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Received 12 February 2004; accepted 30 July 2004
 R
CORRECTED PAbstract

High-resolution Fourier transform spectra of H2O–air mixtures have been measured at 296, 742, and
980K for total pressures of 0.5 and 1.0 atm in the region of the n2 band. From these recordings, air-
broadening coefficients have been determined for the doublet lines with Kc ¼ J: From these data and
previous experimental determinations, line-broadening parameters gðTÞ are obtained at all three
temperatures for the doublet lines from J ¼ 0 up to 16. These values are then used to deduce the
temperature-dependence exponent n such that gðTÞ ¼ gð296Þ � ð296=TÞn: The values of n obtained using the
two elevated temperatures are consistent and show that line widths decrease with T for small J-values
ðn � þ0:8Þ; are almost temperature independent on T for J � 10; and increase with T for high J lines
(n � �0:3 for J � 15). This original result, which confirms theoretical predictions made about 15 years ago
with a semi-classical approach (J. Chem. Phys. 86 (1987) 144), is analyzed here using an improved version
of the model. Comparisons between measured and computed widths show that calculations cannot
correctly reproduce the experimental results at all temperatures simultaneously. This failure is attributed to
the use of an inappropriate interaction potential and to the very strong dependence of the broadening gðvÞ
on the relative velocity v for high J lines. This strong variation of gðvÞ raises the question (which is discussed
here) what calculated quantity is to be compared with measured values (i.e. g½�vðTÞ�; ½gðvÞ� ðTÞ; or some other
more complex mean to account for the velocity averaging of the spectral profile itself?). Nevertheless, when
UN
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the temperature exponent n is considered, satisfactory agreement between experiments and predictions is
obtained, particularly when the averaging of widths over the relative velocity distribution is made.
r 2004 Published by Elsevier Ltd.
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1. Introduction

Because of the important role played by water vapor in thermo-physical processes in our
atmosphere and combustion media, knowledge of the temporal and spatial variations of the
distributions of H2O is essential. Hence, the need for precise remote sensing has stimulated
numerous studies of the spectroscopic parameters of H2O lines. Among these, the air (or N2 and
O2) broadening and shifting parameters have received considerable experimental attention ([1–3]
and references therein). Nevertheless, while there have been many determinations of Lorentz
widths g at room temperature, their variations with T have been much less studied. Analysis of the
available measurements [3] shows that, for the n2 band, there are more than 3000 determinations
of air- or N2 broadening near 296K, but that the effects of temperature have been investigated
less than 300 times. The reasons for this are the strong decrease of H2O saturation pressure at low
T and the fact that most experimental setups either do not permit variable temperature or are
designed for cooling. In most temperature-dependent studies, the range is typically 250–300K
(e.g. [4]), and this restriction has two main consequences. The first is that transitions between
levels of high rotational energy are not investigated. Lines with Kc ¼ J; for instance, have been
measured up to J � 16 at 296K, but the effects of temperature have only been investigated for
Jp8: The second consequence is that the uncertainty on the temperature-dependence parameter
n, such that gðTÞ ¼ gðT0Þ � ðT0=TÞ

n; is quite large [1] since gðTÞ=gðT0Þ and ðT0=TÞ are close to
unity due to the limited temperature range. Hence, the available measurements of n do not permit
a severe test of theoretical models since: (i) the uncertainties on n are large; and (ii) the
measurements are limited to transitions of relatively low rotational quantum numbers J for which
the temperature exponents n are practically all close to the values of 0.83 and 0.75 associated with
resonant dipole–quadrupole and quadrupole–quadrupole interactions, respectively. Studies at
elevated temperature, which are unfortunately very few due to experimental difficulties, are
interesting since they provide more precision on n and enable investigation of thetemperature
dependence for transitions covering wide ranges of J-values. Indeed, theoretical calculations made
a while ago [5] have predicted that nmay show large variations from line-to-line and could even be
negative for transitions (of high rotational energy) which involve very non-resonant collisions.
This interesting and still unconfirmed result, together with the ability of the theoretical approach
of Ref. [2,6,7] predict the temperature dependence of air-broadened H2O widths, is the subject of
the present work.
In this paper, the air broadening of Kc ¼ J doublets (i.e. J � 10;J�1 J1;J and J � 11;J�1 

J0;JÞ of the n2 band of water vapor is considered. These particular transitions are interesting since
they involve rotational energies rapidly increasing with J. Hence, collisions quickly become very
non-resonant leading to a number of effects. (a) The first is the rapid decrease of the widths from
typically 0:1 cm�1=atm for small J-values down to more than 10 times less for J � 15 at room
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temperature [2]; (b) due to the small rotational contribution to the widths for high J lines, the
vibrational dependence of the intermolecular potential can have significant effects leading, as
demonstrated in Ref. [2], to variations of the widths with the vibrational band; (c) collision-
induced rotational transfers for high J lines being very non-resonant, widths independent on T or
even increasing with T are expected due to a resonance overtaking mechanism [5]; (d) for the same
reason, the broadening parameters should depend strongly on the relative velocity of the
collisions. Hence, deviations from usual line shapes due to inhomogeneous effects resulting from
velocity averaging are expected [8,9]. The first two points, (a) and (b), have been addressed and
analyzed in Ref. [2], (d) will be the subject of a future paper,1 and the present work is devoted to
(c).
High-resolution Fourier transform spectra of H2O-air mixtures have been recorded at DLR for

temperatures 296, 742 and 980K and total pressures 0.5 and 1 atm. These measurements were
made within the frame of two EC projects for non-intrusive measurement of aircraft engine
exhaust emissions [10–12]. From these spectra, air-broadened widths have been deduced for a
number of transitions among which we have selected the Kc ¼ J doublets of the n2 band which
have been studied up to J � 12 at room temperature and over J ¼ 18 at higher temperatures.
Comparisons between the present 296K determinations and previous measurements demonstrate
the consistency of various experimental results. Using all available room temperature values, a set
of air-broadened widths is then constructed for the doublet lines for rotational quantum numbers
J ranging from 1 to 16. These values are used, together with the measurements at 742 and 980K,
to deduce two sets of temperature exponents n. The latter are consistent and confirm the
predictions of Ref. [5], since n varies from þ0:8 for low J lines down to about �0:3 for high J
transitions. Theoretical calculations are also made using the model of Refs. [2,6,7]. They
quantitatively reproduce the measured temperature exponents although the widths themselves are
overestimated for high J lines. These results are discussed in terms of the intermolecular potential
at short distances and of the strong dependence of broadening cross sections on the relative
velocity.
The remainder of this paper is divided into three sections. The experimental details and

procedures for the treatment of measured spectra are described in Section 2. The measured half-
widths are given and compared with previous measurements in Section 3, where temperature
exponents and the procedure used to determine them are presented. Finally, theoretical
predictions and their comparisons with experimental determinations are given in Section 4.
O
UNC2. Experimental details

Spectrometer setup: Measurements were carried out in absorption with a Bruker IFS 120 HR
Fourier transform spectrometer in the spectral range 1550–2300 cm�1 applying a Globar source,
Ge/KBr beamsplitter, and MCT ðo1800 cm�1Þ and InSb ð41800 cm�1Þ detectors in combination
with suitable optical filters. The unapodized resolution was 0:01 cm�1 (maximum optical path
difference 50 cm). Radiometric accuracy was checked, especially detector non-linearities combined
1A study of N2 broadened low, medium, and high JKc ¼ J doublets of H2O in the n3 band at room temperature is in

progress and will be the subject of a forthcoming paper.
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with phase errors and the effect of thermal radiation of the cell windows and sample were
investigated and corrected. The instrument was properly aligned and the instrumental line shape
measured utilizing the residual water apparent even at 10�2 mbar in the spectrometer. The
measurement time of individual spectra was between 2 and 10min. Reference spectra were taken
prior and after a series of measurements with the same resolution as in sample measurements.
Source off spectra was taken in case of elevated cell temperatures and subtracted from the source
on spectra to remove the sample and cell window thermal emission. Finally, unapodized
transmittance spectra were formed for further data reduction.
Absorption cell: A new design for a high-temperature cell (up to 1000K) has been elaborated

during the EC Aerojet project [10] to be used inside the evacuated sample compartment of the
spectrometer. The cell body is made of fused silica and heated electrically. Its absorption path
length is about 16 cm and its diameter 4 cm. Calcium fluoride was selected as window material to
cover the spectral ranges of interest. The windows are equipped with radiative heating in order to
decrease temperature inhomogeneities. The cell features a heatable gas inlet and an outlet to allow
measurements with a gas flow while maintaining a homogeneous gas temperature over the cell
volume. The cell features radiation shields and is mounted inside a water-cooled vacuum-tight
housing for thermal insulation equipped with two additional calcium fluoride windows. The
temperature of the cell body is measured with two Pt100 thermo resistors applying a Lakeshore
DRC-93C temperature controller and DIN 43760 calibration curves.
Temperature determination: A very crucial point is the determination of the average gas

temperature. CO was measured under the same conditions as the water/air mixture. From a least-
squares fit of the retrieved line strengths the average gas temperature could be determined. A
polynomial relation between temperature sensor readings and average gas temperature was
established. Temperature errors ranged between 0.5K at ambient and 1.5 at 1000K.
The gas-handling system: All parts in contact with the sample gas are made of Duran glass,

stainless steel or PTFE. A cold trap allows to freeze out the water for purification purposes.
Mixtures are prepared in a stainless-steel mixing chamber (volume ca. 4 l) equipped with a
magnetic stirrer. Pressures are measured with 10, 100, and 5000mbar type 127A MKS Baratrons.
The mixing chamber also serves as a gas reservoir for the flow measurements. The system is
equipped with two vacuum pumps for evacuating system and cell as well as for maintaining the
gas flow during the measurement. The flow rate was set by a needle valve downstream from the
cell. The cell pressure was measured with a 1000mbar range MKS Baratron type 127A and was
kept constant by an upstream electronically controlled valve (MKS type 248AC) in combination
with a MKS PI controller type 1250B. The settings for the needle valve were calibrated with a
MKS mass flow controller type 1259C. Pressure uncertainties were smaller than 0.35%
Preparation of gas mixtures: Water vapor was filled into the mixing chamber up to the desired

pressure (2–10mbar). The mixing chamber was closed and the gas-handling system evacuated.
The mixing chamber was then filled with air to about 2 atm. Special care was taken to maintain an
air pressure higher than or equal to the pressure in the chamber in order to avoid any backflow of
gas into the handling system. The gas was allowed for a short time for thermal equilibration
before taking the final pressure readings. Five minutes of stirring was found sufficient to ensure
complete homogeneity of the mixture.
Time constant for wall conditioning of tubing and hot cell: In order to have a defined water partial

pressure in the cell a steady flow has to be applied. This is due to the tendency of water to stick to



1

3

5

7

9

11

13

15

17

19

21

23

25

27

29

31

33

35

37

39

41

43

ARTICLE IN PRESS

JQSRT : 2203

G. Wagner et al. / Journal of Quantitative Spectroscopy & Radiative Transfer ] (]]]]) ]]]–]]] 5
D P
ROOF

the walls of cell and tubing. Although the effects of wall conditioning are less dramatic under flow
conditions it had to be verified that the composition of the gas mixture remains unchanged when
transported from the mixing chamber through the tubings and through the cell. This was done by
spectroscopic monitoring of the sample gas. The integral opacity under a part of the absorption
band was measured. A flow speed of 50 standard-cm3=mn was applied to allow complete exchange
of the cell contents every 4min at 300K. The water signal was found to increase after starting the
flow for about 30min before staying constant. Stopping the flow or changing the flow speed
barely affected the results. Unfortunately, the mixing chamber was down to ambient pressure
after this time and a quick refill was necessary. After starting the flow again steady state was
reached after another 10min with about 30min of measurement time left.
Measurements: For the present work only a part of the available measurements were used: at

296K: 0.5,1 atm; at 743K: 0.5,1 atm; at 977K: 1 atm; at 981K: 0.5 atm. The water volume mixing
ratio was about 0.5% for all measurements.
Analysis: The line parameter analysis was performed with the FitMAS software [13].

Microwindows were selected to obtain isolated groups of lines which are fitted simultaneously.
As line model the monochromatic Voigt transmittance line shape was convolved with the
instrumental line-shape function. The line position, line strength and Lorentz half-width were
fitted simultaneously with a quadratic polynomial baseline. Fig. 1 gives an example of a
microwindow fit for a high J line. As can be seen around the center of the narrow line near
1979 cm�1; residuals significantly deviate from noise. As observed previously [8,9], the largest
discrepancies are observed for high J lines with small pressure broadened half-width and thus a
larger contribution of the Doppler profile to the overall line shape. Applying an uncorrelated
UNCORRECTE

Fig. 1. Exemplary microwindow fit result of a 980K, 0.5 atm spectrum, applying a Voigt line profile. Lower trace:

measured spectrum, upper trace: (observed-calculated) �10; bottom: logarithmic stick plot of line-strengths.



OF

1

3

5

7

9

11

13

15

17

19

21

23

25

27

29

31

33

35

37

39

41

43

ARTICLE IN PRESS

JQSRT : 2203

Table 1

Inter-comparison of fitted pressure-broadened half-widths of selected transitions in spectra recorded around 980K with

0.5 atm and 1 atm total pressure, applying a Voigt or an uncorrelated Rautian line profile

Transition

Jf ;Kaf ; Kcf –J i;Kai ; Kci

g ðcm�1 atm�1Þ
Voigt profile

g ðcm�1 atm�1Þ
Uncorrelated Rautian profile

0.5 atm 1 atm 0.5 atm 1 atm

4,1,4–3,0,3 0.0405(4) 0.0392(2) 0.0412(4) 0.0395(2)

15,0,15–14,1,14 0.0116(1) 0.0116(1) 0.0130(1) 0.0121(1)

15,1,15–14,0,14

16,0,16–15,1,15 0.0102(1) 0.0102(1) 0.0123(1) 0.0110(1)

16,1,16–15,0,15

Transitions are labeled with index i for initial and f for final state. 1s statistical uncertainties in units of the last given

digit are given in parentheses.
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Rautian profile taking into account collisional narrowing considerably decreases these residuals.
In Table 1, air-broadening parameters from measurements at 0.5 and 1 atm total pressure and
980K are given for the two line-shape models in case of one low J line (broad) and two high J
lines (narrow). The resulting pressure-broadening parameters show significant changes for the
high J lines for different models. For the case of 0.5 atm and 980K the width is increased by 2%,
12%, 17% for J i ¼ 3; 14, 15, respectively and for the case of 1 atm and 980K, 1%, 4%, 8%,
respectively. The overall trend in these differences can be understood by the contribution of the
Doppler width to the overall line profile which is larger at lower total pressure and increases with
increasing J: Since the ratio of Doppler and pressure broadened half-width is different for 0.5 and
1 atm the intercomparison of the pressure broadened half-widths for different total pressures is a
good test of the validity of the profile used. Surprisingly, the results obtained with the simple
Voigt profile with bad residuals agreed extremely well within the statistical uncertainty, while the
results for the uncorrelated Rautian profile show significant differences. For the Voigt profile the
low J line results agree within 4s and the high J lines within 1s: For the Rautian profile the low J
line results differ by 5s and the high J line results differ by 9s and 13s: The rather inconsistent
results for the low J line can be addressed by residual water signatures from different water
amounts in the instrument in the sample and reference measurements. These results were verified
by performing the same analysis for themeasurements at about 740K. Despite the residuals, the
results obtained with the Voigt profile are physically more meaningful and are thus used in the
further analysis.
N
U3. Experimental results

3.1. Half-widths

Starting from the half-widths extracted from the 0.5 and 1.0 atm spectra of the InSb and
HgCdTe detectors, we have selected the doublet lines of the n2 band of H2

16O for which Kc ¼ J:
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These correspond to the transitions J0;J  J � 11;J�1 and J1;J  J � 10;J�1 and J � 10;J�1 J1;J

and J � 11;J�1 J0;J : The measured values obtained from the various spectra were then averaged
at each temperature. Since the water vapor amounts in the studied H2O–air mixtures is about
0.5% extracted widths need to be corrected for self-broadening. This was done using measured
room temperature values for H2O–H2O from (mostly) Refs. [14,15] and, for 742 and 980K, self-
broadening temperature exponents were calculated using the model of Ref. [16]. While doing this,
the uncertainty was determined from the scatter (maximum deviation) of the widths deduced from
the various spectra around the average value.
This procedure gives, at room temperature, a set of air-broadening coefficients for m (m ¼ Jf

and �J i for R and P lines, respectively) between �12 and 13. In order to check them, the
databases of measured line-broadening coefficients [1,3], which contain all available measure-
ments, were used. We selected, within the N2- and air-broadened data, those for the specific
transitions studied here (Kc ¼ J in the n2 band). Note, we have divided the N2-broadened values
by 1.09 in order to convert them to air broadening (tests using our databases indicate that this
ratio, suggested in Ref. [17], is correct within �2%). The resulting intercomparison of
measurements, displayed in Table 2, shows a remarkable overall agreement. In particular, the
present determinations (column a) agree with the average of previous ones (column b) within
�4% for almost all transitions with relative and absolute RMS deviations of 2.5% and 1:3�
10�3 cm�1=atm: Then, in order to have a set of very reliable room temperature half-widths that
extends to higher J-values and that are as precise as possible, we again used all the air- and N2-
broadening measurements (divided by 1.09) and we proceeded as follows. First, we selected all the
measurements for the considered doublet lines and calculated the average value and RMS of the
measured values for each of them. Using these mean values, we were able to check that the widths
of the P and R transitions of identical (but reversed) rotational quantum numbers (e.g. J0;J  

J � 11;J�1 and J � 11;J�1 J0;J) are identical within experimental errors. Note that theoretical
calculations also indicate that the widths of these two transitions are extremely close to each other
(as expected since differences between the energy structures in the ground and v2 ¼ 1 states are
small). This shows that the widths of the considered lines only depend on jmj (m ¼ J f in the R

branch and �J i in the P branch) and on Ka(¼ 0 or 1 for the transitions considered here). Hence,
in order to extend the averaging of experiments for better precision, we calculated mean values
and RMS of all measurements for the v2 doublet lines of identical jmj and Ka: This leads to the
room temperature values in column (a) of Table 3.
The 742 and 980K measurements were treated the same way, i.e.: using the various

measurements (0.5, 1 atm, HgCdTe and InSb), correcting them for self-broadening, and
calculating averaged values and RMS also using the fact that permuting the upper and lower
rotational quantum numbers does not change the half-widths. The results are given in columns (b)
and (c) of Table 3 for the two elevated temperatures.

3.2. Temperature dependence

The broadening coefficients given in Table 3 are plotted in Fig. 2. They are qualitatively
consistent with the predictions of Ref. [5] and confirm that the dependence on temperature
strongly depends on the line. The broadening of low jmj transitions decreases with T whereas it
increases for high jmj lines, the width being roughly independent on T for jmj � 11: From these
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Table 2

Air-broadening coefficients ð10�3 cm�1=atmÞ at 296K for Kc ¼ J lines of the H2
16O n2 band

J f Kaf Kcf J i Kaf Kcf (a) (b) (c) (d)

11 0 11 12 1 12 14.6 14.8 (3) 14.9 0.9 [4] 14.2 0.3 [18] 15.3 0.8 [18]

11 1 11 12 0 12 14.6 14.4 (3) 14.7 0.9 [4] 14.0 0.8 [18] 14.6 1.1 [18]

10 0 10 11 1 11 21.1 19.7 (3) 19.9 0.8 [18] 18.7 1.1 [4] 20.6 0.7 [18]

10 1 10 11 0 11 20.4 20.3 (3) 19.7 0.6 [4] 20.7 0.4 [18] 20.7 0.3 [18]

9 0 9 10 1 10 26.3 27.3 (3) 26.7 0.8 [4] 27.4 0.6 [18] 27.8 0.3 [18]

9 1 9 10 0 10 26.2 27.2 (3) 28.0 0.8 [4] 27.5 0.2 [18] 27.8 0.5 [18]

8 0 8 9 1 9 34.5 36.0 (3) 36.3 0.5 [18] 35.2 1.1 [4] 36.6 1.1 [18]

8 1 8 9 0 9 34.8 35.2 (3) 35.3 1.1 [4] 34.7 0.7 [18] 35.8 0.7 [18]

7 0 7 8 1 8 46.2 46.7 (5) 46.11.4 [4] 45.8 0.2 [14] 46.2 0.3 [18] 47.6 1.9 [14] 47.9 0.5 [18]

7 1 7 8 0 8 46.0 46.6 (5) 46.2 0.8 [18] 46.6 1.4 [4] 47.1 0.8 [14] 47.2 1.8 [18] 46.1 4.2 [14]

6 0 6 7 1 7 59.2 60.7 (5) 57.8 0.6 [14] 59.4 0.8 [18] 59.8 1.8 [4] 65.0 1.2 [14] 61.5 0.6 [18]

6 1 6 7 0 7 57.7 59.8 (5) 58.0 1.7 [4] 58.7 0.3 [14] 59.5 1.2 [18] 61.7 0.6 [14] 61.0 0.8 [18]

5 0 5 6 1 6 73.6 74.7 (5) 73.7 2.2 [4] 73.7 0.2 [14] 72.5 1.0 [18] 77.2 1.0 [14] 76.4 0.6 [18]

5 1 5 6 0 6 70.0 71.1 (5) 69.4 2.1 [4] 71.7 0.4 [14] 69.8 0.6 [18] 72.5 0.9 [14] 72.5 1.4 [18]

4 0 4 5 1 5 86.0 87.1 (5) 85.5 1.5 [18] 84.9 2.5 [4] 86.1 0.3 [14] 89.9 2.8 [18] 89.4 1.4 [14]

4 1 4 5 0 5 81.7 83.5 (5) 84.0 0.6 [14] 81.2 1.4 [18] 81.0 2.4 [4] 88.1 0.6 [14] 83.1 1.1 [18]

3 0 3 4 1 4 93.8 95.4 (5) 91.5 1.0 [18] 93.9 2.8 [4] 95.5 0.3 [14] 95.5 0.7 [18] 101.0 1.0 [14]

3 1 3 4 0 4 89.7 90.8 (5) 89.5 4.0 [18] 89.6 2.7 [4] 89.8 0.2 [14] 91.5 0.5 [18] 93.9 1.8 [14]

2 0 2 3 1 3 97.3 99.1 (5) 98.3 0.8 [18] 97.7 2.9 [4] 97.4 0.3 [14] 100.0 1.0 [18] 102.0 1.6 [14]

2 1 2 3 0 3 96.4 98.5 (5) 96.1 2.9 [4] 97.1 1.5 [18] 98.6 0.1 [14] 99.3 1.4 [18] 102.0 0.8 [14]

1 1 1 2 0 2 101.0 103.0 (5) 101.0 0.8 [18] 99.9 3.0 [4] 104.0 0.8 [14] 102.0 0.8 [18] 106.0 3.3 [14]

0 0 0 1 1 1 101.0 99.2 (6) 101.0 2.5 [18] 101.0 3.0 [4] 95.0 9.5 [19] 99.1 0.2 [14] 102.0 5.5 [18] 97.4 5.0 [14]

1 1 1 0 0 0 100.0 100.0 (6) 94.0 9.4 [19] 99.8 0.5 [14] 102.0 3.0 [18] 100.0 3.0 [4] 103.0 1.2 [14] 103.0 1.8 [18]

2 0 2 1 1 1 101.0 102.0 (5) 100.0 1.5 [18] 99.6 3.0 [4] 102.0 0.5[14] 103.0 3.2 [18] 105.0 2.1 [14]

2 1 2 1 0 1 102.0 106.0 (5) 108.0 0.3 [14] 99.5 2.5 [18] 103.0 3.1 [4] 113.0 1.7 [14] 108.0 4.1 [18]
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3 0 3 2 1 2 94.4 96.0 (3) 94.8 2.0 [18] 94.8 2.8 [4] 98.3 2.3 [18]

3 1 3 2 0 2 97.4 99.7 (5) 99.0 1.5 [18] 97.4 2.9 [4] 99.5 0.6 [14] 99.7 1.4 [18] 103.0 2.4 [14]

4 0 4 3 1 3 89.0 90.8 (5) 89.3 1.0 [18] 88.5 2.6 [4] 90.3 0.2 [14] 91.4 0.7 [18] 94.8 0.5 [14]

4 1 4 3 0 3 93.7 97.4 (5) 92.8 2.8 [4] 99.4 0.3 [14] 94.0 5.0 [18] 105.0 0.6 [14] 95.9 1.8 [18]

5 0 5 4 1 4 81.2 84.1 (5) 79.4 2.4 [4] 79.5 2.0 [18] 87.2 0.2 [14] 82.6 3.7 [18] 92.2 0.8 [14]

5 1 5 4 0 4 85.0 87.7 (5) 83.8 2.5 [4] 87.7 0.3 [14] 86.5 2.0 [18] 91.9 1.7 [14] 88.8 1.4 [18]

6 0 6 5 1 5 70.1 71.5 (5) 69.3 2.1 [4] 70.8 1.5 [18] 70.7 0.3 [14] 73.3 0.6[18] 73.8 1.2 [14]

6 1 6 5 0 5 74.8 76.3 (5) 72.9 2.2 [4] 78.3 0.3 [14] 72.7 2.0 [18] 82.8 1.5 [14] 75.2 2.3 [18]

7 0 7 6 1 6 59.0 57.0 (3) 56.0 2.0 [18] 58.2 1.8 [4] 56.9 1.8 [18]

7 1 7 6 0 6 61.0 61.6 (3) 60.5 1.8 [4] 61.5 1.5 [18] 62.8 0.6 [18]

8 0 8 7 1 7 47.1 47.6 (3) 46.3 2.0 [18] 45.7 1.4 [4] 50.9 3.2 [18]

8 1 8 7 0 7 47.8 47.8 (3) 47.5 1.0 [18] 46.6 1.4 [4] 49.5 2.3 [18]

9 0 9 8 1 8 37.5 36.8 (3) 37.0 1.2 [18] 36.2 1.1 [4] 37.3 0.4 [18]

9 1 9 8 0 8 36.3 36.6 (3) 36.5 1.0 [18] 35.9 1.1 [4] 37.3 0.4 [18]

10 0 10 9 1 9 27.9 27.8 (3) 28.5 1.5 [18] 26.6 0.8 [4] 28.4 0.6 [18]

10 1 10 9 0 9 27.4 27.7 (3) 27.9 1.3 [18] 27.7 0.8 [4] 27.5 0.9 [18]

11 0 11 10 1 10 20.6 21.6 (3) 22.0 1.0 [18] 20.9 0.6 [4] 22.0 1.4 [18]

11 1 11 10 0 10 20.2 21.7 (3) 22.0 2.5 [18] 21.3 0.6 [4] 22.0 1.4 [18]

12 0 12 11 1 11 16.1 15.1 (3) 15.2 0.5 [4] 15.2 0.9 [18] 15.1 0.5 [18]

12 1 12 11 0 11 16.1 15.7 (3) 15.4 0.4 [18] 15.4 0.5 [4] 16.5 0.7 [18]

13 0 13 12 1 12 12.1 12.6 (4) 12.4 0.5 [18] 12.7 0.1 [20] 12.5 0.4 [4] 12.8 0.6 [18]

Columns are the following: 1–6: rotational quantum numbers of the transition. (a) Present measurements. (b) Average value of the half-widths in

columns (c) and (d) and, between parentheses, the number of values used for the average. (c) Air-broadened half-widths from the literature and, for

each of them, the half-width, the uncertainty, the reference. (d) Same as (c) but the values are N2 broadenings divided by 1.09.
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Table 3

Air-broadened half-widths and temperature dependences

jmj k0 (a) (b) (c) (d) (e)

1 1 99.8 3.0 (12) 50.0 2.5 (4) 44.2 6.6 (2) 0.755 0.087 0.682 0.151

2 0 102.0 2.3 (10) 48.8 0.9 (4) 44.0 6.7 (2) 0.805 0.045 0.704 0.147

2 1 105.0 5.1 (8) 49.4 0.6 (2) 42.3 2.8 (2) 0.823 0.066 0.761 0.095

3 0 97.6 2.3 (8) 45.8 0.9 (4) 38.3 1.2 (2) 0.826 0.047 0.783 0.046

3 1 99.4 1.9 (10) 48.2 0.6 (4) 39.1 2.9 (2) 0.790 0.034 0.782 0.079

4 0 90.8 2.0 (10) 43.9 0.7 (4) 35.7 1.1 (2) 0.794 0.041 0.783 0.045

4 1 96.4 4.1 (10) 45.8 0.3 (4) 38.3 0.9 (2) 0.813 0.054 0.774 0.056

5 0 83.8 4.1 (10) 42.6 0.4 (4) 35.6 1.4 (2) 0.739 0.064 0.718 0.075

5 1 87.4 2.5 (10) 42.8 0.9 (4) 36.4 2.8 (2) 0.780 0.054 0.734 0.089

6 0 71.4 1.6 (10) 39.7 0.4 (4) 33.0 2.0 (2) 0.641 0.035 0.647 0.070

6 1 75.5 3.2 (10) 40.7 0.5 (4) 34.3 0.8 (2) 0.675 0.060 0.661 0.055

7 0 58.8 1.9 (8) 35.7 1.3 (4) 31.4 0.5 (2) 0.545 0.075 0.526 0.041

7 1 61.0 2.2 (8) 36.8 0.1 (4) 31.1 1.2 (2) 0.552 0.042 0.565 0.063

8 0 47.0 1.7 (8) 32.6 0.6 (4) 29.1 1.2 (2) 0.400 0.060 0.403 0.066

8 1 47.2 1.2 (8) 33.0 0.2 (4) 29.1 0.3 (2) 0.391 0.034 0.406 0.031

9 0 36.1 1.0 (6) 28.8 0.2 (4) 26.1 0.0 (2) 0.247 0.038 0.273 0.024

9 1 36.3 0.7 (6) 29.5 0.4 (4) 25.4 0.1 (2) 0.227 0.036 0.300 0.021

10 0 27.8 0.7 (6) 24.6 0.6 (4) 24.1 0.1 (2) 0.134 0.054 0.118 0.026

10 1 27.5 0.4 (6) 24.0 1.3 (4) 22.8 0.2 (2) 0.149 0.075 0.158 0.019

11 0 21.0 0.9 (6) 21.0 0.7 (3) 20.6 0.1 (2) 0.000 0.083 0.017 0.039

11 1 20.7 1.3 (6) 21.2 0.9 (4) 19.5 0.7 (2) �0.026 0.115 0.049 0.084

12 0 14.8 0.5 (6) 18.0 0.4 (4) 17.2 0.8 (2) �0.214 0.061 �0.126 0.067

12 1 15.3 0.8 (6) 17.1 0.4 (2) 17.7 0.2 (2) �0.121 0.083 �0.124 0.055

13 0 12.2 0.6 (6) 15.1 1.0 (3) 15.4 0.1 (2) �0.233 0.126 �0.196 0.048

13 1 12.1 0.8 (6) 14.7 0.0 (1) 15.4 0.1 (2) �0.213 0.072 �0.203 0.062

14 0 9.4 0.6 (3) 11.5 0.3 (4) 12.9 0.3 (2) �0.220 0.098 �0.263 0.071

14 1 9.4 0.4 (6) 11.7 0.2 (2) 12.9 0.3 (2) �0.239 0.065 �0.263 0.053

15 0 8.0 0.8 (10) 9.4 0.3 (4) 10.9 0.3 (2) �0.176 0.144 �0.262 0.110

15 1 8.0 0.8 (10) 9.4 0.4 (2) 10.9 0.3 (2) �0.176 0.156 �0.262 0.110

16 0 6.8 0.4 (13) 7.6 0.0 (1) 9.6 0.3 (2) �0.121 0.064 �0.288 0.075

16 1 6.8 0.4 (12) 7.5 0.5 (5) 9.6 0.3 (2) �0.107 0.137 �0.288 0.075

The columns are the following: 1 and 2: identification of the transitions: the two true transitions associated with jmj and

k0 are jmjk0 ;jmj2jmj � 1k0�1;jmj�1; for example m ¼ 3 k0 ¼ 0 corresponds to 30;3  21;2 and 21;2  30;3: (a) Room

temperature air broadenings obtained (see text) using all available data. The three entries are the average half-width, the

RMS, and the number of values used to calculate them. (b) Same as (a) but for 742K. (c) Same as (a) but for 980K. (d)

Temperature exponent n742 and its uncertainty obtained from the 296 and 742K data. (e) Temperature exponent n980
and its uncertainty obtained from the 296 and 980K data.

G. Wagner et al. / Journal of Quantitative Spectroscopy & Radiative Transfer ] (]]]]) ]]]–]]]10
U
data, two sets of temperature exponents n have been calculated using 296K as a reference and the
two other temperatures, i.e.

n742 ¼ ln½gð296Þ=gð742Þ�= ln½296=742�;

n980 ¼ ln½gð296Þ=gð980Þ�= ln½296=980�: ð1Þ
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Fig. 2. Measured half-widths versus jmj for the temperatures: . 296K, � 742K, 980K.
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The associated uncertainties were calculated, in a very pessimistic way, by the relation

DnT ¼
1

2

lnf½gð296Þ þ Dgð296Þ�=½gðTÞ � DgðTÞ�g � lnf½gð296Þ � Dgð296Þ�=½gðTÞ þ DgðTÞ�g
ln½296=T �

: (2)

The results are given in columns (d) and (e) of Table 3 and plotted in Fig. 3. They demonstrate the
consistency of the measurements and confirm that n can be negative. Finally, the present values of
n ¼ ðn980 þ n742Þ=2 are compared with previous determinations [4,14] in significantly narrower
temperature ranges (typically 240–296K) in Fig. 4, showing that the present measurements agree
with previous ones within experimental uncertainties.
N
U4. Comparisons with calculations and discussion

4.1. Half-widths

N2-broadening parameters have been calculated, for the mean relative thermal velocity �vðTÞ
only, using the model and data presented in Ref. [2]. These values, converted to air broadening



TED P
ROOF

1

3

5

7

9

11

13

15

17

19

21

23

25

27

29

31

33

35

37

39

41

43

ARTICLE IN PRESS

JQSRT : 2203

0 5 10 15

-0.4

-0.2

0.0

0.2

0.4

0.6

0.8

1.0

n
T

ImI

Fig. 3. Temperature exponents versus jmj obtained from � 297/742K and � 297/980K (see text).
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(divided by 1.09) are compared with experimental determinations in Fig. 5. This shows that the
model does predict a strong decrease of widths with jmj but, as already noticed [2], the
calculations increasingly overestimate the widths as jmj increases. There are a number of possible
and cumulative explanations for these discrepancies, which are discussed hereafter.

4.1.1. Effects of the potential
The first reason may be the intermolecular potential at short distances used. In order to check

this possibility, we have varied the atom–atom parameters of the H2O–N2 interaction in order to
improve the results at 296K. The results, plotted in Fig. 6, show that accurate predictions can be
obtained at room temperature but that the broadenings at elevated temperature are still
overestimated (although slightly less than in Fig. 5).

4.1.2. Velocity dependence
Another explanation can be found in the use, for the calculations, of the mean relative thermal

velocity only. Indeed, the negative temperature exponents observed (and calculated) indicate that
the broadening cross sections sðvÞ strongly depend on v [n ¼ �0:3 corresponds roughly to
sðvÞ / v3=2]. In such cases of a strong dependence on the relative velocity, the widths predicted
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from the mean velocity, i.e.

g½�vðTÞ� � �vðTÞ � s½�vðTÞ�; (3)

can be very different from the velocity averaged value:

�gðTÞ �
Z þ1
0

v� sðvÞ � fMBðv;TÞdv; (4)

where fMB is the Boltzmann distribution.2Comparisons between calculated values of these two
widths are plotted in Fig. 7 showing that the velocity averaging mostly affects the broadenings of
narrow lines at low temperature. This can be understood looking at the typical results in Fig. 8,
which are qualitatively similar to what is predicted by both semi-classical and close-coupling
calculations for other light molecules such as HF [21,22] and HCl [23]. This figure shows that, for
low J lines, which mostly involve small rotational energy transfers, gðvÞ nicely verifies a v2=3

dependence. In this case, sðvÞ / v�1=3 andg½�vðTÞ� is slightly smaller than �gðTÞ:3For high J
transitions, the situation is very different since their broadening is due to rotational transfers
r0  r that involve large energy jumps jDEr0rj: In this case, collisions with small relative velocities
are very non-resonant and thus inefficient (recall that the resonance functions decrease quickly and
depend on quantities proportional to jDEr0rj=v [24,25]). Hence, for high J lines, starting from very
inefficient collisions—i.e. small values of sðvÞ—at low v; collisions become more and more efficient
2In fact, one can analytically show from Eqs. (3) and (4) that �g ¼ gð�vÞ is sðvÞ is independent of v or proportional to 1=v
but that, when sðvÞ is proportional to v or to v2 one has �g ¼ 3pgð�vÞ=8 � 1:1gð�vÞ or �g ¼ pgð�vÞ=2 � 1:6gð�vÞ; respectively.

3For resonant collisions involving a single potential term in R�n; sðvÞ and gðvÞ are proportional to v�2=ðn�1Þ and

vðn�3Þ=ðn�1Þ; respectively. For a dipole–quadrupole interaction ðn ¼ 4Þ: sðvÞ is thus proportional to v�2=3: For sðvÞ
proportional to v�1=3; numerical calculations show that �g � 0:98gð�vÞ:
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as resonance is progressively overtaken [5] as jDEr0rj=v decreases with the increase of v: For the
161;16 150;15 transition at low temperatures, �gðTÞ results mostly from the strongly increasing
values of gðvÞ at low velocities—sðvÞ varies as � v2:5 for v between 500 and 1000m/s, see Fig. 8—,
and is thus significantly larger than g½�vðTÞ�:2 At elevated temperature, where the Boltzmann
distribution spreads towards higher velocities, �gðTÞ results mostly from the slowly increasing
values of gðvÞ at large v-values—sðvÞ varies as � v0:2 for v above 1500m/s, see Fig. 8—, and is thus
close to g½�vðTÞ�:
It is important to recall that, when the dependence of sðvÞ on v is strong, neither �gðTÞ nor g½�vðTÞ�

can be directly related with experimental values since the measured profile does not depend on
these quantities. Indeed, in this case, it is the spectral shape itself that has to be averaged (e.g.
[26–28] and references therein) over the distribution of the H2O absolute velocities vH2O with
collisional parameters that are averaged over the perturber absolute velocities vN2

: In the simple
case where Doppler effects, speed changing collisions, and correlations are negligible this leads to
a weighted sum (over vH2O) of Lorentzian profiles. The spectral shape can then be significantly
non-Lorentzian and the question ‘‘what calculated quantity is to be compared with measured
widths?’’ is crucial. Although there is no direct answer to this problem, the best way would
probably be to simulate the profile under the exact pressure–temperature experimental conditions
using calculated values of gðvÞ and then to fit it with the same procedure as that which is used to
treat the measured spectrum. This problem, which is out of the scope of the present paper, will be
the subject of a future work (see footnote 1).

4.1.3. Semi-classical model
A final possible explanation for the results obtained here may be found in the use of a semi-

classical model. Indeed, such an approach, which neglects exchanges between rotation and
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translation, is valid, strictly speaking, only when rotational energy jumps induced by collisions are
small when compared to the kinetic energy (i.e., � kT). Although the quantitative limit of validity
is unknown, calculations for high J lines may be affected by the use of a classical path approach.

4.2. Temperature dependence

As mentioned above, the question of what calculated quantity is to be compared with measured
values is a complex problem when velocity effects are strong (high J lines) since neither �gðTÞ nor
g½�vðTÞ� but some more complex average value should be used. Nevertheless, for comparison with
experiments, we have calculated the temperature exponents nT from calculated values of both
�gðTÞ and g½�vðTÞ� using Eq. (1). The averages n ¼ ðn742 þ n980Þ=2 are compared with the
corresponding experimental determinations in Fig. 9. This shows that the calculations do predict
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the strong decrease of n with J and the negative values for transitions involving high rotational
energy. Furthermore, although there is no theoretical justification for this as mentioned above,
quantitative satisfactory agreement is obtained between experiments and calculations when the
averaging of gðvÞ is made. It is worth noting that this result and those plotted in Figs. 5–7 suggest
that correct predictions of both gðTÞ and n could likely be obtained by adjusting the interaction
potential at short distances in calculations where the averaging over v is made.
U

5. Conclusion

The present work shows that the evolutions of H2O collisional-broadening parameters with
temperature show large variations from line to line. It also brings the experimental confirmation,
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Fig. 10. N2-broadening coefficients of three H2O n2 doublets obtained from calculations of � g½�vðTÞ�; � �gðTÞ:
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UNCOto our knowledge for the first time, that the widths of transitions involving large rotational
energies can increase with T. This result is due to the strong increase of the corresponding
broadening cross sections sðvÞ with the relative velocity v between the active molecule and the
collision partner. Theoretical calculations with a semi-classical model confirm the large range of
temperature exponents n that vary from typically þ0:8 down to �0:3 from low-to-high J

transitions. The analysis suggests that good agreement between experiments and predictions for
both gðTÞ and n could be obtained, provided that the average over the velocity distribution is
performed and that the interaction potential is adjusted. Nevertheless, the strong variations of
sðvÞ call for a refined study of the (inhomogeneous) effects of velocity averaging on the spectral
shape itself for an extended pressure range from the Doppler to the collisional regime.
Furthermore, experimental studies of doublet lines from low-to-high J for a refined temperature
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grid in a wide range of T would be of considerable interest. Indeed, the values in Fig. 8 indicate
that significant deviations from the temperature power law should be observed, as further
illustrated by Fig. 10. Experimental confirmation of this prediction is a study that deserves
attention.
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