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Abstract

The water vapor continuum absorption is studied spectral range covering most of
the pure rotational spectrum of water moleculeaup@0 cnit. The continuum absorption was
derived from the broad band water vapor spectrarded by Fourier transform spectrometer
equipped with the 151-m multipass gas cell at tHeES beam line of the SOLEIL
synchrotron. The coherent (10-35 tmand standard (40-500 cinradiation modes of the
synchrotron were used. In order to refine the ntagei and clarify the physical origin of the
continuum, spectra of the two major water isotogaks, H'°0 and H*?0, were considered.
Recordings at several water vapor pressures wesd ts check the expected quadratic
pressure dependence of the continuum.

The new data extend and supplement previous measuts filling, in particular, the
gap between 200 and 350 ¢mwhich was never studied before. The'® and H'?0
absorption continua in the range of 50-650"cahow similar frequency dependence and
magnitude. In particular, both continua exhibiti@ac water dimer spectral signature near 15
cm?, in good agreement with previousiaitio calculations. The present data confirm that the
MT-CKD empirical continuum model widely used in atspheric applications, overestimates
importantly the continuum magnitude in the wholeg® of the rotational band. The observed
irregular frequency dependence of the retrie@edalues is tentatively interpreted as due to
uncertainties on the resonance lines of the wataromer spectrum which is subtracted from
the recorded spectra. On the basis of spectra ailon$, the inadequate description of the
line shapes in the range of the intermediate w{dg&uning of 5-10 cf from line center) and
the uncertainties on the self-broadening coeffisiari water monomer lines are identified as
possible mechanisms responsible of the observeguiar fluctuations.



1. Introduction

The terahertz spectral region (in particular the6%0 cm' interval) offers great
potential for astronomy and atmospheric science. rElgion contains rotational transitions of
many minor and major constituents which are sigaifit for atmospheric chemistry and
planetary climate. This frequency range coversntlagor part of the pure rotational band of
the water molecule. Although being a minor constituc0.3% of the atmospheric mass),
water vapor is the dominant contributor to the eapih®ric absorption in this range. In
general, the present accuracy of water line pammmefcenter frequency, intensity and
broadening coefficients) presented in spectroscdpiabase Gordon201p fulfills most of
the requirements of modern remote sensing expetsmdn addition to rotational and
rovibrational absorption lines, water vapor exlshat continuum absorption which has been
measured in several infrared regions and in theawiave, but which has been poorly studied
in the far IR. Even though the continuum is seveyaders of magnitude weaker than
absorption at the center of absorption linesntsgrated contribution to the total atmospheric
absorption is significant and exceeds the contibbubf other greenhouse gases, such as CO
and CH. Thus, appropriate calculations of radiation beéganmodeling of global climate
changes and atmosphere remote sensing requirerdicapior the water vapor continuum.
This is confirmed by estimations based on the sampirical MT-CKD model of the water
vapor continuum [Mlawer, 2012; http://rtweb.aer.¢oomtinuum_frame.html], that is widely
used to take into account water vapor continuunadhative transfer codes.

Preliminary test-validation of the MT-CKD self-coamtum in the terahertz region
[Odintsova201) revealed a significant overestimation. The MT-CKiodel is regularly
adjusted to available experimental data. For itsathe latest version (V3.2) was adjusted in
the 4.0, 2.1, 1.6 and 1.25 pm windows on the hazfse&curate measurements by cavity ring
down spectroscopy (CRDS) [Campargue2016, Richar@20lechevallier2018]).
Nevertheless, these empirical adjustments do sorénsatisfactory extrapolation capabilities
to other spectral intervals or to different theryamic conditions. The still missing
development of a physically based model is prob#imymost appropriate approach. Indeed,
in spite a long historyghine, 201}, the nature of the water vapor continuum remaiosrly
understood. Detailed discussion of this problem foamd, for example, in our recent paper
[Serov201Yand references therein.

In this paper, we present new measurements of &terwapor continuum absorption in
the range covering most part of the pure rotatidv@add. Similarly to the work presented in
[Odintsova2017in the 15-35 ci and 40-200 cihintervals, the spectra were recorded at the
SOLEIL synchrotron facility using Fourier Transfoi@pectroscopy (FTS). Here the spectral
range is extended up to 500 ¢mnd a higher signal to noise is achieved allovdegreasing
error bars on the retrieved continuum. In additidre absorption continuum of the,fD
isotopologue is investigated for the first time ngsithe same experimental setup. Such
isotopic substitution may give key insights on piysical nature of the water continuum.

2. Experiment

The experimental approach is mostly identical &t thised in Qdintsova201]/ Briefly,
water vapor absorption spectra were recorded atAthé&S beamline of the SOLEIL
synchrotron using the coherent (15-35%rand standard (50-500 &inradiation modes and
the high resolution Fourier-transform spectromdt@ruker IFS125-HR) equipped with a
multipass White type configuration cell. The toddlsorption pathlength was 151.75+1.5 m.
Spectra were recorded at room temperature 296(R)okmal water sample artfO enriched
water sample (97% enrichment from Euristotop) wesed. Detailed experimental conditions
of the recordings are presentedliable 1.



Table 1. Experimental conditions of the recordi(igsl.75 m path length).

Freq. Range, c* | P, mba | Resolution, cr’
H,"0
15-35 16.C0 0.0z 152(
11.02 10C
40-650 6.09¢ 0.0z 20C
5.495
4.999
4.00(
2.99¢
5.99: 0.00: 38C
H,"0
15-35 15.9¢ 0.0z 106(
13.1% 134(
40-65C 6.01¢ 0.0z 20C
5.450
5.000
4.50(
3.99¢
3.497
2.994
1.98¢
3.991 0.C02 20C
5.982

Numberof acquisitiors

The experiment provides transmitted light poweraoted with cell filled with water

vapor,l(V), or with the cell evacuateth(v). The experimental transmittancgy)/1,(v), can
. — ( )l - . - - -
be approximated bg " [ f.pWherea(v) is the total absorption coefficient afig, is the
apparatus function of the considered recordir@) is the sum of the contributions of the
monomer resonance linag., and of the continuumygn:
aV) =0 (V) + A (V) (1)

Considering the smooth frequency dependence ofdgh&énuum, the transmittance can
be expressed ag " xe ="' 0 f_ . The apparatus function includes the effect of the
finite spectral resolution and finite field of viewhich were modeled by a sinc and boxcar
function, respectively.

The resonance absorption coefficient was calculasetthe sum of lines with parameters
taken from the HITRAN database [Gordon2016], exdepta number of lines, for which
more accurate experimental data on collisional deoang and shifting parameters were

preferred [Golubiatnikov2005, Golubiatnikov2006, |@Ematnikov2008, Koshelev2007,
Koshelev2011a, Tretyakov2013]:

@)= S B1V), 2)

wherei is the line index and and &, (v) the corresponding line intensity and normalized lin
profile, respectively. For the line profile, we ddellowing expression:
R(v) Av Av
o) = c + c , 3)
=" e e
where, v is the line center frequency amd. is the collisional widthR(v) is the general
expression for the radiation term suggesteinigh1989:




_v tam{h” ) 4
R(v)—VOM, (4)

wherek is the Boltzmann constant afidhe temperature.

Formulae (3) reduces at low frequencies to the Vitk-Weisskopf (VVW) line
shape, which is usually preferred in the mm-submawesmange, and at high frequencies, to
the Lorentz profile which is generally adopted e infrared. The range under consideration
is an intermediate range where specific frequeregyeddence oR(v) should be taken into
account. The standard far-wing cut-off at 25”cfrom the line centerGlough1989 was
applied, the [-25, +25 cij “plinth” being excluded and thus contributingttee continuum.

In the case of the spectra recorded with higf@ enriched water vapor, the isotopic
composition of the sample was determined from #momded spectra using a number of
unsaturated absorption lines. The following valuesre derived: K%0: 94.12%; H'°O:
2.27%; H''0: 0.85%; HB®0: 0.41% and HBPO: 0.011%. The decrease of thg'¥® relative
concentration from the stated value of the purdhasemple (97 %) is due to the isotopic
exchange between gas phase water molecules andilnaater molecules adsorbed on the
cell walls and in the admission tubes.

The self-continuum cross-sectid®sin cn? moleculé' atm®, was determined as

=t ©)

3. Coherent Synchrotron Mode (15-35tm
3.1 Cross-section retrieval
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Fig.1.

Synchrotron power transmitted through the emptl/(cedl), cell filled with water (blue) and simulati

corresponding to the resonance absorption onlye(greThe spectra were recorded with a 0.02 cm
resolution



The coherent mode of the synchrotron radiationnallaccessing the 15-35 ¢mange Fig. 1
presents a typical example of transmission speetrarded with the cell filled with natural
water vapor and with the empty cell (backgroundcspen). The water monomer spectrum
simulation included in the figure was obtained las product of the background spectrum
with the transmittance factor calculated as desdriBboveFig. 1 shows that the difference
between the recorded spectrum and the simulatinisives below 15 cthand above 35 cih
indicating that the continuum measurements ar@ossible in those regions.

£l

cm

Absorption coeflicient, 10°

%5 20 2% 30 35

€ (v, T), 10 em™moleciatm

15 20 25 30 35
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Fig.2.
Upper pand: FTS water vapor absorption spectrum recorde®@tk’and 16 mbar in natural isotopic
abundance (blue), calculated water resonance gmmoigpectrum using the HITRAN2016 database

[Gordon2016] (green).

Lower panel: Water vapor self-continuum cross-sections deriveithis work from the 16 mbar (blue)
and 11 mbar (red) recordings and comparison tovdiges derived in [Odintsova2017] from a
spectrum recorded at 15.3 mbar from (grey). Missialges correspond to spectral intervals obscured
by strong water lines (optical depth larger thes).1.

The baseline stability of the spectra is a keyedon for continua retrieval. In the
present recordings, the FTS stability was testechfa detailed analysis of several spectra
recorded with the cell evacuated (baseline) ant tie cell filled with 16 mbar of natural
water vapor (sample spectrum). The background araderwspectra were recorded
successively four times each without any changehi spectrometer regime and data
acquisition scheme. The very good coincidence @fséries of recordings (down to the noise
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level) confirmed the long-term stability of the expnent. The average of these four spectra
was used for further continuum analysis.

The coincidence of the cross-section values derifrech recordings at different
pressures is another way to check both the basetimeility and the quadratic pressure
dependence of the self-continuum which is a key déshe quality of the obtained results.
Due to the limited beam time granted for these mmegsents, in addition to the 16 mbar
recordings, FTS spectra could be recorded at desadylitional pressure (about 11 mbar and
13 mbar for natural water and,¥0, respectively, roughly corresponding to a twoesm
smaller continuum compared to 16 mbar). One hundredspectra were co-added for natural
water at this pressure, which resulted in a somevwdveer SNR compared to the 16 mbar
recordings (1520 raw spectra in total). Howevee @3 values derived at 11 mbar and 16
mbar are found in very good coincidence as illustian. Fig. 2. A similar agreement is
achieved for the two sets of data acquired¥erenriched water sampl€ig. 3, lower panel)
confirming the square pressure dependence of tlasumed continua.

A1

Absorplion coefficient, 10° cm

and S

C v 10" cm*/moleciatm

004 :

15 20 25 30 35
Wavenumber, cm’”’

Fig.3.

Upper panel: FTS absorption spectrum o610 (94.1% enrichment) recorded at 296 K and 16 mbar
(blue), corresponding water resonance absorpticctegm simulated using the HITRAN2016
database [Gordon2016] (green).

Lower panel: Water vapor self-continuum cross-section ¢f@8 derived from the 16 mbar (blue) and
13 mbar (red) recordings.



3.2 Comparison to literature data. Discussion.

Previous experimental studies of the water vapdf-ceamtinuum below 50 ci
[Koshelev2011lb, Kuhn2002, Slocum2015, Burchl98®lintsova201y7 Podobedov2008,
Koshelev201Bare reviewed irlable 2 which provides, for each of them, the experimental
technique, spectral range and temperature conditidm overview comparison of the
literature results to the present measurementseisepted inFig. 4. In order to take into
account the frequency dependence correspondingeteatliation term, the spectral function,
C«W)/V* (also known as spectral density, spectral profifgectral shape, [Frommhold2006,
Hartmann2008]), is plotted. All the data corresptm@96 K. Continuum measurements for a
number of temperatures (293, 313, 333 K) were padd in Podobedov20(8 These data
were recalculated to 296 K using the temperatupeesnt determined irPpdobedov20(8

The spectral function of the water dimer,{¥#),, included inFig. 4, was calculated
from theab initio absorption spectrum presented in Fig. 8 fr@mrjpano200]l Indeed, water
vapor continuum in the 15-35 €hrange is of particular interest since spectrahaigre of
bound water dimer has been predicted in this relgjoab initio [Scribano200)and classical
[Vigasin1983, Viktoroval970calculations. Rotationally resolved water dim@estrum at
close to atmospheric conditions was recorded aranbiguously identified in the 3.5-8.5
cmt range [Tretyakov2012, Serov2014pshelev201B Sequence of observed rotational
peaks consists from a large number of overlappess |E-type transitions) corresponding to
the end over end rotation of water dimer [Odint&dzl]. Peaks are observed separated by
the dimer rotational constantB2~ 12.32 GHz # 0.4 cni') [Fraserl98P At room
temperature, the sequence is supposed to reachad braximum located around 20 tm
This maximum is predicted to be superposed to adrabsorption pedestal smoothly
increasing with frequency, due to the overlappifdirees of A- and B-type transitions of
bound water dimer (see e.g. Fig. 1 Ofdjntsova201}. In real water vapor similar smooth
pedestal from quasibound states is expected. Serclatobn of the water vapor continuum
frequency dependence from a quadratic function detgul in earlier studies in mm
[Koshelev2011p and far IR Podobedov20(8ranges) was tentatively evidenced in our
preliminary work Pdintsova201]; This conclusion relying on a single pressureorded at
15.3 mbar (see Fig. 2 of RefOflintsova201]j is fully confirmed by the present results. In
Fig. 4, the broad absorption maximum due to the dimeatimial absorption near 20 &nis
transformed into a characteristic sharp slope efdpectral function. Our experimental data
are found in very good agreement with the wateredipredictions in the 15-35 ¢hregion.
This confirms the dominant contribution of the wadémer absorption to the continuum in
this region. Note the very good agreement withrditere data, especially with quite reliable
data recently reported by Slocunsigcum201p near 50 crt and unpublished results
obtained by Bohlander within 14 microwindows ofnisparency in the range of 14-50tm
presented by BurctBurch198%.

Let us underline that the water dimer contributisrdominating up to about 25 &m
only. This is mostly due to the intense rotatiospéctrum of the dimer with a maximum
around 15 cm. In the range of maximum of the monomer rotatispectrum, the predicted
dimer spectrum is mostly due to four low-lying famdental vibrational bands (at about 88,
103, 108 and 143 cf) and their multiple overtones and combination Isaradl populated at
room temperature. The resulting calculated spectsusimilar to the observed continuum
[Scribano200[ However, the relative importance of dimers dases at higher
wavenumbers. For example, in the 100-200'e¢ange, dimers are responsible for only about
one half of the observed continuu@dintsova2017, Serov20jLand far wings of monomer
lines come into the play. In the millimeter-wavenga (below about 10 cf), far wings
contribution to the spectral function is almost ligigle because the monomer spectrum
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maximum is located at about 150 ¢nfiar above the dimer rotational spectrum maximAs.
detailed below, this is not the case in the 50-660" interval studied with the standard
synchrotron mode.

Table 2. Experimental conditions and techniques of previcontinuum measurements.

Reference Technique T Spectral interval, cth
Burch1982 Interferometer 296 14-50 and 350-80(
Kuhn2002 Resonator spectrometer 296-8561-11.7
Podobedov2008 FTS 293-3820-90
Koshelev2011b Resonator spectrometer 2611328-4.8

Slocum2015 Video-spectrometer 296 50

Odintsova201 FTS 297 14-35anc 4C-20C
Koshelev2018 Resonator spectrometer 296 3.5-8.5

This work FTS 297 15-35 and 50-500

The MT-CKD values ofS{1)/\/ plotted inFig. 4 are mostly frequency independent up
to 60 cm'. Although the MT-CKD average value is within trenge of the observations, the
frequency dependence is not reproduced. The MT-@Ripirical model is based on the
assumption that the continuum originates from fargs of the monomer lines. It is thus not
surprising that the MT-CKD predictions deviate fraie observations in the considered
spectral region where the dimer contribution dort@sa

10
o Present data
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Fig. 4.

Overview comparison of the experimental valueshaf hormalized self-continuum cross-section of
water vapor Cs(1)/V/, to the spectral function of water dimer at ro@mperature (brown solid line)
calculatedab initio [Scribano 200[7and the MT-CKD_ 3.2 model (dashed black line).



The lack of H®O dimer spectrum calculations and previous experaiedata on
H,*®0 continuum prevents similar comparison for out’8 data. The interaction potential of
two water molecules being independent of the isutmues, the K°0 and H?O self-
continua are expected to be close. This is confirtme the comparison presentedFig. 5.
The coincidence within the experimental noise comdi the above mentioned non-quadratic
frequency dependence of water vapor continuum ig1gpectral range. In principle a small
isotopic shift to lower energy is expected for theavier H'®0 dimer. The end-over-end
rotation spectrum of (#?0), dimer can be roughly predicted shifted by abo@ dai'.
However, the SNR of our data is not sufficient tadence such small isotopic shift of the
continuum.

We have plotted irFig. 5, curves corresponding to a smoothing of the mealsur
normalized self-continuum cross-sections. The spoading values sampled with 0.5 tm
step are provided as Supplementary Material.

C.(v, V', 10°**cm*/molec/atm

s

15 20 25 30 35
Wavenumber, cm”

Fig. 5.

Comparison of bt°0 and H™®O normalized self-continuum cross-sectio@s(1)//~. Blue and red
symbols correspond to,HO and H'®0, respectively (both obtained from water vapoording at 16
mbar). Light blue and magenta curves correspona moothing of the O and H?0 data,

respectively

4. Standar d synchrotron mode (50-500 cm™)

4.1 Cross-section retrieval

The standard mode of the SOLEIL synchrotron allo@drecording the K°0 and
H,*%0 spectra in the 50-500 ¢hmange. The overview of the FTS spectrum of natweskr is
presented ifFig. 6 together with the background spectrum recordet Wi¢ cell evacuated.
Note the noisy appearance of the background specifiais quite regular spectral structure
due to multiple interferences of radiation insile spectrometer elements is very stable (see
insert inFig. 6) and thus strongly reduced when divided by thectsps recorded with the
water sample.

Two values of spectral resolution were chosentierrecordings (se€able 1). A first
series consists of spectra recorded at intermediaselution (0.02 cih ~30 minutes
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acquisition time) with different water vapor press of natural and®0 enriched water,
between 2 and 6 mbar. This set of measurementsedi@ontrolling the quadratic pressure
dependence of the continuum. The second seriesistonsf H'°0 and H2O spectra
recorded with the maximum resolution (0.002§rat about 3 and 6 mbar. These spectra
allow investigating in detail the shape of continuabsorption, that is necessary for further
analysis of its physical nature.

—— Natural water, 6 mbar
—— Empty cell

Intensity, a.u.

1
Wavenumber, cm

Fig. 6.
Transmission spectrum of natural water (blue) gtressure of 6 mbar and corresponding
background spectrum recorded with the empty cetl)(r

The high intensity of the monomer transitions ame tnsufficient accuracy of
individual line parameters (in particular for,’#D) prevented the global retrieval of the
continuum by difference between the measured spacand the simulation of the monomer
spectrum (Eq. 3). So, unlike to the 15-35"crange, the continuum was determined only at
about one hundred frequency points correspondingnioro-windows of transparency
between resonance lines. At the chosen spectrnalgpdhe monomer contribution (up to 50%
of the total measured absorption) was simulatedhenbasis of the HITRAN database and
subtracted.

As illustrated inFig. 7 for a few of the chosen spectral points, a verydgqoadratic
pressure dependence of the resulting absorptiatincom is achieved. Self-continuum cross-
sections and their statistical uncertainty wereiveer from a linear fit of the continuum
absorption coefficienversus pressure squared (Eq. 6). The derived values §610H(118
points) and H?0 (127 points) are provided as Supplementary Maltarid plotted irFig. 8.
This data treatment was applied to the spectrardedoat resolution of 0.02 ¢hfor which
about six pressure conditions were at disposal. ddtinuum cross-sections were also
derived from the spectrum recorded at the highestlution at a single pressure of 6 mbar
and 4 mbar for #°0 and H*®0, respectively. The narrower instrumental functisiowed
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accounting better for the monomer contribution #mas enlarging the number of spectral
points (about 6000). Th€s values obtained from the high resolution specteaiacluded in
Fig. 8. They show an excellent agreement with the valdesved from the pressure
dependence analysis providing a mutual validatiothe two approaches, in particular of the
approximations concerning treatment of the apparamction (see above).

16
H,'°0
31 114.16 cm 3[191.0 em® 22603 cm!
— 2 2
P 1
£
3 !
20 0 0
g 0 20 20 0 20 40 0 20 40
>
2 Pressure?, mbar?
c H,’%0
(&]
g 3 " ' 3 " ' 2 j ‘
= 112.84 cm'! 190.8 cm! 253.19 cm!
ot ] i
fan 2t 2 4 1
o] .
@ : 1l
_Q L
< 1 : |
0oLt , . oL . . ‘ 0 . ‘ ‘
0 20 40 0 20 40 0 20 40

Pressure?, mbar?

Fig. 7.

Continuum absorption coefficient of,1%0, (upper row) and #°O (lower row)versus
pressure squared in three selected micro-windowor Bbars correspond to one standard
deviation of the noisy signal from its mean valuhim current micro-window.
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Self-continuum cross-sections of*fO (upper panel) and O (lower panel) retrieved from
high resolution water vapor spectra at 4 mbar (gmyares). The red circles correspond to values
derived from the analysis of the quadratic pressigggendence of the absorption in micro-windows
selected in lower resolution recordings. Error lmmyespond to one standard deviation of the noisy
signal from its mean value within current micro-ddnv.

4.2. Comparison to literature data. Discussion.

An overview of the literature data is presentedrig. 9 for natural water (see also
Table 2). The new H'“0O Cs values agree with our previous FTS measuremantteli to the
40-200 cr range Pdintsova201]l The overall agreement with Burch above 350'cm
[Burch198% is satisfactory although Burch’s values are systecally larger than ours. The
present measurements fill the 200-350"cgap where the water vapor continuum was not
measured before. The data confirm that the widelgduMT-CKD model llawer2013
overestimates the continuum amplitude by a pergenetween 30% and 100 % in the range
of the rotational band of 4.
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Fig. 9.
Comparison of the water vapor self-continuum detiue this work to previous experimental

studies Burch1982, Furashov1996, Odintsova2017, Podobed®;28locum201%,and to the MT-
CKD_3.2 model [Mlawer2013.

As expected the 0 and H'0O absorption continua are very similar in shape and
magnitude Fig. 8). We would like to point out and discuss the nometh frequency
dependence of the ;80 and H'@0 continua, which manifests itself as significant
fluctuations ofCs values between nearby micro-windows. These fluiina are reproducible
and significantly larger than the experimental aolset us recall that the continuum involves
contributions from monomolecular and bimolecularsaptions Ferov201l}. In our
experimental conditions, the contribution of freeletular pairs is negligible/igasin199].

So only bound and quasibound water dimers congibbatthe bimolecular absorption and
their contributions have a similar amplitude [Odnta2017, Serov201}. Regarding
frequency irregularity of the dimer spectrum in oxggion the reader is referred to
[Scribano200J/for results of quantum chemical calculations. &ttat in Fcribano200]] the
pressure broadening parameter value (0.12)arsed for computing the dimer spectrum was
overestimated by about one order of magnitugkergv201 Even though, one may see on
Fig. 8 of [Scribano200] that, within the 100-200 cthrange, the dimer absorption shows
some sharp irregular features with amplitude represg up to 10% of the unresolved
broadband absorption. In our case, the bound daorption should be superimposed on the
contribution of the quasibound dimer which is breraed by metastable states lifetime. This
should somewhat broaden the sharp structures in tthtal bimolecular spectrum.
Nevertheless, taking into account the small wad@ov pressure in our experiment, we cannot
completely exclude the bimolecular absorption aswce of the observed irregular frequency
dependence of the retriev€d values.

The subtraction of the resonance lines may alsordsponsible of the observed
dispersion of th€s values. Two mechanisms may contrib(ithe uncertainty of line shape
parameters taken from the HITRAN database (moktyintensity and the self-broadening
parameter) andii) inadequate resonance line shape modeling of tikemediate wings (at
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about 5-10 cm from the line center). In the following, we anaythe potential impact of
both mechanisms.

In our region, the HITRAN database provides resomatine intensities with
uncertainty ranging from 1 to 20%. However, it iglieved that these error bars are
conservative estimates and that the real unceytardabout 1% Conway2018, Birk201]7 at
least for the most intense lines. Such error barse e marginal impact on the resonance
absorption simulation and thus can hardly expldia btbserved non-smooth frequency
dependence. On the contrary, the HITRAN uncertanfitihe self-broadening parameter can
be large (20%), even for some of the most inteim&s | Possible impact of this uncertainty on
the retrieved continuum was estimated from thefaithg procedure:

(i) self-broadening parameter of all water lines wedependently and randomly varied
within the HITRAN uncertainty range and 80 setduadadenings were generated for our line
list;

(i) water vapor absorption was simulated as the sunthefcontinuum and the
resonance absorption, the first one was modeleal smooth curve, that roughly reproduce
our experimental data (blue curvehig. 10), and the second one was modeled as a line by
line sum using their parameters from HITRAN databasxcept for self-broadening
parameters for which values as describe@)iwere used;

(iii) the continuum spectra were determined by subtmnactf the resonance absorption
modeled using unperturbed HITRAN values from wai@por absorption data simulated at
previous steii);

(iv) maximum and minimum values of the continuum oladifrom the 80 statistically
spread data at each selected absorption micro-windequency were found. They are
presented irFig. 10 (black curves) together with experimental data ecles). This figure
demonstrates that the line width uncertainty mayl I fluctuations from a smooth function
with an amplitude comparable to the observatioe 3elf-broadening coefficient of water
lines is thus an important source in the error leadyCs values.
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Fig. 10.

Estimated influence of the uncertainty of self-lole@ing parameters listed in HITRAN to the
retrieved self-continuum cross sections (black esyyexperimental values (red circles). The blue
curve corresponds to a smoothing of the experirhgataes.
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The impact of inadequate resonance line shape imgdgk. important deviations from
the assumed line shape function), at large detuinorg the line center was also considered.
The total observed continuum absorption was apprated by a smooth function as before
and a simple model was used to account for suped- sub-Lorentzian effects in the
intermediate wingsJerov201Y. It is worth mentioning that practically the sarapproach
was used inTran201T. The model includes two variable parameters:itiermediate wing
amplitude, A, and the characteristic width of the windyuing. In [Serov201}, the best
modeling of the continuum spectrum in the 40-200"aange was achieved by setting the
parameteriv,ing to 11 cni, the value of the\ parameter was determined from the fit of the
continuum model to experimental data. T@e values at the selected spectral points,
calculated following this approach are plotted Rig. 11. A negative correlation exists
between theA andAv,ing parameters of the model: similar fit quality cam dibtained by a
simultaneous increase diying and decrease & andvice versa. As expected, largefvying
values lead to a smooth cumulative contributiorihef wings fvwing) and smaller values of
Awing €ntail irregular sharper structure similar to #n@bserved in our experiment. This is
illustrated inFig. 11 by two simulations corresponding #ing €qual to 88 and 5.5 ¢
Note that the smallefv,ing value is more reasonable taking into account teamcollision
duration between two water molecules evaluatedSiarqv201}. We thus conclude that
uncertainties of intermediate and far line wingstlué water resonance lines can also be a
reason of the non-smooth frequency dependencetef wapor continuum.
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Fig.11.

Continuum model based on the line shape approa¢Bevbv201Y for different values of the
Awying parameter and comparison to experimental continfrachcircles).
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5. Conclusions

The self-continuum absorption of water vapor foe ttvo main isotopologues 0
and H'®0) was investigated at the SOLEIL synchrotron io frequency domains: 15-35 ¢m
! and 50-500 cih These spectral intervals are attractive for ustaeding the continuum
origin by comparison to the unique quantum chemiatulations of the water dimer
spectrum [Scribano2007]. To the best of our knog#edhe retrieved continua are the first
ever reported for the £fO isotopologue and for natural water in the 200-850 interval.
The pressure squared dependence of the measurgdueowas systematically checked and
used as criterion to validate the reported crostesevalues.

The H'°0 continuum in the 15-35 chrrange together with literature results in the 3-50
cm?t range PBurch1982 Furashov1985,Kuhn2002, Podobedov2008, Koshelev2011b,
Slocum2015, Odintsova20,LlKoshelev201B agree withab initio calculations of the water
dimer spectrum$cribano 200]¢ This agreement confirms the dominant contributd water
dimer absorption to the observed continuum in dwmain. The SNR of the spectra and the
absence ofab initio calculations of (H'°0), spectrum prevented to evidence the small
isotopic red-shift of the J20 continuum. The MT-CKD model does not account tfoe
frequency dependence water self-continuum in tmge.

The large 50-500 cth coverage of our spectra allows for comparison &oious
previous experimental investigations with more fadi spectral coverageB(irch1982,
Furashov1996, Podobedov2008, Slocum2015, Odint&dvh2An overall general agreement
is achieved for natural water while the MT-CKD mbdé/llawer2013 significantly
overestimates the continuum in this region. On Hasis of spectra simulations, the
inadequate description of the line shapes in thgeaf the intermediate wings (detuning of
5-10 cm' from line center) and the uncertainties on thé&lseladening coefficients of water
monomer lines are identified as possible mechanissgonsible of the obtained irregular
frequency dependence of the retrie¥&gvalues. The development of a more rigorous model
of the intermediate line wings of water vapor appea be a critical step to improve the
analysis. In this context, the investigation of ibetopic dependence of the continuum in the
rotational range may give insights to test the Gbuation of intermediate wings of resonance
lines.
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