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ABSTRACT

Tl}g integrated intensities, self- and air-broadening coefficients of thirteen transitions of
H, O in the 11980-12260cm~! region, belonging to the 2v;+v,+vs band, were
measured. Using a tunable diode laser system, spectra were recorded at room
temperature for a wide range of pressure (2-15 Torr for pure H,O and 50-760 Torr
for H,O in air). Line parameters were adjusted from experiments using three line-shape
models: the Voigt profile (VP), the (hard collision) Rautian profile (RP) and the speed
dependent Voigt profile (SDVP). The results show that the RP and SDVP are in better
agreement with measurements than the VP and that they lead to larger values of the
line parameters (about 5% for the line broadening, and 0.8% for the line intensity).
Comparisons of the present results with HITRAN 2008 [Rothman et al., JQSRT 2009,
110:533-72] show that the HITRAN intensities of the studied lines are overestimated by
about 9.4%, suggesting a more complete study of the H,O line parameters in the
considered region. The Dicke narrowing and speed dependence parameters deduced
from this work are also presented and discussed, demonstrating the need for a more

refined line-shape model.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Water vapor being a key molecule in the Earth atmo-
sphere because of its active role in meteorology and climate,
its distribution has been, for years, the target of several
remote sensing experiments. The latter provide recordings
of atmospheric absorption or/and emission spectra whose
“inversion” yields the atmospheric humidity vertical profile.
For such applications, a precise knowledge of the spectro-
scopic parameters (including those defining the spectral
shape) of the relevant H,O lines is obviously needed. These
needs, associated with fundamental theoretical interest in
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the properties of the molecule and of its interaction with
radiation including the effects of pressure, have motivated
many spectroscopic studies. In these works, individual line
parameters (e.g. position, integrated intensity, broadening
coefficient, etc) are deduced from laboratory spectra assum-
ing a specific line-shape.

For this, the Voigt profile is used in most of the available
studies. Within this model, two collisional parameters are
used, i.e. the Lorentz broadening and shifting coefficients,
the Doppler width being generally fixed to its theoretical
value. As is well known, (Refs. [1-3] and those therein), the
Voigt model can lead to discrepancies with respect to
measured spectra since it does not take into account two
velocity effects: (a) the collision-induced velocity changes,
leading to the so-called Dicke narrowing, (b) the speed
dependence of the pressure-induced width and shift. Using
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more refined models taking into account such effects,
several studies showed that the line broadening determined
by the Voigt profile can be significantly underestimated, up
to 10% [1,3-10], while the error is smaller for the integrated
intensity, from 0.3 up to 2% [9,11]. Most of the studies,
which go beyond the Voigt profile only take into account
either the Dicke narrowing effect or the speed dependence
of the collisional parameters while very few [1-3,7] take
both into account.

The Dicke effect is usually modeled using the Galatry
(soft collisions [12]) [1,3,5,6,9,11,13,14] or Rautian profile
(hard collisions, [15]) [1,4-7,14,16], where the velocity
changes are characterized by an empirical parameter
called the velocity changing collisions frequency. For the
speed dependence of the collisional parameters, a quad-
ratic dependence on the absolute speed [10,17] or a
power law dependence on the relative speed [1,3,5-7]
have been used. For each approach, additional empirical
parameters are then added, which describe the speed
dependence of the line broadening (and shifting). Using
very high quality measurements, some authors showed
that one needs to take into account both of these effects
for a correct fit of the experiments [1,3,7].

In this work, we have investigated 13 transitions of
H,0 around 820 nm using a tunable diode-laser system.
Note that the previous experimental determinations of
the parameters of these transitions are all based on the
Voigt profile, most of these works having used FTS
spectra. In the present study, spectra have been recorded
at room temperature for a wide range of pressure
(2-15 Torr for pure H,0 and 50-760 Torr for H,O in air).
The spectral parameters (integrated intensities, self- and
air-broadening coefficients) have been determined from
fits of the recorded spectra using three line-shape models:
the Voigt profile (VP), the (hard collision) Rautian profile
(RP), and the speed dependent Voigt profile (SDVP).

This paper is organized as follows: Section 2 describes
the experimental set-up, the measurement procedure and
the line-shape models used. The results are presented and
discussed in Section 3. Conclusions and future studies are
in the subjects of Section 4.

2. Experimental set-up, measurement procedure and
line-shape models

The experimental set-up used in this work is described
in Ref. [18] where details can be found. Absorption
spectra of self- and air-broadened H,O were recorded at
room temperature using an external-cavity diode laser
(11300-12350 cm~'). The relative calibration of the
wavenumber scale was performed using a confocal
Fabry-Perot etalon with the procedure described in [18].
Particular care was taken to have baseline stability during
the scans, and to maximize the mode-hop free tuning
range up to about 1 cm~! for each investigated spectral
window. Moreover, after adjusting the grating of the
cavity to achieve a new wavenumber position, measure-
ments of the diode laser output were performed using a
compact grating spectrometer with a CCD-array detector
(Ocean Optics, HR2000+ with 0.3 nm spectral resolution)

to check that residual spontaneous emission of the exter-
nal-cavity diode laser is negligible.

A White-type absorption cell with a total optical path
of 40 m was used. The experiments were carried out as
follows: a spectrum was first recorded with the empty
cell, providing the 100% transmission reference. The cell
was then filled with H,O vapor, purified by several
distillations, at pressures from 2 to 15 Torr, and self-
broadened spectra were recorded. For air-broadened
spectra, the cell was first filled with pure H,0 (from 4 to
7 Torr) before ambient air was added up to total pressures
from 50 to 760 Torr. Partial pressures of H,O in the
mixtures were then calculated using the integrated inten-
sity determined from the pure H,O spectra. Pressures
were measured using two capacitive pressure transducers
with 10 and 1000 Torr full scale, with a stated accuracy of
+0.12%.

Three spectral shape models have been used: the
Voigt, the Rautian and the speed dependent Voigt models.
The corresponding absorption coefficients for a single line
are given by ([19] and references therein):
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where Py,o is the partial pressure of H,O and S is the
integrated intensity of the line. o9 and I'p are the
unperturbed spectral position of the transition and the
Doppler width. I', 4 and B are the collisional half-width
(HWHM), the pressure induced line-shift, and the narrow-
ing parameter. The complex probability function W is
given by:
. + 00 eitZ
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The function Z(t) and its derivative Z'(t) [dZ(t)/dt] in
Eq. (3) are given by:

N R
20 =~ a0+ co0)]
VW2,
Z@t) =1 Fz [ AL (Bt + il (DE)], (5)

where ¥ (7 =./2kgT/m) is the most probable speed,
Aoi(Wt) and .o (0t) being the speed dependent line
shifting and broadening parameters (v = 7't). In this work,
the line shift is omitted in the absence of a sufficiently
accurate absolute calibration of the wavenumber. In fact,
the wavemeter on the apparatus has an accuracy of only
0.01 cm~! while the Fabry-Perot provides the relative
wavenumbers with an accuracy of a few 10> cm~'. The
speed dependence of the line broadening is modeled
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using a quadratic function [20]:

Teo(v) =T +I5[(v/7)*-3/2], (6)

I' thus being the average (over velocity) collisional width
{T'c(v)). Note that at the pressures studied in this work
collisions are binary so that I, B and I'; should show
linear variations with pressure (I'=Px 7y, B=Px f§ and
I'y=P x 7).

3. Results and discussions

The measured spectra were least-squares fitted one-
by-one with the three approaches described above and
Doppler widths fixed to the theoretical values. The inte-
grated intensity, the effective line position, the line-shape
parameters (I, B, I';) together with two parameters
(straight line) describing the zero absorption level are
adjusted in the fits. As expected and exemplified by Fig. 1,
the VP leads to significant residuals characteristic of a line
narrowing, and the RP and SDVP are in better agreement
with measured spectra. This plot, and the corresponding
ones for the other studied lines, show that the fit residuals
obtained with the RP and SDVP are very similar and both
practically within the uncertainty and noise of the mea-
surement. At this step, our experiments thus do not
enable to discriminate between these two models, for-
bidding any reliable conclusion on the velocity processes
truly involved. On the opposite, De Vizia et al. [3] were
able to show that taking into account the speed depen-
dence effect leads to better agreement with experiment
than when the Dicke narrowing is included in the line-
shape. A likely explanation is the much higher quality of
their measurements (signal-to-noise ratio of 15000 while

ours is about 1000), which enables to unambiguously
point out the small (less than 0.1%, see Fig. 3 of [3]) fit
residuals obtained when only the Dicke narrowing is
taken into account. Such small residuals are within the
uncertainty of our measurements (cf Fig. 1). Finally, note
that a slight asymmetry of the lines can also be observed
in both panels of Fig. 1 (see the RP and SDVP residuals),
which is probably due to the speed dependence of the
pressure shift, neglected in this work. This asymmetry,
which was also observed in [1,7,21], confirms that speed
dependence effects do contribute to the observed line-
shapes.

3.1. Integrated intensities

For the integrated intensity, only the results from pure
H,0 spectra have been retained. The values obtained with
the three profiles are listed in Table 1 together with one
standard deviation in % (from the linear fits vs pressure).
As can be seen from this table and Fig. 2a, the RP and the
SDVP lead to very close values, both slightly larger (by
typically 0.8%) than those determined with the VP. This
result is fully consistent with those obtained in other
spectral regions in Refs. [9,11].

Some of the thirteen transitions studied in this work
were also measured in [18] and analyzed using the VP.
However, an error in the spectra analysis procedure in
that work has been detected, as explained in [22]. While
comparisons between Table 1 and [18] thus cannot be
made, a recent reanalysis [22] of the spectra of [18] leads
to intensities very close ( < 1%) to those in Table 1.

Using our data as reference, comparisons of the line
intensities obtained in this work with those from other
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Fig. 1. Room temperature measured absorptions of the 707 — 606 (11988.4939 cm~ ') and 717 — 616 (11988.7257 cm ') transitions of pure water vapor
(left) and of H,O in air (right) at different pressures. The three lowest panels show the differences between measured absorptions and those adjusted

using the VP, RP and SDVP.
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Line intensities and self- and air-broadenings obtained using the VP, the RP and the SDVP for 13 considered transitions of H,O. In parenthesis is one
standard deviation in %. The line positions are taken from HITRAN 2008. All lines are belonging to the 2v;+v,+v3 band.

vo(em™1)  JKJ/K! J'K/K! S (1072 cm~! mol~' cm?) (19) Pser (cm ™' atm 1) (16) Yair (em~ 1 atm~1) (1)
VP RP SDVP VP RP SDVP VP RP SDVP
119884939 606 707  1.0626(0.5) 1.0736(0.5) 1.0764(0.6) 0.369(1.3) 0.398(1.8) 0.408(2.3) 0.06811(0.2) 0.06961(0.9) 0.06990(1.2)
119887257 616 717  0.3422(0.5) 0.3466(0.6) 0.3475(0.7) 0.314(1.8) 0.339(2.9) 0.344(3.8) 0.06541(0.5) 0.06738(1.2) 0.06759(1.6)
122261012 404 303  4.8473(0.5) 4.8586(0.5) 4.8607(0.5) 0.526(0.9) 0.534(1.1) 0.536(1.2) 0.09313(0.3) 0.09460(0.4) 0.09499(0.6)
122365601 515 414  4.0128(04) 4.0312(0.4) 4.0361(0.4) 0.475(1.3) 0.490(1.3) 0.495(1.2) 0.08497(0.2) 0.08782(0.6) 0.08907(0.5)
122447186 413 312  3.5084(0.4) 3.5306(0.3) 3.5515(0.4) 0.467(0.6) 0.483(0.6) 0.492(1.0) 0.08991(1.1) 0.09540(0.3) 0.09694(0.3)
12244.7881 431 330 1.0197(0.3) 1.0226(0.3) 1.0256(0.5) 0.392(1.8) 0.410(2.0) 0.426(3.8) 0.06936(0.6) 0.07719(1.3) 0.07623(1.4)
122485787 616 515 0.9492(1.3) 0.9528(1.3) 0.9528(1.4) 0.362(1.6) 0.374(2.3) 0.375(2.7) 0.07026(0.7) 0.07052(1.6) 0.07051(1.9)
122493895 606 505  2.6468(0.3) 2.6597(0.3) 2.6632(0.3) 0.429(1.2) 0.446(1.1) 0.452(1.1) 0.07630(0.6) 0.07921(0.3) 0.07987(0.6)
12259.4776 707 606  0.5645(0.1) 0.5698(0.1) 0.5709(0.1) 0.354(0.7) 0.380(0.6) 0.388(0.5) 0.06654(0.7) 0.07359(1.7) 0.07618(1.9)
122596033 717 616  1.6060(0.1) 1.6170(0.1) 1.6197(0.1) 0.358(0.5) 0.377(0.5) 0.383(0.6) 0.06270(0.5) 0.06446(0.7) 0.06462(1.4)
122689969 808 707  1.0111(0.3) 1.0210(0.2) 1.0234(0.2) 0.300(1.2) 0.325(1.3) 0.333(1.5) 0.05296(0.9) 0.05738(0.3) 0.05862(0.5)
12280.4387 634 533 0.2820(0.7) 0.2850(0.8) 0.2852(0.9) 0.389(2.5) 0.410(3.2) 0.411(3.9) 0.07538(2.0) 0.07513(3.9) 0.07480(4.6)
12280.6634 726 625 0.9262(0.3) 0.9343(0.3) 0.9359(0.3) 0.374(0.8) 0.397(1.0) 0.403(1.2) 0.07188(0.7) 0.07521(1.0) 0.07639(1.3)
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Fig. 2. (a) Ratios of the intensities of the 13 considered transitions obtained by the RP (()) and SDVP (W) to those obtained by the VP. (b) Ratios of the line

intensities from [24] (&

studies are shown in Fig. 2b, including those listed in the
latest version of HITRAN [23], which have been provided
by [24]. For the consistency of the comparisons, our VP
results were retained when comparing with results of
[24-26], while the RP results are compared with values of
[27-29] since the latter used the modified Voigt profile.
For all considered lines, our line intensities are smaller
than those reported in HITRAN [23,24] with an average
difference of 9.4%. Similarly, the data of [27] and [28] are
on average 8.2% and 17.2% larger than our results. On the
opposite, the values of [25], [26] and [29] are in good
agreement with our determinations with mean differ-
ences of 4.0, 3.8 and 1.7%, respectively. The differences
between these (consistent) four sets of data and those of
[24,27,28] remain unexplained.

), [25] (M), [26] (@) to our VP results and from [27] (W), [28] (@), [29] (<) to our RP results (see text).

3.2. Self-broadening coefficients

The self-broadening coefficients were determined
from fits of pure H,O spectra. Fig. 3a, which displays the
collisional line-widths of the 606 « 505 transition, shows
that they have the expected linear variation with the H,0
pressure. The corresponding broadening coefficients
(slopes) obtained with the VP, RP and SDVP are 0.429,
0.446 and 0.452 cm~!atm™!, respectively. The smaller
value obtained with the VP translates (see also Fig. 4a and
Table 1) the effect of the line narrowing observed in Fig. 1.
The final values obtained for all lines are summarized in
Table 1 and Fig. 4a.

The self-broadenings obtained in this work (using the
VP for the consistency of the comparison) have been
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Fig. 4. (a) Ratios of the self-broadening coefficients of the 13 considered transitions obtained using the SDVP (M) and the RP (()) to those obtained by
using the VP. (b) Ratios of y,. provided by [24] to the present result, both obtained using the VP.

compared with the data of [24] in which FTS spectra were 3.3. Air-broadening coefficients

used. A quite good agreement is obtained, as shown by

Fig. 4b. To the best of our knowledge this reference is the For spectra of H,O diluted in ambient air, the total
only one providing data to compare with ours since, as line-width of a transition is written as:

mentioned before, the values from [18] (retained in HITRAN

2008), are biased by an error in the analysis procedure [22]. I' = Pu,07serp +Pair air» %
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where Y and 74 are, respectively, the self- and air-
broadening coefficients, P, is the partial pressure of air.
In order to deduce ygy, the partial pressure Py,o in the
mixture for each spectrum was first determined from the
ratio of the integrated area under the measured spectrum
(obtained from fits) to the line intensity determined
above. A linear fit of (I’ *PHzo”/sezf) versus Py then gives
Vair- As exemplified in Fig. 3b, the values obtained vary
linearly with P, and the zero value intercept at zero
pressure demonstrates that the correction for self-broad-
ening is accurate. The slopes from Fig. 3b (0.0763, 0.0792
and 0.0799 cm~!atm~! obtained with the VP, RP and
SDVP, respectively) again demonstrate the consistency of
the RP and SDVP determinations and the underestimation
of the broadening by the VP (see also Fig. 5a). The values
of 74 for all 13 transitions are reported in Table 1.

The comparison of our air broadening parameters with
the result of [27,28] (only ones available for the studied
transitions) is shown in Fig. 5b. Since the latter used the
modified Voigt profile to fit the measured line-shape,
their results are compared with our values from the RP,
for the consistency. Good agreements are obtained with
both [27,28], as can be observed in Fig. 5b.

3.4. Narrowing and speed dependence parameters

The narrowing (B) and speed dependence (I';) para-
meters of the self-broadened 606+« 505 transition are
plotted vs pressure in Fig. 6, together with the correspond-
ing pressure-broadened widths I'. All show linear beha-
viors, the slopes of B and I', yielding the corresponding
coefficients f and y, of 0.0426 and 0.0243 cm~'atm™".
The values of  and 7y, for all 13 lines are listed in Table 2,
together with one standard deviation in percent. Note that
for some transitions, the scatter is large (more than 20%,
see Table 2), due to experimental uncertainties. Indeed, as

84 - [JRP
1 DVP el
7+ & 1-5 P
13 5B Py
. 64 51—2
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o |
» 4 o A
@ 4
= A
£
@ , _—
5 o a
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] / : A
0
0.000 0.004 0.008 0.012 0.016
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Fig. 6. Narrowing B and speed dependence I, parameters of the
606 «— 505 transition in function of Py, together with the corresponding
pressure broadened widths I'.

shown in Fig. 1, the line narrowing effect (shown by the
residuals of the VP) is relatively small (about 1%). As a
result, the  and y, parameters are obtained from “subtle”
line shape features of magnitude only typically ten times
larger than the measurement noise and uncertainty level.

Concerning the speed dependence, our mean values’
of y, for self- and air-broadening are, respectively, of
0.028 ( +0.006) and 0.011 ( +0.004) cm~! atm~!, which
correspond to 7 and 14% of the corresponding mean
broadenings yse and 74 determined by the SDVP. This

1 The mean values of y, and f were calculated from Table 1
retaining only values of uncertainty below 20%.
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Narrowing f# and speed dependence y, parameters of the 13 considered transitions. In parenthesis is one standard deviation in %.

Vo (cm™") JKJ/KS J'KdK” PBserr (cm ™ Jatm) (1) Bair (cm™/atm) (15) P2seir (cm ™' [atm) (15) Y2air (cm™'Jatm) (15)
11988.4939 606 707 0.0697(10) 0.0172(13) 0.0389(13) 0.0058(18)
11988.7257 616 717 0.0397(20) 0.0131(21) 0.0208(29) 0.0046(29)
12226.1012 404 303 0.0222(18) 0.0306(23) 0.0115(26) 0.0069(21)
12236.5601 515 414 0.0399(8) 0.1043(10) 0.0220(9) 0.0136(4)
12244.7186 413 312 0.0346(5) 0.0532(10) 0.0224(8) 0.0140(3)
12244.7881 431 330 0.0490(12) 0.0243(12) 0.0307(22) 0.0071(12)
12248.5787 616 515 0.0286(22) 0.0175(10) 0.0132(33) 0.0067(13)
12249.3895 606 505 0.0426(5) 0.0292(2) 0.0243(5) 0.0093(9)
12259.4776 707 606 0.0672(4) 0.0493(15) 0.0372(3) 0.0175(7)
12259.6033 717 616 0.0465(5) 0.0141(12) 0.0260(5) 0.0051(23)
12268.9969 808 707 0.0453(9) 0.0255(3) 0.0269(10) 0.0096(4)
12280.4387 634 533 0.0370(27) 0.0168(56) 0.0164(44) 0.0053(77)
12280.6634 726 625 0.0518(9) 0.0340(7) 0.0278(11) 0.0109(8)

is in satisfactory agreement with Schneider et al. [10],
who proposed a ratio y,/y of 15% for H,O in air. Note that
authors of Refs. [1,3,6] used a power law vs the relative
speed while we retained a quadratic law vs the absolute
speed. Nevertheless, a comparison between these two
approaches is possible, following Refs. [30,31]. Indeed,
using Eq. (11) of [31] the values given in [1,3,6] lead to
2]y of about 9 (pure H,0) and 12% (H,0 in N,), in good
agreement with our results. Now concerning the narrow-
ing parameter f3, it can be compared to the dynamic
friction coefficient f° deduced from the mass diffusion
coefficients, using:

kBT
ﬁ = 27TC1T1D12 (8)
where m is the H,O molecular mass, D, the mass diffusion
coefficients of self-colliding or of water vapor in air. For pure
H,0, from the measured value of D;;=0.17 cm?atms~!
determined by [32] at room temperature, we obtain
B°=0.0427 cm~'atm~! while the mean value of f in
Table 2 is of 0.046 ( +0.014)cm~ ! atm~". For H,0 in air,
our mean value of 8 is 0.037 (+0.027)cm ™! atm ™', yield-
ing a mass diffusion coefficient of 0.20 cm? atm s~!. This
last value is also in good agreement with the measured
value of 0.220 cm? atm s~ ! [33].

Note that one should be careful while doing such
comparisons due to the large scatter of the values of f§
and v, in Table 2. In fact, the parameters f and ), deduced
from our experiments depend on the considered line,
which is expected for y, but should not be the case for
p with respect to Egs. (2),(8). Similar to the present
results, using the RP model for H,O in N,, Claveau and
Lepére [5,6,14] found values of f ranging from 0.022 to
0.057 cm~!atm™~!, depending on the transition. Using
high signal-to-noise spectra of a single H,O line at
1.38 um and the Galatry profile, De Vizia et al. [3]
obtained f=0.139 cm~' atm~! for pure H,0. This scatter
of the Dicke narrowing parameter is likely an indication
that the observed profiles do not only result from velocity
changes and that the speed dependence of the broadening
also contributes. Considering the latter, the quadratic law
vs the absolute speed used in the present work [Eq. (6)] is
largely empirical and oversimplified, a statement that also
applies to the alternative power law vs the relative speed

used in [3], for instance. As demonstrated in Fig. 7 of
Ref. [34], the speed dependence determined by this
quadratic law is significantly different from that calcu-
lated using a semi-classical model [8,35]. The latter being
in very good agreement with measurements including the
temperature dependences of the broadening coefficient,
its predictions are reliable. The “experimental” speed
dependence thus seems questionable, a result further
explained by the neglect of velocity changes in the SDVP
profile used to fit the measurements.

These results indicate that the approaches used in this
work (as in others) are probably not fully appropriate to
model the line-shapes of H,O. In fact, both velocity
changes and speed dependence contribute and must be
simultaneously taken into account as demonstrated in
([2] and references therein). Considering velocity changes,
one must recall that the Rautian or Galatry profiles
correspond to hard and soft collisions, respectively. The
reality is likely in between these two extreme cases. For
the speed dependence, it is also likely that the empirical
models widely used (quadratic vs absolute speed or
power law vs relative speed) do not well represent the
true behavior. More refined approaches are thus needed.
A possible direction to solve this problem might be given
by the approach of Ref. [2] in which more sophisticated
descriptions, largely based on theoretical predictions, of
both velocity changes and speed dependences are used.
Such a detailed analysis of the line-shapes of H,0 transi-
tions is currently under study and will be presented in a
forthcoming paper.

4. Conclusions

Absorption spectra of 13 transitions of H,O near
820 nm have been accurately measured using a tunable
diode laser system. Three line-shape models (VP, SDVP,
RP) were used to retrieve the spectroscopic parameters
from spectra fits. The SDVP and RP lead to better fits of
experiments than the VP, which leads to systematic
residuals and biases in the retrieved line parameters.
The comparison of the present results with HITRAN [23]
shows that the line intensities in this database are over-
estimated by about 9.4%. Nevertheless, the significant
scatter of data from the various available studies calls
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for a new and more complete determination of the
intensities of the strong lines in this spectral region.
For the line-broadenings, good agreement is obtained
between the present results and previous measurements.
Although both the SDVP and RP are in good agreements
with experiments, the retrieved narrowing and the speed
dependence parameters show large scatters, which seem
to indicate that these models are oversimplified. More
realistic models are thus needed for which Refs. [2,36,37]
give paths that deserve to be further investigated.
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