.239(4) 0.0948 1.2
0.54310 0.22 �0.03052(125)

5 1 4 1 4 5 1 5 3650.636109(5) 4.6465e�20 0.02 0.08425 0.06 0.6690 0.31 �0.008273(25) +0.259(5) 0.0889 1.9
0.53162 0.17 �0.03570(148)

5 1 3 1 2 4 1 3 3651.365171(5) 4.8515e�20 0.02 0.09201 0.05 0.7617 0.28 �0.003646(27) +0.082(6) 0.0817 2.1
0.52116 0.17 �0.01935(148)

5 1 3 2 2 4 2 3 3656.303543(4) 1.0066e�19 0.01 0.08863 0.03 0.6829 0.23 �0.003227(17) +0.007(4) 0.0971 1.3
0.51153 0.11 +0.02370(127)

5 1 3 0 3 4 0 4 3668.776579(5) 6.3754e�20 0.02 0.09463 0.05 0.7613 0.26 �0.008368(21) +0.205(5) 0.0888 2.0
0.55405 0.21 +0.01069(146)

5 1 3 1 3 4 1 4 3670.749725(3) 1.8199e�19 0.01 0.09188 0.02 0.7391 0.22 �0.006296(15) +0.152(4) 0.1138 0.9
0.52044 0.14 +0.00318(132)

5 1 2 2 0 3 2 1 3674.957865(4) 8.7249e�20 0.02 0.09319 0.04 0.7255 0.26 �0.003961(21) +0.008(5) 0.1139 1.0
0.50407 0.19 �0.00679(146)

5 1 2 1 1 3 1 2 3676.019555(3) 1.6951e�19 0.01 0.09712 0.03 0.7448 0.21 �0.001715(17) +0.027(4) 0.1418 0.5
0.47565 0.14 �0.02265(136)

5 1 2 2 1 3 2 2 3679.436265(7) 2.9231e�20 0.03 0.09212 0.09 0.7378 0.41 �0.002977(34) +0.013(8) 0.0940 2.9
0.51508 0.36 �0.02261(192)

5 1 2 0 2 3 0 3 3688.451403(3) 2.1638e�19 0.01 0.10028 0.02 0.7975 0.18 �0.007969(18) +0.271(4) 0.1304 0.7
0.52353 0.09 �0.03552(144)

5 1 2 1 2 3 1 3 3691.298176(5) 6.3327e�20 0.02 0.09666 0.05 0.7971 0.24 �0.005427(22) +0.154(5) 0.1138 1.4
0.53819 0.17. �0.00706(152)

5 1 1 1 0 2 1 1 3701.805704(5) 4.5122e�20 0.03 0.10310 0.09 0.7575 0.41 �0.001666(43) +0.024(9) 0.1341 1.6
0.48452 0.23 �0.00932(164)

5 1 1 0 1 2 0 2 3709.402295(4) 6.5867e�20 0.02 0.10408 0.05 0.8000 0.23 �0.008845(24) +0.262(5) 0.1122 1.4
0.47272 0.16 �0.01230(142)

5 1 1 1 1 2 1 2 3712.204495(3) 1.4215e�19 0.02 0.10122 0.03 0.8132 0.18 �0.003487(19) +0.108(4) 0.1175 0.9
0.57025 0.10 �0.00484(131)

5 1 3 1 3 3 1 2 3722.222317(6) 3.7466e�20 0.04 0.10125 0.07 0.8222 0.29 �0.003760(36) +0.062(8) 0.1033 2.0
0.53106 0.22 +0.01528(173)

5 1 6 5 2 6 5 1 3724.893608(12) 3.8903e�21 0.11 0.05395 0.24 0.5622 2.42 �0.006256(122) +0.243(23) 0.1137 0.0
0.25449 1.23 +0.01173(196)

5 1 5 5 1 5 5 0 3726.617094(5) 3.0717e�20 0.04 0.05146 0.06 0.6363 0.39 �0.006422(16) +0.201(4) 0.1163 1.1
0.27120 0.79 �0.00311(115)

5 1 5 5 0 5 5 1 3726.625450(16) 8.1400e�21 0.04 0.05146 h 0.06 0.6363 h 0.39 �0.006422(16)h +0.201(4)h 0.1163 h 1.1
0.27120 h 0.79 �0.00311(115)h

5 1 0 0 0 1 0 1 3732.134215(3) 1.2119e�19 0.02 0.10356 0.03 0.7609 0.20 �0.002449(19) �0.044(4) 0.1139 1.0
0.48528 0.10 +0.00813(118)

5 1 4 2 3 4 2 2 3734.272763(9) 1.5319e�20 0.04 0.09252 0.12 0.7816 0.55 �0.004549(61) +0.053(12) 0.0717 5.8
0.49273 0.39 +0.00905(258)

5 1 6 4 2 6 4 3 3734.644881(8) 1.3528e�20 0.04 0.07098 0.13 0.6565 0.72 �0.002608(53) +0.021(11) 0.1059 3.2
0.38267 0.47 +0.00780(223)

5 1 5 4 2 5 4 1 3734.930719(4) 3.5339e�20 0.02 0.06713 0.06 0.6146 0.33 �0.005943(20) +0.179(4) 0.1140 1.1
0.35805 0.21 +0.00733(97)

5 1 5 4 1 5 4 2 3735.444698(8) 1.1737e�20 0.06 0.06713 h 0.06 0.6146 h 0.33 �0.005943(20)h +0.179(4)h 0.1140 h 1.1
0.35805 h 0.21 +0.00733(97)h

5 1 5 3 3 5 3 2 3735.492633(4) 2.1855e�20 0.04 0.08273 0.10 0.7496 0.51 �0.007233(50) +0.225(10) 0.0853 3.8
0.45219 0.33 �0.02066(197)

5 1 6 4 1 4 4 0 3736.682610(4) 2.7242e�20 0.04 0.06436 0.03 0.6750 0.28 �0.005258(16) +0.117(3) 0.1004 1.2

(continued on next page)
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Table 3 (continued)

Vibrational
quanta

Rotational quantum
numbersa

Position and
unc.b

Line
intensityc

% unc. Width (b0L Þd % unc. T. dep. (n)e % unc. Shift (d0)d and unc. T. dep. (d0)f

and unc.
Speed
dependenceg

% unc.

0.33494 0.14 +0.00427(97)
5 1 4 4 0 4 4 1 3736.743180(3) 8.1827e�20 0.03 0.06436 h 0.03 0.6750 0.28 �0.005258(16)h +0.117(3)h 0.1004 h 1.2

0.33494 h 0.14 +0.00427(97)h

5 1 2 1 2 2 1 1 3738.400727(7) 2.3979e�20 0.03 0.10173 0.10 0.7905 0.38 �0.004931(44) +0.045(10) 0.1045 2.7
0.52339 0.29 +0.03742(204)

5 1 4 3 2 4 3 1 3741.306224(7) 2.0324e�20 0.03 0.08138 0.10 0.7156 0.46 �0.006339(40) +0.223(9) 0.1153 2.3
0.40428 0.37 �0.01145(193)

5 1 4 3 1 4 3 2 3743.946449(5) 5.6577e�20 0.03 0.08090 0.06 0.7061 0.31 �0.00266(22) +0.087(5) 0.1023 1.8
0.42272 0.19 +0.02788(138)

5 1 3 2 2 3 2 1 3744.509479(4) 1.0312e�19 0.03 0.09475 0.06 0.7350 0.30 �0.005570(34) +0.054(5) 0.1257 1.2
0.49111 0.13 +0.02622(152)

5 1 3 3 1 3 3 0 3744.651240(3) 1.6470e�19 0.04 0.07779 0.05 0.6947 0.32 �0.005122(25) +0.123(4) 0.1001 1.4
0.39568 0.11 +0.01098(136)

5 1 3 3 0 3 3 1 3745.086704(5) 5.4846e�20 0.03 0.07805 0.06 0.6951 0.32 �0.003487(21) +0.079(5) 0.0987 2.0
0.39294 0.20 +0.01731(138)

5 1 1 1 1 1 1 0 3749.329153(3) 1.6139e�19 0.03 0.10300 0.04 0.7293 0.22 �0.007617(18) +0.187(4) 0.1077 1.2
0.48272 0.10 +0.01396(128)

5 1 2 2 1 2 2 0 3749.573789(4) 7.3092e�20 0.03 0.09188 0.05 0.7274 0.29 �0.004615(22) +0.038(5) 0.1004 1.9
0.50058 0.15 �0.005102(141)

5 1 2 2 0 2 2 1 3752.212617(3) 2.1784e�19 0.03 0.09207 0.03 0.7123 0.22 0.003649(17) +0.103(4) 0.1186 1.0
0.49482 0.09 �0.06115(125)

5 1 3 2 1 3 2 2 3756.616451(6) 3.3386e�20 0.03 0.09238 0.06 0.7208 0.35 �0.002451(32) +0.123(7) 0.0705 3.7
0.48502 0.26 �0.06420(174)

5 1 1 1 0 1 1 1 3759.844496(5) 5.3490e�20 0.03 0.10269 0.05 0.7339 0.27 +0.001493(27) �0.026(6) 0.0938 1.9
0.51971 0.18 �0.02833(154)

5 1 4 2 2 4 2 3 3765.760277(5) 4.4535e�20 0.03 0.09386 0.05 0.7320 0.30 �0.002623(28) +0.098(6) 0.1016 1.8
0.52170 0.20 �0.03272(157)

5 1 2 1 1 2 1 2 3769.888988(5) 7.1630e�20 0.03 0.10181 0.05 0.7421 0.24 �0.0010439(24) +0.039(5) 0.1050 1.5
0.54520 0.15 �0.03661(147)

5 1 1 0 1 0 0 0 3779.493135(7) 4.2344e�20 0.03 0.10396 0.07 0.7778 0.28 �0.005051(37) +0.202(8) 0.1081 1.9
0.48063 0.27 �0.00530(208)

5 1 5 2 3 5 2 4 3779.762272(19) 6.3317e�21 0.11 0.09269 0.28 0.7799 1.26 �0.004260(142) +0.194(29) 0.1206 5.9
0.50954 0.80 �0.03944(519)

5 1 3 1 2 3 1 3 3784.583804(12) 1.2400e�20 0.05 0.09944 0.14 0.7683 0.69 �0.002995(60) +0.100(F) 0.0780 6.6
0.52665 0.48 �0.03098(323)

5 1 2 1 2 1 1 1 3796.439552(5) 5.1640e�20 0.02 0.10079 0.06 0.7963 0.25 �0.002924(25) +0.044(6) 0.1124 1.5
0.57438 0.17 �0.01152(155)

5 1 2 0 2 1 0 1 3801.418689(3) 2.169e�19 0.01 0.10244 0.02 0.7800 0.17 +0.001839(17) �0.110(4) 0.1290 0.7
0.45943 0.08 +0.01591(130)

5 1 2 1 1 1 1 0 3807.013666(3) 1.4881e�19 0.01 0.10196 0.03 0.7566 0.19 �0.005061(17) +0.113(4) 0.1332 0.7
0.47217 0.10 +0.00423(128)

5 1 3 1 3 2 1 2 3816.091708(3) 2.1334e�19 0.04 0.09660
0.53275

0.03
0.09

0.8228 0.17 �0.002809(16)
+0.00213(126)

+0.077(4) 0.1094 0.9

5 1 3 0 3 2 0 2 3820.738533(4) 8.1246e�20 0.03 0.09906 0.04 0.8209 0.19 +0.006586(21) �0.118(4) 0.1206 0.9
0.52530 0.13 +0.03247(131)

5 1 3 2 2 2 2 1 3821.764198(4) 9.6616e�20 0.03 0.09244 0.03 0.7768 0.21 �0.004816(18) +0.178(4) 0.1016 1.0
0.53609 0.12 +0.00487(126)

5 1 3 2 1 2 2 0 3826.753905(6) 3.2301e�20 0.03 0.09265 0.06 0.7940 0.31 �0.002937(31) +0.149(7) 0.0983 2.2
0.51427 0.25 +0.00294(172)

5 1 3 1 2 2 1 1 3831.686304(3) 6.4733e�20 0.02 0.09808 0.05 0.7903 0.23 �0.007410(21) +0.212(4) 0.1426 0.9
0.47214 0.15 �0.00028(134)

5 1 4 1 4 3 1 3 3834.983083(4) 6.9062e�20 0.02 0.09085 0.04 0.7815 0.23 �0.003089(19) +0.087(4) 0.1014 1.4
0.51778 0.14 �0.01483(127)
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Table 3 (continued)

Vibrational
quanta

Rotational quantum
numbersa

Position and
unc.b

Line
intensityc

% unc. Width (b0L Þd % unc. T. dep. (n)e % unc. Shift (d0)d and unc. T. dep. (d0)f

and unc.
Speed
dependenceg

% unc.

5 1 4 0 4 3 0 3 3837.869274(3) 2.2627e�19 0.02 0.09449 0.02 0.8051 0.17 +0.002226(16) �0.030(4) 0.1123 0.9
0.55835 0.08 �0.00332(121)

5 1 4 3 1 3 3 0 3841.044816(5) 4.3007e�20 0.02 0.08056
0.45808

0.05
0.21

0.7525 0.29 �0.005008(23)
�0.005428(138)

+0.106(5) 0.0949 1.9

5 1 4 2 3 3 2 2 3843.750878(5) 3.8461e�20 0.02 0.08774
0.48491

0.06
0.22

0.7490 0.31 �0.006599(27)
�0.04377(151)

+0.250(6) 0.0808 2.7

5 1 5 1 5 4 1 4 3852.057460(3) 1.799e�19 0.02 0.08285 0.02 0.6641 0.21 �0.002941(14) +0.048(3) 0.1025 0.9
0.50371 0.10 +0.03225(113)

5 1 4 2 2 3 2 1 3853.966209(4) 1.1795e�19 0.02 0.09060 0.06 0.7259 0.25 �0.004828(27) +0.113(4) 0.1093 1.2
0.45531 0.13 �0.01779(136)

5 1 4 1 3 3 1 2 3854.438182(3) 1.7698e�19 0.02 0.09371 0.03 0.7600 0.20 �0.006200(18) +0.180(3) 0.1132 0.8
0.48978 0.10 +0.00503(125)

5 1 5 3 3 4 3 2 3861.787793(5) 4.3852e�20 0.02 0.07651
0.41061

0.05
0.22

0.6398 0.33 �0.006813(21)
�0.01382(130)

+0.224(5) 0.0903 2.0

5 1 5 2 4 4 2 3 3865.111525(4) 8.7287e�20 0.01 0.08366 0.04 0.6489 0.25 �0.005867(16) +0.176(4) 0.0804 1.8
0.48558 0.14 �0.00470(115)

5 1 6 1 6 5 1 5 3869.192640(5) 4.3259e�20 0.02 0.07212 0.06 0.5633 0.40 �0.003755(20) +0.138(5) 0.0989 1.8
0.44219 0.27 �0.03725(139)

5 1 6 0 6 5 0 5 3870.129400(3) 1.3071e�19 0.02 0.07502 0.03 0.5687 0.28 �0.002437(14) +0.066(3) 0.1122 1.0
0.46601 0.14 �0.02159(118)

5 1 5 1 4 4 1 3 3874.402204(5) 4.3610e�20 0.02 0.08965 0.06 0.7571 0.29 �0.003841(25) +0.048(6) 0.1067 1.7
0.48423 0.26 +0.02435(149)

5 1 5 2 3 4 2 2 3880.191418(6) 3.2252e�20 0.04 0.09002 0.09 0.7992 0.34 �0.008579(37) +0.274(7) 0.0841 1.5
0.42255 0.35 �0.04145(172)

5 1 6 2 5 5 2 4 3880.354707(8) 2.0277e�20 0.04 0.07755 0.10 0.6602 0.56 �0.006581(41) +0.220(9) 0.0831 4.0
0.44962 0.43 �0.02845(209)

5 1 7 1 7 6 1 6 3885.659922(4) 8.2167e�20 0.02 0.06053
0.41281

0.03
0.25

0.4314 0.49 �0.005205(16)
+0.00543(152)

+0.245(3) 0.1244 1.0

5 1 7 0 7 6 0 6 3886.077259(6) 2.7546e�20 0.03 0.06122 0.08 0.4374 0.66 �0.004804(23) +0.188(5) 0.1118 1.9
0.40657 0.38 �0.00560(156)

5 1 6 1 5 5 1 4 3891.299500(4) 8.2439e�20 0.02 0.08422 0.04 0.7240 0.26 �0.001818(18) +0.080(4) 0.0825 1.8
0.48291 0.21 +0.01712(130)

5 1 7 2 6 6 2 5 3899.441416(5) 4.3166e�20 0.02 0.06846 0.06 0.5620 0.46 �0.007623(20) +0.309(5) 0.1016 1.8
0.39714 0.33 �0.02657(140)

5 1 8 1 8 7 1 7 3901.666439(7) 1.5536e�20 0.04 0.04872 0.12 0.3387 1.36 �0.007656(29) +0.323(6) 0.1238 2.4
0.33904 0.63 �0.00579(203)

5 1 8 0 8 7 0 7 3701.846942(4) 4.7063e�20 0.02 0.04916 0.06 0.3487 0.80 �0.006893(14) +0.300(3) 0.1414 1.0
0.35210 0.34 +0.00249(125)

5 1 6 2 4 5 2 3 3904.188663(5) 6.2507e�20 0.02 0.08980 0.04 0.8442 0.26 �0.010112(24) +0.282(5) 0.0686 2.4
0.44701 0.26 �0.01733(143)

5 1 7 3 5 6 3 4 3904.294965(8) 2.0004e�20 0.04 0.07091 0.08 0.6833 0.64 �0.010097(44) +0.336(9) 0.0686 2.4
0.38176 0.54 �0.05943(210)

5 1 8 2 7 7 2 6 3916.328740(12) 7.6223e�21 0.07 0.05850 0.19 0.4763 1.53 �0.007960(69) +0.304(14) 0.1180 3.7
0.34959 0.78 +0.02588(327)

5 1 9 1 9 8 1 8 3917.285843(6) 2.3916e�20 0.05 0.03845 0.10 0.2782 1.40 �0.009660(20) +0.382(4) 0.1449 1.3
0.31084 0.47 �0.00976(161)

5 1 9 0 9 8 0 8 3917.362738(10) 8.0222e�21 0.08 0.03832 0.21 0.2462 2.96 �0.009508(41) +0.386(9) 0.1589 2.3
0.32391 0.79 �0.02155(270)

5 1 8 1 7 7 1 6 3920.088775(7) 2.3845e�20 0.04 0.06613
0.41709

0.08
0.38

0.5513 0.62 �0.002285(33)
+0.01892(185)

�0.014(7) 0.1174 1.7

5 1 7 3 4 6 3 3 3925.134338(16) 6.7952e�21 0.11 0.09275 0.44 0.8176 1.30 �0.01874(30) +0.670(34) 0.1517 1.3
0.47332 0.71 �0.03337(210)

5 1 7 2 5 6 2 4 3925.175901(11) 1.0943e�20 0.09 0.09405 0.32 0.8745 0.77 �0.007859(27) +0.304(22) 0.1517 h 1.3
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exponent to a constant value of 0.7 (a value usually used as a
default value for the temperature dependence exponent of unmea-
sured (or weak) pressure-broadened half-width coefficients). It
may be recalled that in the case of methane, Tran et al. [49] com-
puted relaxation matrix element coefficients and their tempera-
ture dependence exponents (where a power law model given by
Eq. (1) was applied to model the temperature dependence of off-
diagonal relaxation matrix element coefficients) for the m3 and m4
bands of 12CH4 for all theoretically predicted line pairs.

An example of a multispectrum fit where collisional line mixing
was observed and quantified in the m3 band of air-broadened H2O is
displayed in Fig. 4. To show details, a shorter segment (3851–3857
cm�1) from a wider fit interval (3847–3867 cm�1) of all 18 spectra
is plotted in the top panel (a). The weighted residuals resulting
from the multispectrum fit with a Voigt line shape profile including
line mixing (off-diagonal relaxation matrix element coefficients)
and quadratic speed dependence parameter are plotted in the mid-
dle panel (b). In the bottom panel (c), the residuals from the same
fit without taking into account the line mixing (but including speed
dependence) are shown (see Tables 1 and 4 for details). The dotted
horizontal line at the bottom of (a) represents the fully absorbing
level (0% transmission level) and the short vertical lines at the
top of (a) correspond to positions of absorption lines included in
the fitted interval. There are 230 water vapor lines included in this
spectral interval. Line mixing occurring between the pairs of tran-
sitions marked 1 and 4, 3 and 5, 3 and 4, and 4 and 5 was mea-
sured; mixing parameters for H2O-air collisions were determined
for three of these sets, and mixing parameters for H2O-H2O colli-
sions were determined for two sets (both mixing coefficients were
not measured for all four mixed sets). As noted above, temperature
dependence exponents of the collisional line mixing coefficients
were fixed to a default value of 0.7 for all four pairs of lines shown
in the figure.

In the present study (PS), line mixing via off-diagonal relaxation
matrix element coefficients, Wij (cm�1 atm�1 at 296 K), were mea-
sured for 12 pairs of transitions which included ten H2O-air and
seven H2O-H2O collision systems. Among the 12 transition pairs
for which collisional mixing coefficients were measured there were
only 5 pairs of transitions for which both H2O-air and H2O-H2O
mixing was measured. In all five cases, the line mixing coefficient
for the H2O-H2O system was larger than for H2O-air. The measured
off-diagonal relaxation matrix element coefficients (ORME), Wij

(cm�1 atm�1 at 296 K), for the H2O-air and H2O-H2O collision sys-
tems in the m3 band are listed in Table 4. As noted in the table, we
were able to determine from the multispectrum fits only one value
for the temperature-dependence exponent of the air-broadened
mixing coefficient, for the pair 2 2 0 3 2 1 and 2 1 1 3 1 2 near
3675 cm�1; all other mixed pairs had the temperature exponent of
line mixing held fixed to the default value of 0.70. No line mixing
was observed for any of the m1, 2m2 or the m2 + m3 � m2 band transi-
tions appearing in our spectra.

For some transition pairs whose line positions are close to each
other (e.g., the 5 5 1 5 5 0 and 5 5 0 5 5 1 transitions located at
3726.6171 and 3726.6255 cm�1, respectively), even though the
two line positions and intensities were separately determined,
their air widths, air-shifts and the temperature dependences were
constrained to be identical. For such close transitions, auxiliary
parameters and constraints were setup such that the line separa-
tion between the two components and their intensity ratio could
either be fixed to theoretical values (if the separation is too small)
or adjusted in the fits, if needed, to minimize the residuals. This
flexibility will allow the line separation and intensity ratio to
remain close to theoretical values so that realistic values of line
shape parameters can be determined. Similarly, if the two compo-
nents in a line-mixed set are well separated, such that the two
positions and two intensities could be determined accurately
17), https://doi.org/10.1016/j.jms.2017.11.011
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Fig. 4. A short segment (3851–3857 cm�1) from a 20 cm�1 wide fit (3847–3867 cm�1) where all 18 spectra (Table 1) were fitted simultaneously is plotted in the top panel (a).
The weighted fit residuals (observed minus calculated) resulting from the multispectrum fit with a Voigt line shape profile including line mixing using the off-diagonal
relaxation matrix formalism and quadratic speed dependence parameter are plotted in (b). In the bottom panel (c) the residuals from the fit without considering line mixing
(but with speed dependence) are shown. See Tables 1 and 4 for details. The dotted horizontal line at the bottom of absorption features in (a) represents the 0% transmission
level and the short black vertical lines at the top of absorption lines indicate the positions of lines included in the fitted region. Line mixing is occurring between the pairs of
transitions marked 1 and 4, 3 and 5, 3 and 4, and 4 and 5 (see the text for details).

V. Malathy Devi et al. / Journal of Molecular Spectroscopy xxx (2017) xxx–xxx 13
(for example, the 5 4 2 5 4 1 and 5 4 1 5 4 2 transitions
located at 3734.9307 and 3735.4447 cm�1, respectively), their line
shape parameters could be measured independently or still be con-
strained to have identical values. Parameter values retrieved using
constraints are indicated by a superscript g in Table 4.

We note that for the 7 3 4 6 3 3 and 7 2 5 6 2 4 transition
pair near 3925 cm�1 appearing in the last row of Table 4, Rosenk-
ranz line mixing parameters were also reported in Table 10 of Ref.
[27]. A rough comparison may be made by estimating the ORME
from Ref. [27] as the Rozenkranz coefficient times the spacing
between the pair of mixed lines (Wij � Ya � Dm). The off-diagonal
relaxation matrix element (ORME) coefficients thus estimated
Please cite this article in press as: V. Malathy Devi et al., J. Mol. Spectrosc. (20
from Ref. [27] are 0.036 and 0.022 cm�1 atm�1, while the ORME
determined in the present study is 0.017 cm�1 atm�1.

3.6. Speed dependence parameter

A quadratic speed dependence model [43] for the half-width
coefficients was applied to describe the Lorentz width as a function
of velocity. The expression used to measure the speed dependence
parameter is the same as applied in several of our previous studies
[44–46] and hence will not be given here. For transitions for which
speed dependencewas notmeasured, the value of the speed depen-
dence parameter was fixed to 0.1 (see the Supplementary file).
17), https://doi.org/10.1016/j.jms.2017.11.011
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Table 4
Off-diagonal relaxation matrix element coefficients, Wij (cm�1 atm�1 at 296 K), for H2O-air and H2O–H2O collision systems in the m3 band of H2O.

# Quantum Assignmenta m (cm�1) Sb H2O-air Widthc H2O-air n1d d0(H2O-air)c d0(H2O-air)e Wij H2O-airc Wij H2O-H2Oc

1 3 3 0 4 3 1 3646.463642 1.306e�20 0.08159(7) 0.692(5) �0.00309(6) +0.35(4)e�05 0.0044(1) 0.0(F)
3 2 1 4 2 2 3647.138304 3.296e�20 0.08963(4) 0.731(3) �0.00286(3) +0.35(4)e�05 g

2 4 1 4 5 1 5 3650.636109 4.647e�20 0.08425(5) 0.669(2) �0.00827(3) +2.59(5)e�05 0.0029(1) 0.0(F)
3 1 2 4 1 3 3651.365171 4.852e�20 0.09201(5) 0.762(2) �0.00365(3) +0.82(6)e�05

3 2 2 0 3 2 1 3674.957865 8.725e�20 0.09319(4) 0.726(2) �0.00396(2) +0.78(48)e�06 0.0078(1)f 0.031(5)
2 1 1 3 1 2 3676.019555 1.695e�19 0.09712(3) 0.745(2) �0.00172(2) +0.27(4)e�05

4 5 5 1 5 5 0 3726.617089 3.072e�20 0.05136(4) 0.636(3) �0.00642(2) +2.00(4)e�05 0.0(F) 0.026(4)
5 5 0 5 5 1 3726.625468 8.140e�21 0.05136(4)g 0.636(3)g �0.00642(2)g +2.00(4)e�05 g

5 5 4 2 5 4 1 3734.930719 3.534e�20 0.06713(4) 0.615(2) �0.00594(2) +1.79(4)e�05 0.0013(1) 0.121(7)
5 4 1 5 4 2 3735.444698 1.174e�20 0.06713(4)g 0.615(2)g �0.00594(2)g +1.79(4)e�05 g

6 3 2 2 3 2 1 3744.509479 1.031e�19 0.09475(6) 0.735(2) �0.00557(3) +0.54(5)e�05 0.0049(0) 0.040(1)
3 3 1 3 3 0 3744.651240 1.647e�19 0.07779(4) 0.695(2) �0.00512(3) +0.123(4)e�04

7 3 0 3 2 0 2 3820.738533 8.125e�20 0.09906(4) 0.821(2) +0.00066(2) �0.119(4)e�04 0.0025(1) 0.0(F)
3 2 2 2 2 1 3821.764198 9.662e�20 0.09244(3) 0.777(2) �0.00482(2) +0.178(4)e�04

8 5 0 5 4 0 4 3854.090481 6.179e�20 0.08615(4) 0.688(3) �0.00128(4) �0.21(6)e�05 0.0035(1) 0.048(3)
4 1 3 3 1 2 3854.438182 1.770e�19 0.09371(3) 0.760(2) �0.00620(2) +1.80(3)e�05

9 5 0 5 4 0 4 3854.090481 6.179e�20 0.08615(4) 0.688(3) �0.00128(4) �0.21(6)e�05 0.0(F) 0.033(1)
4 2 2 3 2 1 3853.966209 1.180e�19 0.09060(5) 0.726(2) �0.00483(3) +1.13(4)e�05

10 4 2 2 3 2 1 3853.966209 1.180e�19 0.09060(5) 0.726(2) �0.00483(3) +1.13(4)e�05 0.0094(1) 0.0(F)
4 1 3 3 1 2 3854.438182 1.770e�19 0.09371(3) 0.760(2) �0.00620(2) +1.80(3)e�05

11 5 0 5 4 0 4 3854.090481 6.179e�20 0.08615(4) 0.688(3) �0.00128(4) �0.21(6)e�05 0.0118(1) 0.0(F)
5 1 5 4 1 4 3852.057460 1.800e�19 0.08285(2) 0.664(1) �0.00294(1) +0.48(3)e�05

12 7 3 4 6 3 3 3925.134434 6.795e�21 0.09275(41) 0.818(11) �0.01874(30) +0.67(3)e�04 0.0170(3) 0.071(2)
7 2 5 6 2 4 3925.175901 1.094e�20 0.09405(30) 0.875(7) �0.00786(27) +0.30(2)e�04

(F) appearing under the last two columns indicates those values are fixed to 0.0.
a J0 Ka

0 Kc
0  J00 Ka

00 Kc
00 .

b Intensities (S) in cm/molecule at 296 K.
c Lorentz half-width coefficients (b0L ), pressure-shift coefficients (d0) and off-diagonal relaxation matrix element (ORME) coefficients (line mixing), Wij, in cm�1 atm�1 at

296 K. Uncertainties listed in parentheses correspond to parameter values in units of the last digits quoted.
d Temperature dependence exponents of H2O-air half-width coefficients have no units. Uncertainties listed in parentheses correspond to parameter values in units of the

last digits quoted.
e Temperature dependences of pressure-shift coefficients, d0 (H2O-air) in (cm�1 atm�1 K�1).
f Temperature dependence exponent of line mixing (unitless) determined to be 0.69(6) for this air-broadened pair of transitions only. In all other cases the temperature

dependence exponent of line mixing was fixed to 0.70.
g Value is constrained in the least squares fit to that listed in the line just above it.

Fig. 5. The percent difference in the oxygen-broadened half-width versus an energy
ordered index, J00(J00 + 1) + K00a � K00c + 1, for 325 m2 transitions of water vapor for
changes in the atom-atom parameters. Shown are the percent differences (pot 0–
pot i) where i = 1–4 corresponding to changes in eHO (green points), eOO (red points),
rHO (blue points), and rOO (black points). (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)

Fig. 5A. ln{c/c0} versus ln{T0/T} in the temperature range 200–700 K for the 10 1
10 9 1 9 transition of the m3 band of H2O. Blue + symbols are the data points, solid
red line is the least-squares fit of the data. The slope of the line is the temperature
exponent, n. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
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4. Theoretical formalism

The calculations of the line shape parameters, the half-width
and line (pressure)-shift coefficients, were made using the complex
formalism of Robert and Bonamy [50] as modified by Ma et al. [51]
and is labeled as theModified Complex Robert-Bonamy (MCRB) for-
Please cite this article in press as: V. Malathy Devi et al., J. Mol. Spectrosc. (20
mulation. The half-width, c, and line shift, d, of a ro-vibrational
transition f i are given by real and imaginary parts of the complex
valued expression:

ðc� idÞf i ¼
n2

2pc

�
Z 1

0
mf ðmÞdm

Z 1

0
2pb db 1� e�ihS1þImðS2ÞiJ2 e�hReðS2ÞiJ2

h i
ð4Þ
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where n2 is the number density of perturbers, v is the velocity, f(v) is
the Boltzmann distribution of velocity, h iJ2 is the average over the
states of the perturber, and b is the impact parameter. S1 and S2
are the first and second order terms in the successive expansion
of the Liouville scattering matrix and depend on the intermolecular
potential.

The intermolecular potential consists of the electrostatic com-
ponents (dipole-dipole (H2O-H2O), dipole-quadrupole and
quadrupole-quadrupole), an atom-atom component described by
the Lennard-Jones potential [52,53], and the induction and London
dispersion terms give the isotropic components. In order to employ
the atom-atom potential in the formalism, the rij atom-atom dis-
tances must be mapped into the center of mass separation, R, using
the expansion of Sack [54]. The expansion is described in terms of
the Order and the Rank (‘1; ‘2) of the Wigner D-matrices for the
radiating (labeled 1) and perturbing (labeled 2) molecule. Here,
the atom-atom part of the potential was expanded to 20th Order
and Rank 4, 4 for the N2- and O2-broadening calculations and to
8th Order and Rank 2, 2 for the self-broadening calculations. The
isotropic part of the atom-atom potential was used in Hamilton’s
equations of motion to solve for the trajectories of the collision
pairs. The calculations included the real and imaginary compo-
nents for the half-width and line shift coefficients and proper aver-
aging over the velocity, both of which have been shown to be
important [22,55–58].

The parameters describing the electrostatic, induction, and Lon-
don dispersion potentials (dipole moments, quadrupole moments,
ionization potentials, etc.) are well known. The Lennard-Jones
atom-atom potential is:
Fig. 6. (a) Measured air-broadened half-width coefficients for H2O transitions in the
m1, m3 and 2m2 bands plotted as a function of Jmax + 0.1 * (Jmax � Kmax). (b) Measured
temperature dependence exponents (n1) of air-broadened half-width coefficients
for H2O transitions in the m1 and m3 bands plotted as a function of Jmax + 0.1 *
(Jmax � Kmax). No temperature dependence exponent was measured for the weak
transition in the 2m2 band. Where error bars are not visible, they are smaller than
the symbol size.
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ð5Þ
where the sum on i and j are over the atoms on the radiating and
perturbing molecules. The parameters eij and rij are somewhat in
question. There are a number of proposed methods to determine
heteronuclear atom-atom parameters from homonuclear parame-
ters [53,59–64]. Using the different combination rules lead to some
differences in the derived eij parameters greater than 1900% with
many combinations different by several hundred percent and differ-
ences in the derived rij parameters >35%.

The atom-atom parameters for the H2O-N2 collision system
were adjusted previously [65]. For the H2O-O2 collision system,
starting atom-atom parameters (pot 0) were determined using
the combination rules of Hirschfelder et al. [53] with the homo-
atomic atom-atom parameters of Bouanich [60]. Initial calculations
changing each atom-atom parameter (eHO, eOO, rHO, rOO,) by 5%
were made to see the effect these parameters have on the calcu-
lated half-width. Fig. 5 shows the percent difference in the
oxygen-broadened half-width versus an energy ordered index for
325 m2 transitions of water vapor selected from the intercompar-
ison database [31] for changes in the atom-atom parameters.
Shown are the percent differences (pot 0–pot i) where i = 1, 4 cor-
responding to eHO (green points), eOO (red points), rHO (blue
points), and rOO (black points). As seen, changes to rOO demon-
strate the most structure. Also significant changes in the half-
width are observed for changes made to rHO, with smaller changes
coming from changes to eHO and eOO. Calculations were then made
Fig. 7. (a) Measured air-shift coefficients d0ðairÞ for H2O transitions in the m1, m3 and
2m2 bands plotted as a function of Jmax + 0.1 * (Jmax � Kmax). (b) Measured temper-
ature dependence (d0airÞ of air-shift coefficients for H2O transitions in the m1 and the
m3 bands plotted as a function of Jmax + 0.1 * (Jmax � Kmax). Because the transitions
were weak, no temperature dependence of air-shift coefficients were measured for
any transition in the 2m2 band. Results seen in (a) indicate that air-shift coefficients
become more negative as J increases and, the trend seen in (b) shows that
temperature dependences of air-shift coefficients increase and become more
positive with J.
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by adjusting the atom-atom parameters and comparing the calcu-
lated half-widths with the 325 measured m2 transitions. In total 12
runs were made. The results from pot 11 gave the best agreement
with the measurements. The final atom-atom parameters are eHO =
24.13, eOO = 54.32, rHO = 2.42, and rOO = 3.16, (0%, �5.0%, 15.0%,
�4.98% change from pot 0, respectively). These changes in the
atom-atom parameters are well within the uncertainty in the com-
bination rule values.

To make the needed calculations, the present measured line list
was taken and the rotational transitions for each vibrational band
were extracted. The line list has 48,978 transitions broken down
into 45 vibrational bands ranging from 1 rotational transition
(100 020) to 2551 rotational transitions (010 000). There are
too many transitions to make vibrationally dependent calculations
for all transitions. The vibrational states were ignored and all
unique rotational transitions were extracted for input into the line
shape codes. This procedure produced a list of 5677 transitions.
MCRB calculations were made for these transitions with m2 selected
as the vibrational band, since there are more m2 lines in the list than
any other band. In addition, vibrationally dependent calculations
were made for the 224, 86, 2, and 3 transitions of m3, m1, 2m2, and
m2 + m3 � m2, respectively, that are measured in this work. Calcula-
tions of the half-width and line shift were made for N2-, O2-, and
self-broadening at 7 temperatures: 200, 225, 275, 296, 350, 500,
and 700 K.

The N2- and O2–broadening data were used to compute air-
broadening by the usual formula

cair ¼ 0:79cN2
þ 0:21cO2

ð6Þ
at the seven temperatures of the study. With the air- and self-
broadened data the temperature dependence of the half-width
coefficient was determined using the power law

cðTÞ ¼ cðTref Þ Tref

T

� �n

ð7Þ
Fig. 8. (a) Measured self-width coefficients b0
L (self) for H2O transitions in the m1, m3

and 2m2 bands plotted as a function of Jmax + 0.1 * (Jmax � Kmax). (b) Measured self-
shift coefficients d0ðselfÞfor H2O transitions in the m1 and m3 bands plotted as a
function of Jmax + 0.1 * (Jmax � Kmax). No self-shift coefficient was measured for the
single weak transition in the 2m2 band. Where error bars are not visible, they are
smaller than the symbol size.
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In Eq. (9), Tref was taken to be 296 K and the temperature range
of the fit was the 5 values from 200 to 350 K to be appropriate to
Earth’s atmosphere. It should be noted that a number of the calcu-
lated temperature exponents, n, are negative. Negative tempera-
ture dependence exponents were predicted theoretically by
Hartmann et al. [66] and confirmed by theory [20] and experiment
[20,21] by others. Here, these transitions correspond to the oblate
limit (Ka � 0); however looking at the fits to the data using Eq. (9)
it is apparent that the power law does not work well for these
transitions.

Fig. 5A gives an example of the calculation of the temperature-
dependence of the air-broadened half-width coefficient for a single
transition in the m3 band, where the ‘‘data points” here are calcu-
lated values based on Eq. (8), and the n exponent corresponds to
the slope of the line best fit to these points.

5. Results

5.1. Lorentz air-broadened half-width and temperature dependence
exponent

The measured air-broadened half-width coefficients (converted
to room temperature values of T = 296 K) for the H2O transitions in
the m1, m3 and 2m2 bands are plotted as a function of Jmax + 0.1 ⁄
(Jmax � Kmax) in Fig. 6(a) (Jmax and Kmax refer to the larger of the
two J and Ka quantum numbers of the upper and lower rotational
states of each transition involved). Different font symbols and col-
ors are chosen to distinguish the data points for the three bands.
Most of the measurements were made for the m3 band, and, while
a few air-width coefficients were measured for the m1 band, only a
Fig. 9. (a) Line position differences for m3 band transitions that are common to the
present study and HITRAN2012 [2], Zou and Varanasi [15], Ptashnik et al. [26] and
Loos et al. [27,28] are plotted vs. Jmax + 0.1 * (Jmax � Kmax). (b) Ratios of line
intensities for the m3 band transitions that are common to this study and
HITRAN2012 [2], Zou and Varanasi [15], Ptashnik et al. [26], and Loos et al.
[27,28] vs. Jmax + 0.1 * (Jmax � Kmax) are plotted. The means and standard deviations
of the differences and ratios compared are listed in the legends of the relevant
panels (a) and (b).
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single air-broadened half-width coefficient was measured in the
weak 2m2 band. Consistent with previous measurements and calcu-
lations [7–35], Fig. 6(a), illustrates that the air-broadened H2O half-
width coefficients for the same Kmax value generally decrease with
increasing Jmax. For a fixed Jmax value, the air-broadened half width
increases with Kmax to a local maximum, and then decreases with
increasing Kmax. For Jmax = 1–8, air-width coefficients were mea-
sured for all possible Kmax values (up to Kmax = Jmax), but for higher
Jmax values air-widths were obtained for a smaller range of Kmax.
Similar trends are seen in Fig. 6(b) where the temperature depen-
dence exponents of air-broadened half-width coefficients (n1) vs.
Jmax + 0.1 ⁄ (Jmax � Kmax) are shown. Because of the weakness of
the single 2m2 transition, although its room temperature half-
width coefficient was measured, it was not possible to retrieve a
reliable temperature dependence exponent and hence its value
was fixed to that in HITRAN2012 [2]. The measured air-width coef-
ficients range approximately between 0.02 and 0.11 cm�1 atm�1 at
296 K, and the temperature dependence exponents of air-
broadened half-width coefficients vary between 0.1 and �1.0.
Uncertainties associated with the measurements are plotted in
the figure, and where error bars are not visible, their values are
smaller than the size of the symbols used.
Fig. 10. Comparisons of present air-broadened half-width coefficients and their
temperature dependence exponents with HITRAN2012 [2], Zou and Varanasi [15],
and Loos et al. [27] are plotted as a function of Jmax + 0.1 * (Jmax � Kmax). (a) The
ratios of air-broadened half-width coefficients (PS/Other studies). (b) The ratios of
the temperature dependence exponents of air-broadened half-width coefficients
(PS/Other). In both panels the mean and standard deviation of each set of ratios are
given in the legend. Uncertainties associated with the measurements are repre-
sented by error bars in the plots for PS/Zou and Varanasi and for PS/Loos et al.
Where error bars are not visible, they are smaller than the size of the symbol used.
5.2. Air-shift coefficients and their temperature dependence

The variations of the measured air-shift coefficients and their
temperature dependences are shown in Fig. 7. In the top panel
(a), the measured air-shift coefficients, d0ðairÞ; for transitions in
the m1, m3 and 2m2 bands are plotted as a function of Jmax + 0.1 ⁄
(Jmax � Kmax) and, in (b) the measured temperature dependences
(d0air) of the air-shift coefficients in the m1 and m3 bands are also
shown as a function of Jmax + 0.1 ⁄ (Jmax � Kmax). Because the 2m2
transitions were weak in our spectra, although the air-shift coeffi-
cient was measured for one transition, no temperature dependence
of the air-shift coefficient could be determined. The measurements
plotted in (a) indicate that the air-shift coefficients become more
negative as J increases and, the trend seen in (b) shows that tem-
perature dependences of the measured air-shift coefficients have
smaller (and some negative) values for low J, and they become lar-
ger and more positive with increasing J. In panels (a) and (b), the
horizontal dashed line corresponds to zero air-shift coefficient
and zero temperature dependence of air-shift coefficient, respec-
tively. Similar to Fig. 6, different symbols and colors are used in
Fig. 7 to distinguish transitions from the various bands. The major-
ity of the measured air-shift coefficients vary from nearly +0.005 to
�0.013 cm�1 atm�1 at 296 K and the temperature dependence
coefficients of air-shifts vary nearly in the �2 � 10�5 to
+5 � 10�5 cm�1 atm�1 K�1 range, respectively. Uncertainties asso-
ciated with the measurements are plotted and where error bars are
not visible, their values are smaller than the size of the plot sym-
bols used.
5.3. Self-width and self-shift coefficients

Since no spectra of pure water vapor at higher temperatures
were included in the present analysis, only room-temperature val-
ues for the self-width and self-shift coefficients could be obtained.
Self-width and self-shift coefficients were measured for 209 and
106 transitions, respectively (see Table 2). The measured self-
width coefficients in the m1, m3 and 2m2 bands plotted as a function
of Jmax + 0.1 ⁄ (Jmax � Kmax) are displayed in Fig. 8(a). The measured
self-shift coefficients in the m1 and m3 bands plotted as a function of
Jmax + 0.1 ⁄ (Jmax � Kmax) are shown in Fig. 8(b). No self-shift coeffi-
cient was measured for the weak transition in the 2m2 band. It is
seen in (a) that, as for the air-widths, the self-width coefficients
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generally decrease with increasing Jmax. However, the magnitudes
of the self-widths are much larger; the self-width coefficient values
range from 0.15 to more than 0.6 cm�1 atm�1 at 296 K, while the
largest measured air-width is �0.11 cm�1 atm�1 at 296 K. The
self-shift coefficients plotted in (b) show variations with K and J
quantum numbers that are somewhat different from those for
air-shifts of the same transitions (see Fig. 7), and the magnitudes
of the self-shifts are larger than those observed for air-shifts. The
measured self-shift coefficients have both positive and negative
values varying between +0.05 cm�1 atm�1 and �0.06 cm�1 atm�1

at 296 K.
6. Comparison of measured and calculated line parameters

In this section, comparisons of the presentmeasured line param-
eters are made first with measurements reported in the literature.
Among the large number of measurements that are available for
the various bands of H2O, only a few are directly comparable with
the present study of air- and self-broadened line shapes in the m1,
m3 and 2m2 bands. Most other H2O studies available in the literature
were related to different spectral regions, different perturbing gases
(such as O2, N2, and H2), made only very fewmeasurements, or used
different types of recording instruments (e.g., diode laser spectrom-
eter system) in obtaining the data. Our comparisons are therefore
limited to results from three similar experimental studies (where
spectra were obtained using high-resolution FTS) even though dif-
ferent experimental and analysis procedures were followed in each
study and some of the many line parameters measured in each
study varied from the present work [15,26–28]. We also compare
our results and those of Refs. [15,26–28] with values reported in
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the HITRAN2012 database [2], which in the m1 and m3 region are lar-
gely the results of Ref. [4]. Finally, the measured values from PS are
compared to present study MCRB calculated values.
6.1. Comparison of line positions and intensities

In Fig. 9(a) and (b), comparisons of line positions and intensities
between present measurements, measurements from Refs. [15,26–
28], and the initial input values from HITRAN2012 database [2] are
shown. The line positions and intensities in the present study
MCRB calculations are the same as in Ref. [2] and therefore the dif-
ferences in line positions or the intensities between this study and
the MCRB calculated list are not considered. In panel (a) the line
position differences: (PS-HITRAN2012), (PS-Zou & Varanasi), (PS-
Ptashnik et al.), and (PS-Loos et al.) vs. Jmax + 0.1 ⁄ (Jmax � Kmax)
are plotted. The means and standard deviations of the differences
for the above cases are +0.00006 ± 0.00040 cm�1, +0.00003 ±
0.00022 cm�1, +0.00002 ± 0.00007 cm�1 and +0.00003 ± 0.00009
cm�1, respectively. The number of reported line positions com-
pared to present measurements is different in each of the four
cases. While all the 313 line positions measured in the present
study are compared with HITRAN2012 [2], the comparisons with
the other laboratory studies [15,26–28] are limited to the 82 m3
transitions reported in Table 3 for which the present study mea-
sured the full set of nine spectroscopic parameters; this means that
the PS had 76 transitions in common with Zou and Varanasi [15],
61 with Ptashnik et al. [26], and 82 with Loos et al. [27,28]. Even
if we limit the J values up to 11 (see Fig. 9(a)), the largest scatter
is observed between PS and HITRAN2012 [2]. The two black solid
circles displaying the largest scatter in (PS – Zou and Varanasi) cor-
respond to the two close doublet transitions 5 5 1 5 5 0 and 5 5
Fig. 11. Comparison of air-shift coefficients and their temperature dependences are
shown for transitions in the m3 band of H2O. (a) Air-shift coefficients d0 (in cm�1

atm�1 at 296 K) determined from PS, Zou and Varanasi [15], and Loos et al. [27] are
plotted vs. Jmax + 0.1 * (Jmax � Kmax). (b) Temperature dependences of air-shift
coefficients d0 (in cm�1 atm�1 K�1) from PS and Loos et al. [27] are plotted vs.
Jmax + 0.1 * (Jmax � Kmax). There are no temperature dependences of air-shift coef-
ficients reported by Zou and Varanasi [15] available for comparison. In both panels
uncertainties of the measured values are represented by error bars of the same
color as the symbol; where error bars are not visible they are smaller than the
symbol size.
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0 5 5 1 located at 3726.6171 and 3726.6255 cm�1, respectively.
Overall, all position differences (except for HITRAN2012) agree to
within ±0.0001 cm�1. The large scatter in position differences seen
between PS and HITRAN2012 compared to other studies is attrib-
uted to comparisons with all measured lines (strong and weak)
with HITRAN versus only the strong lines compared in other stud-
ies. We note that some of the HITRAN2012 line positions, particu-
larly for transitions at higher rotational quantum numbers, may be
calculated rather than measured values (see Fig. 2 of Ref. [2]).

The comparisons shown in Fig. 9(b) indicate that the closest
agreement of line intensities is between the PS and Zou and Vara-
nasi [15] with a mean and standard deviation of (PS/Zou and Var-
anasi = 0.98 ± 0.06). The means and standard deviations of the
other three intensity ratios; (PS/HITRAN2012), (PS/Ptashnik et al.)
and (PS/Loos et al.) are 0.92 ± 0.13, 0.90 ± 0.03 and 0.92 ± 0.01,
respectively, indicating our present intensities are lower by 8–
10%. There are no plausible explanations for us to offer for these
rather large systematic differences between present measure-
ments and those in Refs. [26,27] except for the fact that there are
several differences among the individual experimental setups con-
cerning sample gas containment, type of spectra (e.g., only H2O,
H2O + air or both) analyzed, whether the spectra were taken only
at room temperature [15] or at different temperatures, and which
spectral line parameters were measured in the analyses and how
the analyses were performed. Larger absorption path lengths avail-
able in Ref. [26,27] allowed those authors to measure positions and
intensities for a much larger number of transitions compared to
the PS, while in Refs. [15,26], the absorption path lengths used
for self-broadened spectra in the 2.7 mm region were shorter than
those used in the PS.
Fig. 12. Comparison of self-broadened half-width and self-shift coefficients from PS
and HITRAN2012 [2], Zou and Varanasi [15], Ptashnik et al. [26], and Loos et al. [28]
for transitions in the m1 and m3 bands of H2O plotted as a function of Jmax + 0.1 *
(Jmax � Kmax). (a) Ratios of self-broadened half-width coefficients. Means and
standard deviations of the width ratios are given in the legend, where the standard
deviation is given in parentheses in units of the last digit quoted. (b) Self-shift
coefficients from PS, Zou and Varanasi, and Loos et al. are overlaid and show similar
variations with Jmax + 0.1 * (Jmax � Kmax). HITRAN2012 and Ptashnik et al. do not
report self-shift coefficients. In both panels, except for HITRAN2012 widths where
errors were not taken into account, where no error bars are visible, the uncertain-
ties are smaller than the symbol size used.
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6.2. Comparison of air-width coefficients and their temperature
dependence exponents

Comparisons of present measured air-broadened half-width
coefficients and their temperature dependence exponents with
HITRAN2012 [2], Zou and Varanasi [15], and Loos et al. [27] as a
function of Jmax + 0.1 ⁄ (Jmax � Kmax) are plotted in Fig. 10(a). The
means and standard deviations of the ratios of air-broadened
half-width coefficients are: PS/HITRAN2012 = 1.01 ± 0.09, PS/Zou
and Varanasi = 1.02 ± 0.05, and PS/Loos et al. = 0.990 ± 0.004. In
general, comparison with the HITRAN2012 database shows slightly
larger scatter than the other two measured values (all PS measured
values are compared with HITRAN2012). Error bars representing
uncertainties associated with the measurements are included in
the plots for PS/Zou and Varanasi and PS/Loos et al. Where error
bars are not visible, they are smaller than the size of the symbol
used. Uncertainties based upon error codes listed for HITRAN2012
values were not taken into consideration in making these plots. As
discussed in Section 2.1.5 of Ref. [2], the set of HITRAN2012 air-
broadened half width coefficients contains both measured and cal-
culated values.

The ratios of the temperature dependence exponents for the air
width coefficients vs. Jmax + 0.1 ⁄ (Jmax � Kmax) are plotted in Fig. 10
(b). As in Fig. 10(a) larger differences between the present mea-
surements and HITRAN2012 are seen, especially for Jmax > 6, while
except for a few outliers, agreement is closer with the Zou and Var-
anasi and the Loos et al. measurements. The means and standard
deviations of the temperature dependence exponents of air-
broadened half-width coefficients for PS/HITRAN2012 = 1.01 ±
0.25, PS/Zou and Varanasi = 1.06 ± 0.09, and PS/Loos et al. = 1.06
± 0.03. Uncertainties in the measurements are shown as error bars
only for PS/Zou and Varanasi and the PS/Loos et al. ratios. The lar-
ger uncertainties in the ratios for PS/Zou and Varanasi are attribu-
ted to the larger uncertainties associated with the temperature
Fig. 13. (a) Measured (blue) and MCRB calculated (green) air-broadened H2
16O

(H2
16O-air) Lorentz half-width coefficients plotted vs. Jmax + 0.1 * (Jmax � Kmax). The

mean and standard deviation (on panel (a) in parentheses in units of the last digit
quoted) of the ratio of measured to calculated half-width coefficients is 1.00 ± 0.11.
(b) Measured (blue) and calculated (green) H2

16O-air pressure-shift coefficients
plotted vs. Jmax + 0.1(Jmax � Kmax). No differences between measurements and
calculations of air-shift coefficients are computed or plotted. (For interpretation
of the references to color in this figure legend, the reader is referred to the web
version of this article.)
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dependence exponents reported in Ref. [15]. As in Fig. 10(a) uncer-
tainties corresponding to the error codes for the HITRAN2012 val-
ues are not considered in the present plots.

6.3. Comparison of air-shift coefficients and their temperature
dependences

Comparisons of air-shift coefficients d0 and the temperature
dependence of air-shift coefficients d0 for the m3 transitions of
H2O are plotted in Fig. 11. In the top panel (a), the
experimentally-determined air-shift coefficients from the PS, the
Zou and Varanasi [15], and the Loos et al. [27] studies are plotted
vs. Jmax + 0.1 ⁄ (Jmax � Kmax). The air-shift coefficients become more
negative with increasing J and the shift coefficients vary approxi-
mately between +0.005 and �0.018 cm�1 atm�1 at 296 K. Because
of the smaller magnitude of the air-shift coefficients compared to
air-width coefficients, we have plotted and overlaid the measured
air-shift coefficients rather than ratios or differences between the
air-shift coefficients measured for the same transitions. In Fig. 11
(b), similarly the experimentally-determined temperature depen-
dences of air-shift coefficients (in cm�1 atm�1 K�1) from the PS
and Loos et al. [27] are plotted as a function of Jmax + 0.1 ⁄ (Jmax -
� Kmax). Temperature dependences of air-shifts were not reported
by Zou and Varanasi [15]. In both panels (a) and (b) measurement
uncertainties are represented by error bars, and where no error
bars are visible, the measured uncertainties are smaller than the
size of the symbols used. For the air-shift coefficients, the uncer-
tainties in all three sets of measurements are small. It is clearly
seen from Fig. 11(a) and (b) that as the air-shift coefficients change
sign from positive to negative and become more negative with
increasing J, their temperature dependence coefficients become
more positive with increasing J, and the small negative values seen
for some low-J transitions are not present at higher J values.

6.4. Comparison of self-width and self-shift coefficients

Self-broadened half-width coefficients from four separate mea-
surements and self-shift coefficients from three different experi-
ments are compared in Fig. 12. Although several other
experimental measurements of self-width and self-shift coeffi-
cients have been reported in the literature (e.g., Refs. [7,10]), there
are not many measurements outside of Refs. [15,26,28] for the
same transitions in common with the present study. The ratios of
self-width coefficients: PS/HITRAN2012, PS/Zou and Varanasi, PS/
Ptashnik et al. and PS/Loos et al. as a function of Jmax + 0.1 ⁄ (Jmax -
� Kmax) are plotted in the top panel (a). There are more transitions
compared and more scatter with HITRAN2012 than with other
studies. The means and standard deviations of the ratios of the
self-width coefficients are: PS/HITRAN2012 = 1.02 ± 0.16, PS/Zou
and Varanasi = 1.07 ± 0.05, PS/Ptashnik et al. = 1.15 ± 0.06, (PS/Loos
et al.) = 1.07 ± 0.01. Except for the PS/HITRAN2012 ratios, uncer-
tainties associated with the measurements are included in the
plots. Where no error bars are visible, the uncertainties are smaller
than the symbol size used. The horizontal dashed line represents a
ratio of unity.

The measured self-shift coefficients from PS, Zou and Varanasi,
and Loos et al. with the corresponding uncertainties as a function
of Jmax + 0.1 ⁄ (Jmax � Kmax) are plotted in Fig. 12(b). The self-shift
coefficients in general range within ±0.07 cm�1 atm�1 at 296 K
and similar variations with Jmax and Kmax are seen in all three sets
of measurements. No self-shift coefficients were reported by Ptash-
nik et al. or in HITRAN2012. Where no error bars are visible, the
uncertainties are smaller than the symbol size used. The horizontal
dashed line corresponds to zero shift coefficients.

The measured values and the MCRB calculated values (both
from PS) for the air-broadened half-width and pressure shift
17), https://doi.org/10.1016/j.jms.2017.11.011
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Fig. 14. (a) Measured (blue) and MCRB calculated (green) Lorentz self-broadened half-width coefficients plotted vs. Jmax + 0.1 * (Jmax � Kmax); the mean and standard
deviation (on the figure in parentheses in units of the last digit quoted) of the ratio of measured to calculated self-width coefficients is 1.07 ± 0.08. (b) Measured (blue) and
MCRB calculated (green) temperature dependence exponents (n1) of air-broadened half width coefficients of H2

16O-air plotted vs. Jmax + 0.1 * (Jmax � Kmax) with the mean (and
standard deviation) of measured to calculated n1 as 1.02 ± 0.64. (c) The same information in (b) except the ratios of n1 are plotted vs. Jmax + 0.1 * (Jmax � Kmax). The mean (with
standard deviation) of the ratios is 1.02 ± 0.64 when ratios for all J values are averaged. The mean ratio with the standard deviation is 1.02 ± 0.13 when n1 values for only J � 7
are considered. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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coefficients, temperature dependence exponents of air-broadened
half-width coefficients and, the room- temperature self-
broadened half-width and self-shift coefficients are plotted in
Figs. 13 and 14, All parameters are plotted versus Jmax + 0.1 ⁄ (Jmax -
� Kmax). It is apparent in the figures that the measured and calcu-
lated line shape parameters are in very good agreement for Jmax �
8, but the differences are larger for higher values of Jmax (see, for
example, Fig. 14(c)).

7. Uncertainties in the measured parameters

It is important to know how these uncertainties vary in the Lor-
entz half-width and pressure shift coefficients at the reference
temperature, T0 = 296 K. However, it is equally if not more impor-
tant to know how these uncertainties propagate to the tempera-
ture and volume mixing ratio conditions in spectral simulations.
As pointed out in our earlier study of the temperature dependence
of air-broadened line shape parameters in CO2 [67] and the recent
measurements of HDO-CO2 line shape parameters [44], when one
uses a half-width coefficient determined at 296 K and its tempera-
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ture dependence exponent (if not determined from the same
study) from a different source such as HITRAN [1,2], it is generally
assumed that the half-width coefficients at 296 K are the best
determined values and the uncertainty in the temperature depen-
dence of the half-width coefficient (n) increases the uncertainty in
the half-width coefficient as the temperature gets farther from
296 K. It has been shown [67] that, for each line, the experimental
values of the two half-width and the two pressure-shift parameters
(at two temperatures) are highly correlated and the uncertainties
as a function of temperature are quite different (e.g., see Figs. 7
and 8 in [67] and Figs. 12 and 13 in [44]). It was discussed
[44,67] that because of the large number of spectra included in
the least squares solution, the uncertainties in the retrieved
parameters are very small and there are various other problems
associated with the fits that dominate the actual uncertainties.
These include uncertainties in the measurement of gas conditions
(pressure, temperature and volume mixing ratios etc.), uncertain-
ties in the spectral line shapes assumed in the measurements,
and modeling of the spectral line parameters used. In particular
there was no effort made in the PS to model separately the speed
17), https://doi.org/10.1016/j.jms.2017.11.011

https://doi.org/10.1016/j.jms.2017.11.011


V. Malathy Devi et al. / Journal of Molecular Spectroscopy xxx (2017) xxx–xxx 21
dependences of self- and foreign-gas broadening and pressure shift
or the temperature dependence of the speed dependence. Each of
these parameters may have only a small effect upon the overall
solution. While the speed dependence model applied in the PS rep-
resents all temperatures, the model is unlikely to hold rigorously
for all collisional speeds. Although we were aware of these effects,
our fitting software did not include some of these finer details and
we did not observe any fit residuals above the noise levels of the
individual spectra in the final multispectrum fittings. These consid-
erations have to be kept in mind while the absolute errors in our
present measurements are discussed below.

In the PS, by fitting all experimental spectra obtained with two
different absorption cells and sample gases of different pressures
and volume mixing ratios at various temperatures simultaneously,
the uncertainties due to random errors in the various retrieved
parameters are minimized as illustrated in several figures (e.g.,
Figs. 3 and 4). The absorption path lengths of the two cells are
known to �0.01% while the sample pressures and temperatures
are determined to ±0.05% and ±0.2 K, respectively. Effects due to
instrumental line shape distortion and residual phase errors were
taken into consideration during the fitting process. Correlation
coefficients between fitted parameters were internally computed
in the multispectrum fitting software while uncertainties are cal-
culated in the retrieved parameters. For example, correlation of
each measured line position with every other adjusted parameters
such as all other spectral line parameters, zero level, phase error,
background polynomial fit coefficients and, a file of correlation
matrix coefficients are constructed and available for each fitted
interval. Without providing the correlation matrices for each of
the fitted parameters, it is not possible to explain all of these
details discussed above to compute the total uncertainties in each
measured parameter. Prior calibration of wavelength scales of all
spectra before starting the multispectrum fittings ensures the best
and consistent results in the measurements of line positions and
pressure-shift coefficients. Values listed in Table 3 and the compar-
isons made with all four other experimental measurements
[2,15,26,27] in Fig. 9 suggest that for the best measured line posi-
tions, especially for the m3 band, the accuracy of the PS is thought to
be of the order of ±0.0001 cm�1. The results given in Table 3 also
suggest that the intensities of strong transitions for the m3 band
are determined with very high precision in the PS on the order of
0.01–0.05%. Even if one assumes a 100 times the statistical mea-
surement uncertainty, the absolute errors in the PS intensities
should be well within 1–5%. However, comparisons with the calcu-
lated values [2] as well as two of the three experimental measure-
ments [26,27] in Fig. 9(b) indicate that our intensities are lower by
8–10% than those values, while the measurements by Zou and Var-
anasi [15] show fairly good agreement (98 ± 0.08%). The PS Lorentz
air- and self-broadened half-width and the pressure-shift coeffi-
cients are estimated to be accurate to ±1 and ±5%, respectively,
Absolute accuracies in the measured temperature dependences of
air-shift coefficients, off-diagonal relaxation matrix element coeffi-
cients and speed dependence parameters are difficult to assess but
are estimated conservatively to be within 5–15% depending upon
the J, K quanta of the individual transitions. It is useful here to
briefly discuss the similarities and differences in the experimental
procedures and analyses techniques used in the PS, Zou and Vara-
nasi [15], Ptashnik et al. [26] and Loos et al. [27,28] experiments
since our present measurements have been compared to these.

Zou and Varanasi [15] obtained their data in the 3000–4050
cm�1 region using a Bruker IFS-125HR FTS and spectra were
obtained at three temperatures, T = 252, 273 and 296 K with
absorption path lengths of 2.15 and 9.28 cm. Known amounts of
sample mixtures were introduced and sealed within the gas cells.
Self-broadened spectra were recorded only at T = 296 K. For air-
broadening measurements, groups of spectra recorded at each of
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the three temperatures were fitted simultaneously using a Voigt
line shape profile and later the various results were combined to
obtain the air- and self-broadening and pressure-shift coefficients
and their temperature dependences. The retrieved parameters
included line positions, intensities, and Lorentz broadening coeffi-
cients but no other parameters (such as line mixing or speed
dependence) were reported. Ptashnik et al. [26] obtained their
experimental spectra in the 3440–3970 cm�1 region using a Bruker
IFS-120HR FTS that was upgraded to Bruker IFS-125HR FTS. A spe-
cially built short absorption cell of 4.78 mm long was employed to
record two room temperature spectra at 294 K and the cell was
filled with water vapor to desired pressures and allowed several
hours (12 h) to reach equilibrium conditions before starting the
data acquisition. Short spectral segments from both spectra were
fitted individually using a Voigt line shape model along with colli-
sional narrowing parameter applied in the analysis. Line positions,
intensities, self-broadened half-width and Dicke narrowing param-
eters were retrieved for each fitted line. No other line parameters
(such as the self-shift coefficients, temperature dependences of
self-width and self-shift coefficients, line mixing, speed depen-
dence) were reported. Loos et al. [27,28] reported their results in
two separate publications; line positions, intensities and self-
broadened line shapes in Ref. [28], and measurements of air-
broadened line shape parameters in Ref. [27]. Their experimental
set up consisted of a high resolution Bruker IFS-125HR FTS, and a
large number of spectra were recorded at different spectral resolu-
tions. Two absorption cells (one variable-path) that were cooled to
213 K and heated to 353 K were employed to obtain the spectra at
absorption path lengths from 0.249 to 168.21 m. A large number of
pure and air-broadened spectra were obtained at three different
temperatures. The measurements in [27,28] were made using a
constant flow of H2O/air mixtures through the cells unlike the
other three experiments (including the PS) where sample mixtures
were introduced into the gas absorption cells and sealed. Auto-
mated software chose the various micro-windows (extending from
0.25 to 0.75 cm�1) to be fitted and spectra were fitted interactively.
The retrieved line parameters included positions, intensities, air-
and self-broadened half-width coefficients along with correspond-
ing speed dependence parameters, collisional narrowing parame-
ters, self- and air-shift coefficients, temperature dependences of
pressure broadening and pressure shift coefficients, line mixing
using the first order Rosenkranz approximation and their temper-
ature dependence, when applicable. Different steps were used to
measure all parameters and extensive error analyses of the various
parameters were discussed. In the PS, although measurements
were obtained using shorter cells than in Refs. [27,28], all spectra
recorded at various experimental conditions were fitted simulta-
neously in much larger spectral intervals, thus providing a single
consistent set of results for all measured parameters.
8. Summary, conclusions, and future studies

The present study involved simultaneous analysis of 18 high-
resolution (0.006 and 0.008 cm�1), high signal-to-noise ratio
(>1500:1) Fourier transform spectra of pure and air-broadened
H2

16O in the 3645–3980 cm�1 spectral region. The spectra were
recorded at the Pacific Northwest National Laboratory (PNNL) in
Richland, Washington using two absorption cells that are both
coolable as well as heatable with path lengths of 9.906(1) and
19.95(1) cm. Spectra of H2O-air mixtures at different volume mix-
ing ratios of H2O were obtained at 268, 296 and 353 K. All 18
experimental spectra were fitted simultaneously applying an inter-
active multispectrum fitting technique whereby a consistent set of
line parameters were retrieved. We have measured air-broadened
half-width and pressure shift coefficients and their temperature
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dependences for several strong transitions in the m3 and m1 bands of
H2

16O. Room-temperature air-width and air-shift coefficients were
measured for over 200 transitions, while the temperature depen-
dences of air-width and air-shift coefficients were obtained for
only over 100 transitions. The majority of those measurements
were for the stronger transitions in the m3 band. In addition, we
also measured room-temperature self-width and self-shift coeffi-
cients for nearly the same number of transitions as for room tem-
perature air-width and air-shift coefficients. For the analysis, a
non-Voigt line shape profile was employed by including speed
dependence and collisional line mixing via off-diagonal relaxation
matrix elements, when appropriate. Line positions and line inten-
sities were measured for over 300 transitions, and the full set of
line shape parameters was measured for 92 of these transitions.
Line mixing parameters were determined for 12 pairs of transitions
in the m3 band. The measured line shape parameters compare well
with other recent measurements of similar nature [15,26–28] as
well as with values available in the HITRAN2012 database [2].

Even though non-Voigt line shapes were applied to the present
measurements, future investigations to include improved line
shape modifications suggested by Ngo et al. [68,69] and Tran
et al. [70,71] could be undertaken. Additional modifications includ-
ing separate speed dependence and temperature dependences of
speed dependence for the broadening and pressure-shift coeffi-
cients as suggested in several recent studies should be examined.
Similarly, the speed dependence of the parameter and its relation-
ship to its temperature dependence should be addressed sepa-
rately in both the self- and foreign-gas broadened measurements.
The implementation of these new line parameters could not be
achieved in the present study because of the limitation in our fit-
ting software. It should, however, be noted that there were no
residuals beyond the noise level of our spectra in our multispec-
trum fittings to improve the solution other than the fact that one
could employ more sophisticated line shape functions. Tran et al.
[22] discussed the effects of velocity on the shapes of six R(J) tran-
sitions of the m3 band water vapor broadened with N2. The authors
demonstrated that using the Voigt profile alone could not provide
satisfactory results even though at higher pressures Dicke narrow-
ing and Doppler effects were negligible. In their study [22], the
authors used velocity-dependent broadening and shift coefficients
and concluded that all profiles, regardless of pressures and of the
transition can be correctly modeled using a single set of memory
parameters. For more details, the reader is directed to the original
article [22]. We would like to point out that residuals consistent
with collisional narrowing (Dicke narrowing) were observed in
our low pressure spectra, but when high pressure spectra were
added to the solution, we were not able to retrieve reliable values
for both collisional narrowing and speed dependence parameters.
We found that speed dependence parameters were more signifi-
cant when high-pressure, high S/N ratio spectra were included in
the simultaneous fits.

In addition to the measurements in the present study, line
shape parameters for transitions in the fitted interval (3645–
3975 cm�1) have been calculated using the modified complex
Robert-Bonamy formalism (MCRB). Line positions and intensities
in the MCRB list were taken from HITRAN2012. The measured val-
ues for self- and air-broadened widths, air-shifts, and the
temperature-dependences of the air-widths compare very well
with our present MCRB calculations, with the best agreement
obtained for transitions with Jmax � 8.
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Appendix A. Supplementary material

The descriptions of the various parameters listed under differ-
ent columns in the Supplemental file are provided with appropri-
ate header information and footnotes at the bottom of the file.
Only those transitions for which at least one parameter value
was adjusted in the multispectrum fit are included in this file. If
any parameter value of a transition was held fixed in the least
squares fit, its value is indicted as 0.0 or Fixed in the Supplemental
file. Supplemental material associated with this article can be
found in the online version of this manuscript. A complete list of
all calculated spectral line parameters of water vapor transitions
in the 1100–4100 cm�1 region using the MCRB formalism is avail-
able at http://faculty.uml.edu/Robert_Gamache. Supplementary
data associated with this article can be found, in the online version,
at https://doi.org/10.1016/j.jms.2017.11.011.
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