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Abstract
New measurements of the water vapour continuunmenit6 um and 2.3 pm windows are
obtained at room temperature using highly stabld sensitive cavity ring down (CRD)
spectrometers.
In the 1.6 pm window, self-continuum cross-secti@is are derived for 30 selected spectral
points between 5700 and 6850 trusing pressure ramps (up to 15 Torr) of pure water
vapour. Purely quadratic pressure dependence igingot for each measurement point.
Compared to our previous dataset (Mondektiral, J. Geophys. Res. Atmos. (2014) 119,
2169-8996), the retrieved; values are more accurate and show a general agneefhe
spectral coverage is extended both on the high landfrequency edges of the 1.6 um
window. In addition, newCs values are derived in the 5120-5137 tinterval extending to
higher energy the coverage of the 2.3 pm windove fiteasurements near 5700 cand
5130 cnt are found lower than the MT_CKD values by a faatérabout 2 and 1.5,
respectively.
Foreign-continuum cross-sectiol;, are newly obtained in the 2.3 um window from CRDS
spectra of moist air in flow regime. Spectra wexeorded for different water vapour partial
pressures while maintaining the total pressureteonsn the high finesse CRDS cavity. After
subtraction of the monomer and self-continuum c¢buations, Ce values were derived from
the linear variation of the foreign-continuum almmn with the water vapour partial
pressureCr values determined at four spectral points betwe0 and 5000 crhare larger
by up a factor of five than the corresponding MT [C#alues. Considering these CRDS data
at room temperature and literature values at 4@@ekiemperature dependence of the foreign-

continuum is confirmed to be weak.
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1. Introduction
Absorption of water vapour plays a key role in thdiative budget of the Earth’s atmosphere
[1]. This absorption corresponds to the sum of mlerow rovibrational absorption lines,
hereafter named “local line monomer”, with the lloand water vapour continuum, slowly
varying in frequency. This latter contribution htslargest impact in transparency windows
(or regions of weak monomer absorption) in contrashe regions corresponding to the water
vapour vibrational bands where the monomer cortiobuargely dominates. In a mixture of
water vapour in air, like the Earth’s atmosphewmo tontributions of the continuum are
present:(i) the self-continuum due to interactions between waber molecules anfi) the
foreign-continuum arising from interactions betwemsgiter molecules and molecular oxygen
and nitrogen. Despite decades of debates [2],rigen@f the water continuum is unclear with
different processes suggested to contribute: fagsvof the rovibrational lines, water dimers
(stable and metastable) and collision-induced gitisor (CIA) [3].
The semi-empirical MT_CKD model (Mlawer-Tobin_Cldu#&neizys-Davies) [4,5] is the
usual pragmatic way to take into account the comitim absorption contribution of the water
vapour in atmospheric radiative transfer codess Thodel assumes an empirical line profile
applied to all the water monomer transitions, wittermediate and far line wings fitted to
reproduce a selection of laboratory and atmosphizta. The MT_CKD model also includes
an additional term called “weak interaction” term.
During the two last decades large efforts have lokere to complete previous experimental
data [6,7,8] and to better characterize the wadeour continuum, particularly in the infrared
windows. Several laboratory studies were dedictidbe measurement of the self-continuum
cross-sections using Fourier transform spectros¢bp) [9,10,11,12] and cavity-enhanced
absorption spectroscopy (CEAS) including cavitygridown spectroscopy (CRDS) and
optical feedback CEAS (OFCEAS) [13,14,15,16]. TR&SFoom temperature self-continuum
cross-section values, in relatively good agreenergach other, were found largely higher
than the MT_CKD_2.5 cross-sections in the centrthef2.1 and 1.6 um windows by factors
greater than 20 [10,11,12] and 160 [11,12], respelgt On the other hand, as a result of their
inherent higher sensitivity and high baseline $itghiCEAS studies of our group provided
datasets with reduced uncertainties. They wereddaona much better agreement with the
MT_CKD model [16]. Note that our CRDS and OFCEASaswements [14,15,16] rely on
the careful checking of the quadratic pressure midgece of the continuum absorption which
provides a key criterion to ensure the gas phageasf the spectrum baseline variation. This

is not the case for the FTS results at room tentypezavhich relied on single pressure spectra

3
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measurements in the windows. The latest versid®) (&.the MT_CKD self-continuum was
constrained to the CEAS cross-sections in the2410,1.6 and 1.25 pm windows [17].

In fact, a pure quadratic pressure dependence wf@svad in all our CRDS and OFCEAS
studies of the water vapour self-continuum excepthe 1.6 pm window where the weak
continuum signal was found to include not only agsure squared term but also a linear term
in Py, [18,19]. This linear term was tentatively intergetas due to the adsorption of the
water molecules on the high reflective mirrors bé tCRDS cell. In this situation, the
accuracy of ou€Cs values in the 1.6 um window was questioned [28]sTs the reason why
in the present contribution, we reconsider the 6 window where measurements are
particularly demanding as a result of the weakrasthe continuum in this window. In
addition, the spectral coverage of this window Wwélextended on its two edges.

The foreign-continuum of water vapor in air is ajonaource of uncertainty to be constrained
in Earth atmospheric models because, under stanoarditions, it might account for a
significant fraction of the absorbed incoming sdlax [21,22]. In the laboratory, the foreign-
continuum cross-sections are derived from speetrarded with moist nitrogen (or air) which
include both a foreign- and a self-contribution. &sesult, the obtained foreign-continuum
cross-sectionsCr, are directly impacted by the self-continuum crssstions values, derived
separately with pure water vapor samples. The weineluded in [23], indicates that only a
few experimental studies of the water foreign-cmntin are available. The reference [24]
describing CRDS measurements at 944" aiould be added to the seven references listed in
Table 6 of Ref. [23]. The FTS results obtained #8N[25,26,27] and by CRDS in the 2.1
um window [21] match and have led to a significardrease of the MT_CKD foreign-
continuum model in the transparency windows. Nb#gg,tin the limit of the reported error
bars, the foreign-continuum has been found to bstljngemperature independent in the
broad-band CAVIAR FTS measurements between 350480K. Similar weak temperature
dependence results were reported in the infraretién296-363 K range [25,26] and in the
260-360 K range near 183 GHz [28].

In the following, we will present the experimentigtermination of the foreign-continuum by
CRDS at room temperature for four new spectral ggoof the 2.3 um window and the
production of an extended dataset for the selfinaom cross-sections in the 1.6 pm
window.

The rest of the paper is organized as followshénrtext section, the experimental setups used

for the self- and foreign-continua measurementsiatailed. The data analysis and the cross-
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sections retrievals are presented in Part 3 armt thé self-continuum in the 1.6 pum window
and for the measurements in the 2.3 um window,esly. These two parts include a
comparison to experimental data available in ttezdiure and to the MT_CKD model, and a

detailed analysis of the error budget.

Table 1. Spectral points selected for the present contineasurements by CRDS in the 2.3 and 1.6
pm windows and corresponding self- and foreign4oomtm cross-sections values. TW (This work)
marks the newly derived values.

Window Measurement points (G Cs Cr
Approx. center, P (cn? moleculé' atm?) (cn? moleculé' atm?)

4432.6 1.19(6)x16° [15] 1.26(5)x16° (TW)
4436.: 1.1§(6)x1C%3[15] 1.15(5)x1% (TW)

4700 cnit 4522.( 9.35(25)x1C**[14] 8.10(36)x1r% (TW)

(2.1 pm) 4724.1 6.20(1€6)x1C** (TW)? 4 44(43)x1C%5 (TW)
4999.( 7.7€(39)x1C% [16] 8.3(18)x1C% (TW)

51215136 (10 pts 3.70(20)x1C%%-4.80(20)x1C%3 (TW)
-1
6&960:21) 5702-6854 (30 pts) 2 3x81.9x10% (TW)°
Notes

a4 A previous determination (5.9(3)x¥tcm? moleculé' atmi*) was obtained by OFCEAS in [29].
® Previous CRDS measurements in the 5875-6665ramge (10 pts) were reported in [18,19].

2. Experimental setups and data acquisition
2.1 The CRDS spectrometers

Three cavity ring down spectrometers were usedim work. The 2.3 um setup has been
described in details in [21,B@hile readers are referred to [31] for the two pstused in the
1.6 um region. Briefly, a distributed feedback (DFBser diode (either from Eblana
Photonics or NEL) is coupled into a high finessetyacomposed of two mirrors with highly
reflective coatings. The different measurementtsaimthe 2.3 pum window (near 4435, 4522,
4724, 4999 and 5130 cthare listed inTable 1 The set of DFB laser diodes at disposal
allows for a continuous coverage of the 1.6 um wmdThirty spectral points were selected
to sample the 5702-6854 €nspectral range. Each spectrometer employed mixfoosn
Layertec) with coatings optimized for each of thpedral range of interest. Resonance
between the laser emitted frequency, measured avitbavelength meter (model 621-A IR
from Bristol), and a longitudinal mode of the opticavity is achieved by dithering the cavity
length with the output mirror mounted on a piezotle transducer. After filling of the cavity
with photons at resonance, the injection of laggrtlis stopped thanks to an acousto-optic
modulator and the purely exponential decay timphaitons leaking from the cavity (i.e. the

ring down (RD) time,;r) is measured with a photodiode. The absorptiorificant of the
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absorbing gasy(v), is then derived from the fitted RD time, at thedr frequency, with the

following equation:
1 1

a() = 1)

With c the speed of light and, the ring down time with the optical cavity empty fdled

ct(v) ctow)

with a non-absorbing gas.

Depending on the spectral region, the minimal datde absorption coefficient of our
recorded spectrayi,, varies from 5x19' cm® to a few 13° cm™. Pressures were measured
either with a 50 mbar or a 1000 mbar pressure g&Ad®1.1ST from STS, accuracy of
+0.1% of the full scale). The temperature of theDSRcell was continuously measured by a
temperature sensor (TSic 501 from IST, +0.1 K aacyy fixed on the external wall of the

cavity enveloped by thermal insulation foam.

2.2 Self-continuum data acquisition
At the beginning of each day of measurements, ttemsample was purified by cooling with
liquid nitrogen and pumping on the residual vappliase. To determine the self-continuum
cross-sectionCs, the absorption coefficient at a selected spepiait was recorded during
pressure ramps from 0 to 15 Torr (i.e. about 71%hefsaturation pressure at 296 K). The
only exception was for measurements near 5130 wirere the water monomer contribution
is particularly strong. Two spectra recorded imfl@gime at 6 and 10 Torr were preferred to
the spectral ramp at fixed frequency in order tdétdoeaccount for the water monomer
contribution (see details below).

2.3 Foreign-continuum data acquisition
The measurements of the foreign-continuum absor@ie more demanding as they require
to vary either the water vapour partial pressura ofoist air sample at fixed high pressure (a
few hundred Torr) or to vary the total pressuredogiven water partial pressure by adding
dry air to the CRDS sample. This last method usef®1] is made difficult by the possible
modification of the optical alignment of the CRDSg due to the large pressure changes. In
order to overcome this difficulty, we preferred timst method and recorded CRDS spectra
for different water vapour partial pressures (dateed from absorption lines as detailed in
section 4.1), while maintaining the total pressoomstant in the high finesse cavity. A
purpose-built humidifier was developed and a flolshamidified air was injected into the
CRDS cell for different controlled water vapour firpressures up to about 6 Torr. The total
pressure was regulated at 700 Torr, for most of tfeasurements, with a downstream

proportional electrovalve controlled by a propamaéintegral loop.
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To vary the water vapour partial pressure in the alr (Alphagaz 2 from Air Liquide), a
syringe injection system, as described in detailg3R], was usedHig. 1). In this system a
water droplet formed at the end of the syringe heeslaporates continuously in the
surrounding air flow of the mixing chamber. The pamation rate is proportional to the
surface area of the droplet in contact with air.eWhhis evaporation rate equals to liquid
water supply rate, a steady-state is reached. &ah&@ppressure of water vapour depends also
of the dry air flow which is regulated together hwithe total pressure. A small part of the
humidified air is derived into the CRDS cell whete total pressure is regulated with a

proportional valve.

Tank Air flow controller
Lig. water |g2] 300 scem
inge
Lig. water i i 1045 mbar
= C¥ Ippume
U Mixing Chamber [>] % turnValve

Switch valve
ACX_ CRDS cell _g_)

Air flow meas. Proportional
~15sccm Valve

Figure 1. Scheme of the air humidifier based ogrange injection system.

Depending on the liquid water injection rate angl ar flow, partial pressure of water vapour
can be varied from 0 to 5.9 Torr in 700 Torr of. dihis corresponds to a maximum relative
humidity (RH) of 28% at 296 K. During the test pbastabilities better than 0.3% were
achieved over several tens of minutes feDhbartial pressure up to 3.5 Torr (17% RH at 296
K). Up to 6 Torr the system provides,® partial pressure with stability better than the
percent level. At higher pressure the system besdess stable and no measurements were

realized.

3. Self-continuum
In a mixture of water vapor in air, the total alam coefficient can be expressed as the sum

of four terms:
Aot W, T) = Qcavity + Awmr + Awes + Awer

1 1
= Qequity + Awmr + ECS(V: T)PI-ZIZO + ECF(V: T)PHZOPair 2)



227
228
229
230

231

232

233
234
235

236

237

238

239

240

241
242
243

where dcavity, Owme, Gwes and awcr are the contributions due to the cavity, waterovap
“monomer local lines” (WML), water vapor self-camium (WCS) and foreign-continuum
(WCF). Cs and Cgr cross-sections are expressed in’ramleculé'atmi®. Note that the

negligible contribution of the Rayleigh scatterisgpmitted in Eq. (2).

3.1. Self-continuum cross-sections retrieval

-1

0.10 cm
7 6739.76
0.08 - > o
6714.75
E "
G 0.06 o
- I
=
bg 7
0.04 '
4 6683.75
0.02 4 ¥ i G 6665.27
&7 & 6637.62
& 6613.97
A __———— 6562.18
0.00 == e ~ et e s | ne = 6164.68
0 1 2 3 4
-4 2
P, (107 atm’)

Figure 2. Self-continuum absorptimersusthe squared water vapor pressure during pressaraps
up to 15 Torr for different spectral points of thes um window. The self-continuum cross-section
values were derived from the linear fits (blacleBh

The data treatment of the pressure ramps is the smrdescribed in our previous papers
[14,15,16]. A simulation of the water vapor rovitioaal spectrumgww, was performed at
different pressures on the basis of the HITRAN2DAé list [33], using a Voigt profile and
the standard [-25, +25 ¢thconvention cut off for the line wings. For eagestral point, the
quantity (orowm) = (acavity‘l'% Cs(v, T)Pf,0) was plottedversusPj,, and fitted by a linear
function. The constant term corresponds to the rplisa losses of the empty cavitycaviy,
while the self-continuum cross-section is obtairfeain the fitted value of the linear

coefficient inPE,ZO. Fig. 2 illustrates the pure quadratic dependence achigvéide present
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recordings in the 1.6 um window and the variationtloe cross sectiorversus the
wavenumber. Th€s values derived in this way are listedTiable 2and presented iRig. 3.
In the last column offable 2 the monomer relative contribution to the totaba@iption,
awvL(awmt awo), is given at each spectra point. Obviously, the spkpoints were chosen
in order to minimize as much as possible the couation of rovibrational lines. Overall, the

monomer contribution represents less than 12 %hiispectral points below 6300 ¢rand

then increases up to 70 % on the high energy eflidpe evindow.

Table 2. Self-continuum cross-sections in the hé 2.3 pm windows and corresponding relative
contribution of the “local line monomer” to the #dt absorption. During the whole period of

measurements temperature varied between 296 K 2&& K.

v Cs awmLd Gwmt Gwe)
cm* | cn? moleculé! atmit %
2.3 pm window
4724.07 6.30(16)x 1t/ 4.0
5120.00 3.7(20)x10% a
5135.00 4.8(20)x10* a
1.6 pm window

5702.13| 5.83(13)x1¢" 11.91
5752.0: 4.43(6)x1(* 10.07
5780.40 3.66(7)x10% 6.57
5816.58 3.04(7)x10% 3.53
5842.21 2.68(7)x 10 3.70
5875.22 1.97(7)x10% 3.65
5905.72 1.59(7)x 1% 2.72
5934.6: 1.21(7)x1C% 2.07
5971.09 1.04(7)x10% 5.33
6022.06 8.7(7)x10%° 3.09
6064.57 6.5(7)x10%° 6.08
6076.35 6.4(7)x107° 15.28
6082.6¢ 5.8(7x10% 1.1¢
6121.2: 4.9(7x10%5 1.9¢
6164.68 3.3(7)x10%° 1.44
6224.09 2.8(7)x10%° 2.53
6311.03 2.5(7)x10%° 12.87
6368.98 2.4(7)x10%° 18.72
6422.5 3.2(7x10%5 19.8:
6511.9° 4.8(7x10%5 38.77
6562.18 5.8(7)x10%° 32.85
6613.97 1.00(7)x 1% 40.56
6637.62|  1.46(10)x1G* 39.78
6665.27|  2.14(14)x1¢* 39.49
6683.9! 3.59(96x1C% 72.0¢
6714.74 7.3(10)x 1% 66.33
6739.76  9.30(96)x1G* 57.07
6762.79| 1.56(17)x1G° 58.11
6808.32|  1.59(17)x1¢° 62.63
6854.65|  1.87(10)x1¢° 42.26

Note

4The listedC values were derived from the frequency dependeh€g values at various measurement points in
the 5121-5138 cthinterval. Depending of the selected spectral pdime monomer contribution represents

between 39 and 92 % of the total absorption (se¢ dred insert in Fig. 4).
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Figure 3. Overview of the self-continuum crossisest G, in the 1.6 pum window. Black stars show
the CRDS values of Ref. [19]. The grey curve cpaess to a 8 order polynomial fit of the present
measurements (blue diamonds) in the 5800-6708interval: C(v) = ¥'?_,a; v’ with a coefficient
values of 2.69348x1H, -2.60041x1G°, 1.04584x1G° -2.24283x1G7, 2.70491x10", -
1.73944x10" and 4.65967x10".

In the 2.3 pm window, self-continuum measuremeresevperformed near 4720 ¢rand in
the 5121-5136 cthinterval. Cs at 4720 cnt was already determined by OFCEAS in [29]
with a set of mirrors giving ring down times lintdtéo 14 ps. The set of mirrors of our CRDS
spectrometer provides ring down times of about {iS0at 4720 cih which should allow
improving the sensitivity of the OFCEAS recordingsis is the reason why we decided to
repeat theCs measurement at this spectral point. Taelerivation at 4720 cthwas based on
pressure ramp recordings up to 15 Torr as in teeptn window. Similar quality of the
pressure squared dependence was obtained. Thedi€gvalue (6.3(2)x18*cm? moleculé*
atm?) is consistent with the OFCEAS value of Ref. [29P(3)x10**cn? moleculé' atm™).
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A different experimental procedure was adoptedtierCs determinations around 5130 ¢m
Two spectra at 10 Torr and one spectrum at 6 Temewecorded over the 5121-5136tm
interval accessible with the laser diode at dispdSar choice to use a series of spectra
instead of pressure ramps was motivated by thagtontribution of the monomer lines over
the considered region. Indeed, in this situatibe, uncertainty on the intensities of the strong
lines located in the region (extended by +25%may have a strong impact on the derived
foreign-continuum value. The recorded spectra wir® corrected from the baseline
retrieved from spectra recorded with the CRDS amlacuated. Then the monomer
contribution, simulated using the HITRAN2016 datsdavas subtracted. From the obtained
residuals, eleven spectral points were selectediano-windows between absorption lines.
These points were chosen because we estimatedioitety the monomer contribution
(ranging between 39 and 92%) was satisfactorilyaoted for by the HITRAN simulation.
For each spectral point, ti& values were derived from the remaining absorptiasowm-
acavity) due to self-continuum (Eq. 2). As detailed bel@8.4), the set of about 3Tk values
was fitted by a linear function of the wavenumbEne recommended values at 5120 and
5135 cnt are included iTable 2.

3.3. Error budget
The stability of the spectrum baseline was cheakest several hours from spectra recorded
successively and found to be better than 2-3%%fn™ i.e. at a level much below the level of
the continuum absorption. In addition, the coinoitk of the measured continuum absorption
during increasing and decreasing pressure rampethixig with the pure pressure squared
dependence clearly indicate that the baselinebiigyaduring pressure ramps has a marginal
contribution to the error budget. The error duéhto measurement of the pressure is less than
0.04 Torr for the 50 mbar full range pressure gauggsl for the self-continuum measurements
and is thus also negligible.
For Cs values derived from pressure ramps, the statisticar bars of the above pressure fits
range between 0.03 and 2.3 %.
For a large part of the spectral points, the maioree of uncertainty comes from the
subtracted monomer contribution. This is especialig for the high energy edge of the 1.6
um window and the 5130 ¢hpoint where the monomer contribution representsvéen
20% and 72% of the total absorption above 6368 amd up to 92% of the total absorption
around 5130 cth (Table 2). Following the method proposed in Ref. [34], vetiraated the
uncertainty due to the monomer lines by propagatbrthe uncertainties provided by
HITRAN2016 for the different spectroscopic parametef the water vapour lines. In

11
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practice, only the uncertainties on the line iniites and on the self-broadening coefficients,
Ker, have to be considered. We performed two simulatimne with all line intensities
increased by their respective error bar which ledata;,(v) deviation from the usual
HITRAN simulation and one with ajke; coefficients increased by their error bar whiath e

a6aYself(v) deviation. The uncertainty oruww. was obtained from:Say (V) =

1/2 . . I
[6aint(v)2 + 6ayself(v)2] and is the dominant contribution to the error budgben the

monomer contribution is important. At the opposittethe centre of the 1.6 pm windowjym.
represents no more than a few % and can be masghgcted. In this case, a good indication
about the error bar can be obtained from the disperof the experimental values. We have
included inFig. 3, the curve obtained from d"@rder polynomial fit of the measurements
between 5800 and 6700 ¢miTherms of the residuals is about 7xi0cn? moleculé' atni®

i.e. about 25 % of th€; value at the centre of the window. The error lrackided inTable 2
correspond to the largest value betwéem,,,, (v) and 7x1G° cn? moleculé' atm® and are

believed to be conservative.

3.4. Comparison to literature values
The retrievedCs values in the 1.6 pm window listed Trable 2 are plotted in logarithmic
scale inFig. 4 together with the most relevant literature dataparticular the two series of
measurements performed by FTS in Tomsk [11, 12§ Fitesent measurements in the 5702-
6854 cni range extend to the low- and high-energy edgebefvindow our previous CRDS
datasets in the 5875-6665 ¢hmterval [18,19]. As mentioned above, in thesevimmas works,
the pressure dependence of the absorption contimuasnfound to include a linear pressure
dependence. This linear contribution was relativelgortant in the centre of the window (see
for example Fig. 4 of [18]) and prevented us taneste properly the uncertainty on tlig
values derived from the quadratic term. The oveagteement with the present recordings is
satisfactory. Compared to Ref. [19], maximum dewra of about a factor of 2 are noted at
6022 and 6121 cth This is significantly above the combined errorsblaut the uncertainties
in Ref. [19] were specified to exclude possiblesbmdue to the adsorbate.
The higher quality of the present results performvétl a new set of high reflective mirrors is
illustrated by the purely quadratic pressure depaod obtained for all the measurement
points Eig. 2) and the reduced dispersion of the retrie@dvalues Fig. 3). The present
results take thus precedence over the older ones.
The strong overestimation of the data retrievedhfféT S spectra at room temperature in the
centre of the 2.1 um [10,11,12] and 1.6 pm windfifs12] has been discussed in details in
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our previous contributions (see for example Red])l1To our opinion, the FTS sensitivity
and baseline stability of the FTS setups used atreufficient for such measurements of weak
continua. As a rule, reportéck values should be systematically supported by id stlidy of

the pressure dependence of the absorption sigoaleXample no pressure dependence was

reported in the FTS room temperature studies o$.R#0,11,12].

10
& This work 296 K —— MT_CKD_3.2
* CRDS2014 FTS O Tomsk2013 289 K
/A CRDS2013 Tomsk2015 287 K
® CAVIAR

W

® Kapitanov2018

C, (cm” molecule™ atm™)
>
%

T 1 T L T T T :
5600 6000 6400 6800 7200
Wavenumber (cm™)

Figure 4. Overview of the self-continuum crossisest G, reported in the literature and retrieved in
this work (blue diamonds) in the 1.6 um window anchparison to the MT_CKD_3.2 continuum.
Literature values were obtained by FTS in Ref. [(TI$msk2013), Ref. [12] (Tomsk2015) and Ref.
[10] (CAVIAR), by photoacoustic spectroscopy in.R&5]), by interferometric calorimetry in Ref.
[36](pink star) and by CRDS in Ref. [18](grey trigles) and Ref. [19] (black stars)

A photoacoustic measurement was very recently te@doy Kapitanov et al. [35] for the
room temperature self-continuum at 6177 crithe reportedCs value (5.4+0.8x18* cn?
moleculé' atmi') included inFig. 4, is intermediate between the FTS and CRDS vakes.
completeness, the value at 6150 araported by Bicknell et al. by calorimetric intrdmetry
[36] is added. Bicknell et al. performed only meaaswents for water vapor in Nt a total
pressure of 770 Torr. The plott€3 value at 6150 crhis derived from the total continuum
absorption of 3.2+0.3xIcm™ measured in [36] after subtraction of the foresgmtinuum
contribution. The latter is obtained from the CA\RAoreign cross-section measured at 400
K in [22] (Ce= 3.242.8x10° cnf molecule’ atmospherd assuming no temperature
dependence. No water vapour partial pressure was gn [36] but a value of 25 Torr was
estimated in [11]. As a result, the foreign-continuis calculated to contribute to about 75 %
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of the absorption measured by Bicknell. The profiagaof the large uncertainty on the used
Cr value leads to an uncertainty @g larger than its absolute value. Fortuitously, dieeived
self-continuum cross-section (2.5%F0cn? moleculé' atm') is consistent with our
measurements (s&dg. 4).

The overall agreement with the MT_CKD_3.2 semi-atogl cross-sections model is very
good. This is not surprising as the MT_CKD_3.2 gwnim was adjusted according to our
previous CRDS results obtained below 6600'¢f®9]. We note that the agreement extends to
the new measurement points above this wavenumimgortant differences (up to a factor
2.3) are nevertheless observed on the newly mehsove energy edge around 5700 tm
The experimental results indicate that the MT_CKéntonuum should be significantly

reduced in this region

10
_= FTS : (EAVlAS o
= \ ~ Tomsk2015 287 K
"E ; : I 2 10?2
é I _vTT ity T ,g/ ] ‘f
§ = (#.#‘?T/Eg :”/ i:g ;
= o i AR AR | sl E
(_)m : \?\i@ T 1 ‘51'00 5120 5140 &
= i Wavenumber (cm™)
10%

4000 4200 4400 4600 4800 . 5000 5200
Wavenumber (cm™)

Figure 5. Overview of the experimental self-cortimucross-sections, {Creported in the literature
and retrieved in this work (blue diamonds) for tBe8 pm window and comparison to the
MT_CKD_3.2 continuum. Literature values include RBRies from Ref. [11] (Tomsk2013), Ref. [12]
(Tomsk2015) and CAVIAR [10]. The; @alue at 4605 crh (purple star) was derived from the
measurement of Bicknell et al. by interferometdfodmetry of a water vapour+Nmixture [36]; the
plotted value is corrected from the foreign-contitibn (see Text). Open red circles correspond & th
OFCEAS and CRDS values of Ref. [29] and Refs [186181], respectively.

In the insert, the series of measurements perforimoed three spectra near 5130 ¢are highlighted
with diamonds filled with different colors. The oetmended values correspond to the black solid line
obtained from a fit of the measurement points.

The newCs values between 5120 and 5137 oroncern the high energy edge of the 2.3 um
window where CRDS measurements were missing. Adiamed above, they were obtained
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from a series of three spectra recorded at 6 aribotOand extend over the 5121-5138tm
interval. The different series of measurement ginighlighted in the insert &ig. 5 show a
clear increase with the wavenumber values. Theoabout 30Cs values was fitted by a
linear function of the wavenumber. The correspogditted values at 5120 and 5135 Ciare
given in Table 2. Taking into account the statistical averaging fed error bars which are
mostly due to the uncertainties on the water mompwme estimate to ~2x18 cmfmoleculé!
atmi* the resulting error bars which represents 54%429d of theCs value at 5120 cthand
5135 cn¥, respectively. Note that only 2% dispersion isested around the linear function
fitted to the ~30Cs values in the 5121-5138 cinterval which might indicate that the
estimated error bar are overestimated.

The present and previous CRDS and OFCEAS dataeir2 5 um window [14,15,16,21,29]
are plotted inFig. 5 together with FTS data from Refs. [10,11,12]. Samy to the 1.6 um
window, the current 3.2 version of the MT_CKD contim was adjusted to our previous
measurements below 4800 ¢nfl4,15,16,21,29]. Near 5130 &mnthe present results are
found to be about a factor 1.5 smaller than MT_CRLI values. The agreement with the
FTS values, in particular with Tomsk2015 [12], igrnsficantly better than for the other
CRDS spectral points of the window. This agreententilts from the strong value Gt at
5130 cm® (about 4x13° cn? moleculé® atm®) which is close to the mostly constant FTS
values reported near room temperature between 440000 cil [10,11,12] and between
5700 and 6700 cth[11,12] and that can be considered as the detgctiweshold of the
CAVIAR and Tomsk setups.

We have also considered the room temperature mezasut reported by Bicknell et al. by
calorimetric interferometry near 4605 ¢rfor a mixture of 14.7 Torr of water vapour in bt

a total pressure of 770 Torr [36]. The calculateohomer contribution (7xIdcm®) was
subtracted from the total absorption (1.0%ifn™) obtained from Fig. 8 of Ref. [36]. The
foreign-contribution in the conditions of Ref. [36las determined using th€r value
(6.7x10°° cn? moleculé" atm) interpolated from ou€r determinations at 4522.0 and 4724.1
cmi! (see below an@able 1). As a result, we obtain @s value of 6.7x18*cn? moleculé'

atm?, included inFig. 5, which shows a very good consistency with our tesul

15



418
419

420
421
422
423
424
425
426
427
428

429

430
431
432
433

434

435

436
437

4 Foreign-continuum

4.1. Cross-section retrieval
As mentioned above the foreign-continuum measuré&merre performed on the basis of
spectra recorded over a few ¢raround 4435, 4522, 4720 and 49997crifthe recordings
were performed in flow regime with constant totedgsure (generally 700 Torr) and different
partial pressures of water vapour up to 6 Torr. €ach water concentration, two successive
spectra were recorded to check the concentratadility. All the spectra were first corrected
from the background spectrum obtained with dryadithe same total pressure to ensure no
change in the mirror alignment. As very small Iesgdee to Rayleigh scattering are mostly
identical in this background and in the moist giedra, the Rayleigh contribution was
omitted in Eq. (2).

1.0
g N
=
o
= \
o
~
[
O
~
<~
0.5 u
)* Hlocal iy
N “.line monomer:

foreign-continuum

self-continuum

4520 4522 4524 4526
Wavenumber (cm'1)

Figure 6. Part of the spectrum recorded around 46&% for a mixture of water vapour in air (5.85
Torr of H,O in 693.35 Torr of air) and corrected from the kgmound spectrum recorded with dry air
at the same total pressure. The “local line mondmeself-continuum and foreign-continuum
contributions are indicated. The red arrow shows ofithe selected measurement points.

For each recorded spectrum, the water vapour pargssurepy,,, was determined from a

line profile fit of a few isolated water lines. Véatlines with low uncertainty intensity values

were taken from the HITRAN2016 database. The watenomer contribution was then
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438 simulated for the experimental conditions of theordings Py,,, P, T- using the
439  HITRAN2016 database and the usual [-25'¢cm25 cm'] line profile cut-off. ThisawmL
440  contribution was then subtracted froopfocaviy) together with the absorption contribution of
441  the self-continuumawce The latter was calculated using the self-continuzross-section
442  values determined in our previous works and thaeevat 4720 ci updated in this work (see
443  Table 1). Figure 6 shows the different contributions to the absorptontinuum near 4520
444  cm™. For a partial pressure of water vapour of abolibf in air at a total pressure of 700
445  Torr, the self- and foreign-contributions have $&miamplitude, the monomer lines
446  contribution being smaller at this spectral poifhe different foreign-continuum cross-
447  section values given ifable 1, were retrieved from the fitted slope @for— acavity— awmi—

448  awc9 VersusPy P, (see Eq. 2)Fig. 7 shows the achieved linear dependence for four

449 measurement points.

2.5 4 4432.6 cm”

&yer (1 0% em™)
]
o

1.5 4522.0cm’
I ;
1.0 r o P
74100 /4724-1“1
054 A g
= | T =
Pl
0.0 —_—
0.000 0002 0004 0006 0.008
P. P _(atm?)

H,0  air
450

451  Figure 7. Foreign-continuum absorptions at the eedd spectral points and corresponding fitted
452  slopes (solid lines).
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4.2. Comparison to literature values

The comparison of the available experimental detation of the foreign-continuum cross-
sections in the 2.3 um window to the MT_CKD_3.2ues is presented ifrig. 8.
Experimental data at room temperature are limitethé present determinations around four
spectral points and our previous CRDS data poin4280 cni [21]. The CAVIAR
consortium reported foreign-continuum absorptionHRS between 1.1 and 5 um at high
temperatures (350-431 K) with an absorption patigtle of 17.7 m. The chosen elevated
temperatures allow increasing the water vapouigdgtessure of the recordings between 266
and 600 mbar. Compared to our measurement congliless than 6 Torr of water in air at
about 1 atm), these high water vapour pressureesatombined with air pressure of about 4
atm led to an increase of the foreign-continuumogtifon signal by two or three orders of
magnitude. The FTS recordings between 350 and 43#liK not reveal temperature
dependence greater than the uncertainty in thossunements. Th€g values at the 400 K
average temperature reported by Ptatshnik et a]. 42e plotted orFig. 8. Note that the
MT_CKD foreign-continuum also included in the figuis assumed to be temperature
independent. Our room temperate values are systematically below the FTS values (at
400 K) by a factor between 2 and 4. Although th& Walues were reported with very large
error bars (between 30 and 93 %), the CRDS valaksofitside the & FTS confidence
interval except at 4724 ch If these FTS values at 400 K are confirmed, iulddndicate
that the foreign-continuum exhibits smpdisitivetemperature dependence.

In the centre of the window, the CRDS dataset sheawssagreement of typically a factor 5
with the cross-sections given by the MT_CKD_3.2 elo@he agreement is much better for
the two measurement points on the low and highgsneange of the window (at 4250 and
4999 cnt, respectively). In fact the MT_CKD foreign-contim was recently significantly
increased in the 2.3 pm window, taking into accaunt CRDS value at 4250 ¢hj21] and
the NIST values [27] (the MT_CKD_2.5 is includedFig. 8, for comparison). The obtained
CRDS results indicate that the MT_CKD foreign-coatim should be significantly increased

in the centre of the window, too.
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Figure 8. Overview of the foreign-continuum crosst®ns, G, reported in the literature and
retrieved in this work for the 2.3 pm window andnparison to the MT_CKD model in its versions
3.2 (red) and 2.5 (black). Previous experimentaéduinations are limited to the CAVIAR FTS values
at 400 K from Ref. [22] (open black circles) ane tBRDS value at 4250 &nof Ref. [21].

4.3. Error budget
Uncertainties on the derive@r values have been calculated with the error prapaga
approach using Eg. 2 and assuming uncorrelatedhlas. In general, error bars @a are
expected to be larger than thoseGnas the foreign continuum is the residuals obthadter
subtraction of the self-continuum and monomer dbuations. From spectra recorded
successively with the same amount of water vapgberpaseline stability was evaluated to be
in the 5-8x10° cm' range, depending on the measurement point. Unuges on
temperature and total pressure are deduced fromadberacies given by the temperature
sensor and pressure gauges manufacturers and atéy megligible. TheCs values and
corresponding error bars were taken in our origpegber (sedable 1), except near 4724
cm* where we used the results obtained in this work.

The water vapour partial pressure is a major esoorce as it impacts both the self-continuum

oo , 2 I .
contribution proportional t®,,, and the monomer contribution proportionalRg,,. As
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mentioned above, this quantity was retrieved frbwm @area of well-isolated J@ lines fitted
with a Voigt profile using their HITRAN2016 interngivalues. The relative uncertainty on
Py,o is mostly determined by the error bar on the isityrvalue, the uncertainty on the fitted
area being negligible. It leads to error bars andirder of 5% for all the measurement points
but the 4999.0 cthspectral point where a 10 % value was adopted.

The uncertainty due to the monomer contributi@gy, was calculated in the same way as
presented in Section 3.3 for the self-continuume Ehror bars on the line intensities, self-
broadening and air-broadening coefficients weresictared together with the uncertainty on
the water vapour pressure. Four simulati@ng;), were performed, each of them with either,
the intensities, ke, Jir coefficients orPy,, values increased by their error bar. The
uncertainty oy was obtained fromSay,,, (v) = i, 8;(v)?]Y/2.

Combining the different error sources, we obtairfed,each spectral point, the error bar on
awcr for eachPy,, value (seeFig. 7). The final Cr uncertainty included imable 1 was
calculated as the square root of the variance eflitear fit of the foreign absorption
coefficientversusPy, , P, as illustrated irFig. 7. In this fit, each data point was weighted
according to its error bar, the weight being talierthe inverse of the squared uncertainty.
Finally, we considered the possible contributiorthed N> collision induced absorption (CIA)
band near 4630 chto the foreign-continuum measurements at 4720. chhis weak CIA
band corresponds to the 2-0 first overtone band.ofExperimentally, it was investigated at
room temperature [37] and at 97.5 K [38], a longetiago. Very recently, Hartmann et al.
performed classical molecular dynamic simulatio@81DS) of the 2-0 N CIA [39] and
achieved a very satisfactory agreement with thessepr experimental works. Note that, near
its maximum, the amplitude of the CIA absorption & at 1 atm is about 0cm?, i.e. on
the same order of magnitude as the absorption aubet foreign-continuum of 5 Torr of
water vapour in 1 atm of air. The experimental pthae adopted in this work for the foreign-
continuum measurements excludes a possible biasodhe contribution of the N2-0 CIA.
Indeed, the baseline of the background spectrumrded with dry air at 700 Torr includes
the N, CIA in air which is thus subtracted from the spewct of moist air. A marginal
contribution of the CIA may nevertheless be possitile to the fact that for a given total
pressure, a few Torr of air in the background spectare replaced by water vapour. The
enhancement of the ,NCIA by water vapour has been evidenced by Bard@8y in the

region of the 1-0 fundamental band. NevertheleMDS calculations indicate that for the 2-0
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CIA, the enhancement is not sufficient to contrésignificantly to the continuum in our low

pressure conditions.

5. Conclusion
In the present work, the accuracy of the self-ecmntm cross-sections of water vapor has been
improved by CRDS in the 1.6 um window and at theo4@m" spectral point of the 2.3 pm
window. In addition, the spectral coverage of th@ Lm window was extended at low and
high energies and a new spectral point of the Za3nindow was measured at 5130°tnn
the context of the debate about the large disc@panbetween FTS and laser-based
measurements at room temperature in the transpavandows [20], our first measurements
in the 1.6 pm were questioned because a non pquelgiratic pressure squared dependence
was observed. In these earlier CRDS works, theitsgtysof the CRDS technique allowed
evidencing and measuring a small absorption sigr@gortional to the water vapor pressure
which was attributed to water adsorbed on the mdresed at that time. This linear term
added some uncertainty to the deri@&gvalues. In the present recordings performed with a
better set of high reflective mirrors, a pure puessquared dependence is obtained for all the
measurement points. Although showing a generaleageat with the present more accurate
results, cross section values reported in Refs1fl8vere partly affected by errors related to
adsorption.
As the 3.2 version of the MT_CKD model in the 2rRldl.6 um windows was constrained
according to our previous measurements, the ovegikement is very good. The most
significant deviations concern newly measured spepbints in the low energy edge of the
1.6 um window near 5700 ¢hand in the high energy edge of the 2.3 pm windear 5130
cm! where measurements are lower than MT_CKD by alautactor of 2 and 1.5,
respectively.
In general, accurate measurements of the water yapagn-continuum are more demanding
as theCr cross-sections are directly impacted by the unitegytaon the water vapor partial
pressure in moist air used for the measurements gndhe uncertainties on the self-
continuum and on the water monomer contributionsthis work, Cc values were newly
determined with error bars ranging between 4 anélb2& four spectral points of the 2.3 um
window, between 4430 and 5000 tniThe measurements are found consistent with the
previous CRDS measurement at 4250'd@1] which has led to an increase of the MT_CKD

foreign continuum at this spectral point. The neeasurements confirm the underestimation
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of the MT_CKD continuum in the centre of the 2.3 window where an increase by a factor

of 5 is suggested.
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