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Manuscript Number: JQSRT_2020_468R1
The foreign-continuum absorption of water vapour in the far-infrared (50-500 cm-1)

We thank the reviewer for his/her comments. Most of his/her suggestions were taken into account as
detailed below.

Editor and Reviewer comments:

Reviewer #1:

The revised version of this paper has clearly been improved, including the treatment of the dependence
of the continuum on the widths. | provide here some points for the authors' consideration. Although |
would welcome further modification of the paper to take these not-so-minor points into account, |
recommend that the journal accept this manuscript (with minor revisions) even if the authors do not.

The Supplemental section has a very nice demonstration that the line list and continuum are inextricably
linked, and the conclusion on page 9 about "systematic errors" is very apt. Based on the discussion on
page 9, on lines 339-345, and in the "response to the reviewers", as well as the fairly low uncertainty
values provided, the authors think that including in their continuum uncertainty budget the impact of
their choice of using the HITRAN 2016 widths is not appropriate. That decision is consistent with previous
continuum analyses, including the studies that are referenced on pages 12-13. In particular, Mlawer et al.
(2019) does not directly consider in its uncertainty budget the difference in continuum coefficients that
would have resulted from using the HITRAN 2012 widths instead of its derived values. Given the dramatic
impact shown in Fig. S8, the dependence on widths clearly should have an impact on how readers think
about the results of this study. The authors may want to consider a stronger statement about this
consistency issue when presenting Fig. 8 and when using the words "agreement" or "overestimate".

The good agreement with previous experimental studies is illustrated in Fig.8. We have also derived the
continuum using the Mlawer20189 line list. So we are confident that the overestimation of the continuum
by the MT_CKD model seen in Fig.8 is larger than could be explained by the differences in used line lists.
We believe that our present statements are strong enough. However, the detailed comparison with the
MT_CKD model will be included in a future publication and, so/hence/therefore we decided to omit our
5th highlight related to this issue “The MT_CKD model is validated in general, although some
overestimation is noted “

Perhaps the most important issue is what guidance a radiative transfer modeler who reads this paper
should take with respect to the set of spectroscopic values they should use. It is probable that a modeler
using HITRAN 2016 air-broadened widths would be wise to use the foreign continuum values in this study,
while someone using the AER widths who uses these continuum values might not be making the best
choice. In the response to reviewers, the authors make some points related to their choice of widths:
"Note that Mlawer et al. widths (and intensities) are compiled on the basis of early HITRAN line lists. We
believe that the use of more recent HITRAN data is preferable because of (i) permanent improvement of
their general accuracy and completeness; (ii) easy accessibility by researchers and (iii) traceability of data.
HITRAN error codes are used in the revised paper to assess associated uncertainty of the continuum."
There are some points to make in reference to this:

*  The HITRAN 2012 widths used in the Mlawer et al. analysis in this region are the same widths as used
in this study (HITRAN 2016); they originate from the same source. The intensities changed very little
between the two versions.

* Evenif they weren't the same widths, the starting point for the width analysis in Mlawer et al. wouldn't
be relevant since revised widths were derived and used.



*  The width error codes in HITRAN are hard to take seriously, although it's hard to think of a better
alternative to using them in the analysis the authors present in the Supplement.

*  HITRAN 2020 is adopting the Mlawer et al. widths in this region. Based on the argument presented
above, it would be questionable whether it would be wise for a modeler to use the foreign continuum
values presented in this study with these new HITRAN widths. For this reason, the authors may want to
consider switching to the HITRAN 2020 widths or providing foreign continuum coefficients derived with
each width dataset (or, if possible, deriving their own widths from this experimental dataset).

The most important guidance a modeler should take is using a self-consistent set of parameters for the
resonance lines and the continuum. It is underlined in lines 391-395, 441-443 of the manuscript and 261-
264 of the Suppl.Mat. The continuum coefficients can be easily recalculated from one line list to another
one from the total absorption using equations (1)-(5). Providing the continuum coefficients derived with
different dataset is important for a modeler but it does not make sense for a general reader. Derivation of
line widths from our experimental data is practically impossible. Such task requires special experimental
campaign with the use of significantly different experimental method and conditions. We plan to
implement this task in the future.

No modifications are made.

Minor comments:
82 - Remove the comma before "because"
corrected

112 - Should be "allow"
corrected

321-322 - It's hard to understand the phrase "evidencing about imperfect elimination of the baseline
change by the correction term delta_alpha", but its unclear meaning makes it difficult to suggest an
alternate phrasing.

The sentence: “Periodic variations of the difference are seen for Series 3 and 4, evidencing about imperfect
elimination of the baseline change by the correction term delta_alpha” is rephrase as follows:

“Periodic variations of the difference are seen for Series 3 and 4. These variations are similar to those
shown in the lower part of Fig. S1. The similarity indicates an imperfect elimination of the baseline change
by the correction term delta_alpha”.

396-399 - The parenthetical part of this sentence is hard to understand in its current location. Perhaps it
should be moved earlier in the sentence to follow "resonance line list"? In addition, this parenthetical
comment suggests that the Supplemental section analyzes the impact of using the widths from Mlawer
et al. (2019) on the derived continuum, but those widths are not analyzed (or even mentioned) in the
Supplement. A related small point: the reference provided for the AER widths is for the continuum, not
the widths.

The unnecessary parenthetical part is removed.

439 — Planck
corrected

447 - "datasets" instead of "dataset"?
corrected



452 - I'm not sure "entails" is the word that was meant here. Maybe "affects" or "impacts"?
changed to "affects"

Supplemental

pg 6 - Is the consistency of the air- vs. N2/02 broadened widths because the same source (e.g. Gamache)
is used in each?

As far as we know, air, N2 and O2 widths are calculated on the basis of intermolecular interaction
potential, which parameters are adjusted so the calculations reproduce the preselected (the most
accurate) experimental data. So the primary sources are different experimental data. That is why the
quantity (0.79*gamma_N2+0.21*gamma_02)/gamma_air is not exactly equal to unity (Fig. S7).

pg 7 - "A rough estimate of the impact of the monomer absorption can be obtained, however, by
increasing or decreasing the broadening parameters of all lines simultaneously within the limits of their
error bars." Are all the lines perturbed by the same percentage or different ones? if the former, can the
uncertainty be provided; if the latter, can the average uncertainty be provided? This value would help
put the results in Figure S8 in context.

The first question was answered in lines 222-223 of SupplMat: “..the impact was evaluated as the
deviation of the continuum corresponding to maximum and minimum values of the broadening parameter
within its stated uncertainty”. The uncertainty is different for different lines. The range of the uncertainties
and average is now mentioned in the text as follows: “..the impact was evaluated as deviation of the
continuum corresponding to maximum and minimum values of the broadening parameter within its stated
uncertainty (varying in the 1-20% range, near 19% on the average)...”.

pg 8 - "could be quantify" should be "could be quantified".
corrected



Highlights

H.0 foreign-continuum absorption is retrieved at 296 K in the 50-500 cm™! range

First laboratory measurements in the wide 90-330 cm™ interval including the range of
maximum intensity of H>O pure rotational band

Expected pressure dependences of the continuum are verified

The foreign-continuum cross-sections for Oz, N2 and dry air are derived separately and
used for data validation
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Abstract

We investigated the continuum absorption of water vapour diluted in nitrogen, oxygen
and air in the range of the pure rotational band of the water molecule (50-500 cm™). Spectra
recordings were performed at room temperature with a Fourier transform spectrometer
associated to a 151-m multipass gas cell located at the AILES beamline of SOLEIL
synchrotron facility. The study includes the first laboratory measurements in the wide 90-330
cm? interval. Tests of the baseline stability, crucial for the continuum determination, are
reported together with the expected pressure dependences of the continuum absorption,
measured over different pressure ramps. Retrieved foreign-continuum cross-sections are
found in good agreement with literature values available in the lower and upper parts of the
studied frequency range. The reported results validate the MT_CKD foreign-continuum
empirical model, widely used in atmospheric applications, even if some overestimation of the
MT_CKD values is noted in the centre of the band where experimental data were absent.
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1. Introduction

Appropriate calculations of radiation balance, modelling of global climate changes, and
atmosphere remote sensing require an accurate quantification of atmospheric absorption in the
whole electromagnetic spectrum. The far-infrared region (usually defined as radiation within
frequency range of about 0.3 — 20 THz or 10 — 700 cm™) is of particular interest for
atmospheric sciences. The far-infrared (IR) region contains resonance lines of the major and
minor atmospheric constituents, such as Oz, NO2, Oz, NH3, CO- but water vapour, in spite of
its relatively small atmospheric abundance (~1%), is the dominant contributor to the
absorption of both incoming solar and outgoing thermal radiation [1-Cloughl1992, 2-
Harries2000, 3-Shine2012]. In the global average, the latter has maximum in the far IR range
near 560 cm™. In general, line parameters (centre frequency, intensity, pressure-shift and -
broadening coefficients) of these molecules as listed in current spectroscopic databases (e.g.
HITRAN [4-HITRAN2016]) are known and can be used in remote sensing experiments.

In addition to resonance lines, atmospheric absorption includes a weak non-resonant
continuum absorption (or just continuum), smoothly varying with frequency. Intermolecular
interactions during collisions are known as physical origin of the continuum. At atmospheric
conditions, pair interactions dominate over higher order effects (triple, quadruple, etc.) so the
continuum absorption can be considered as a result of bimolecular interactions.

Atmospheric continuum can be subdivided into a water-related component (wet
continuum) and a dry component (mostly due to the interaction of nitrogen and oxygen
molecules with each other). The wet continuum can be in turn divided into two contributions
corresponding to interaction of water molecules with each other (self-continuum) and with
other atmospheric molecules (foreign-continuum). It is known that the larger the dipole
moments of collisional partners (or the next term of multipole expansion of charge
distribution for non-polar molecules) are, the larger the continuum magnitude is. Water
molecule possesses dipole moment of 1.85 D that leads to a strong self-continuum.

Foreign water vapour continuum in air originates predominately from interaction of
H20 molecules with the two most abundant atmospheric gases: nitrogen and oxygen. Being
symmetric diatomic molecules, neither Oz nor N2 possess an electric dipole moment. That is
why H20-N2 and H.O-O> foreign continuum cross-sections are significantly weaker than the
H20-H20 self-cross-sections. Nevertheless, in usual conditions, the high concentration of O
and N2 makes both the foreign- and self-continua have an appreciable effect in the
atmosphere.

The wet continuum amplitude is very small compared to the absorption at the centre of
resonance lines. Nevertheless, due to its wide spectral extension, its contribution to the total
atmospheric absorption has significant impact on the greenhouse effect [3-Shine2012]. The
far IR dry air continuum component, corresponding mostly to interactions between O2 and N>
molecules can be generally neglected in normal and wet atmospheric conditions because the
corresponding bimolecular absorption cross-section is about one order of magnitude weaker
than H>O foreign-continuum cross-section [5-Boissoles2003].

The continuum absorption is poorly studied in the far IR not only because of its
weakness, but also because of the well known difficulties of efficient generation and detection
of radiation in this spectral range, sometimes called the “THz gap” (See, e.g. review in [6-
Consolino2017]). The present contribution is part of a series of laboratory studies of the water
vapour continuum using synchrotron-based Fourier transform spectroscopy (FTS) technique.
The self-continuum absorption was first investigated in the 10-650 cm™ range [7-
Odintsova2017, 8-Odintsova2019, 9-Odintsova2020]. This range covers most part of the H,O
pure rotational band, thus the studied continuum can be classified as an in-band continuum.
The derived cross-sections together with the results of previous investigations by Burch (350-
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800 cm™) [10-Burch1982] indicated that the MT_CKD model [11-Mlawer2012, 12-
Mlawer2019, 13-MTCKD_site], commonly used in radiative transfer codes, overestimates the
magnitude of the self-continuum in the considered range by about 30%. The present work is
devoted to a similar study and validation test of the MT_CKD foreign-continuum. Previous
laboratory measurements of the foreign-continuum were reported in the low- (3.5-84.1 cm™)
[14-Koshelev2011, 15-Liebe1987, 16-Kuhn2002, 17-Podobedov2008-N2, 18-
Podobedov2008-02] and high- (337.9-629.0 cm™) [19-Burch1979] frequency wings of the
H20 band, missing the range where the band and the related continuum reach their maximum.
It should be mentioned, however, that foreign-continuum retrieval was performed over the
entire spectral range from atmospheric emitted (downwelling) spectral radiance observations
[20-Green2012, 21-Liuzzi2014, 22-Shi2016, 12-Mlawer2019]. These atmospheric
measurements are, on one hand, quite sensitive because of the long atmospheric path but on
the other hand, their accuracy is limited by uncertainties related to the atmospheric model and
poorly controlled environmental conditions. Nevertheless, these data provide the major
experimental constraints to the MT_CKD continuum coefficients in the far IR [12-
Mlawer2019].

The goal of the present work is thus a laboratory determination of the H.O foreign-
continuum cross-sections associated with dry air, nitrogen and oxygen in the 50-500 cm
frequency range. The measurements of Oz- and N-cross-sections allow us to check the
consistency with the separate determination of the air cross-sections. In Section 2, we give a
brief description of the experimental setup and spectra acquisition. The details of the data
analysis are given in Section 3. Section 4 presents the experimental results, their discussion
and comparison with previously known data. The conclusions are summarised in Section 5.
Additional information on the data analysis and the retrieved cross-section data are given in
Supplementary Materials.

2. Experimental set-up

The experimental approach is very similar to that used in [8-Odintsova2019]. The FTS
spectra of wet atmospheric gases (nitrogen, oxygen and dry air) were recorded at room
temperature (296x1.5 K, permanently monitored by PT100 thermo-sensors attached to the gas
cell) at the AILES beamline of the SOLEIL synchrotron using a FT spectrometer (Bruker
IFS-125HR) associated to a multipass White-type cell with the total optical pathlength
L =151.75+1.5 m. The synchrotron radiation extracted by the AILES beamline of SOLEIL
facility (operating in the 500-mA standard multibunch mode) allowed recording absorption
spectra in the 50-700 cm™ spectral interval. Additional experiments were performed in the
same spectral range with a globar source providing much lower power in comparison to the
synchrotron radiation. The light intensity transmitted through the absorption cell was
measured using a liquid He cooled Si bolometer.

The absorption coefficient was determined as «,,,,, =1/LIn(1,(v)/1(v)), where 1(v) and

I,(v) correspond to the signal when the cell was filled with the mixture of water vapour and

foreign gas (studied spectrum) and with a non-absorbing gas (reference spectrum or baseline),
respectively. Typical examples of I(v) and 1,(v) recordings performed under the same

experimental conditions using globar and synchrotron sources of far-IR radiation are
presented in Fig.1.

Prior to the measurements of foreign continuum absorption spectra, recordings
with pure N2 were performed at different pressures to test the baseline stability. They
revealed some pressure induced baseline variations, notable for wavenumbers above
300 cm™. These variations are assigned to the deformation of the gas cell windows
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made of thin film (polypropylene, 50 um). These changes were almost reproducible
after pumping out and re-filling the cell at the same pressure in the range up to about
400 mbar (presumably due to an elastic deformation of the windows). Higher
pressures resulted in significant and non-reproducible baseline variation (inelastic
deformation). Consequently, the maximum value of the pressure was limited to 400
mbar. More details on the baseline stability tests are provided as Supplementary
Materials attached to this paper.
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Fig. 1. Typical example of raw FTS spectra for a mixture of 96 mbar of nitrogen and 4 mbar
of water vapour (pink) recorded using the synchrotron radiation and corresponding reference
spectrum recorded with 100 mbar of pure N2 (red). Similar recordings with the globar source
(green and blue, respectively). The zoom on the left panel shows an enlarge portion of the
measurements.

Five series of spectra were recorded in the experimental conditions summarized in
Table 1. The reference spectra providing the baseline were recorded at the beginning of each
series.

Table 1. Experimental conditions.

Foreign gas Nitrogen Oxygen Dry air
Gas purity, % 99.9999 99.9995 99.999
Radiation source globar synchrotron

Series number 1 2 3 4 5
Number of pressure points 9 10 8 9 8
Filling H2O pressure, mbar 3 2 4 4 4

Min./max. total pressure, mbar 20/100 40/200 100/430 200/400 200/400

Number of acquisitions 200 - 400 200 100 - 200 200 200

Each series included two steps. First, the cell was filled with a given pressure of water
vapour and then the foreign gas (N2, Oz and dry air for series 1-3, 4 and 5, respectively) was
gradually injected up to the maximum (total) pressure. Spectra were recorded at various
pressure steps of the pressure ramp. Then the gas mixture was pumped out and additional
spectra were recorded for various pressure values during the decreasing pressure ramp. Note
that during the filling with the foreign gas, the partial pressure of water vapour is supposed to
be constant while when the gas mixture is pumped out, the relative concentration of water
vapour is expected to be constant and thus water vapour partial pressure decreases
proportionally to the total pressure.
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The gas pressure was measured by three complementary sensors (Pfeifer, 10, 100 and
1000 mbar, uncertainty 0.25 % of reading). As mentioned above, for each wet gas spectrum,
the reference spectrum was recorded with the corresponding dry foreign gas at the same
pressure in order to minimize the baseline change. The remaining minor changes of the
baseline (see insert in Fig. 1, near 700 cm™) were taken into account by introducing an
empirical adjustable parameter as discussed in the next section.

Resonance lines due to water vapour present as an impurity are clearly observed in the
reference spectrum (Fig. 1). Corresponding water content was estimated to be less than
0.005 mbar. Such small amount of residual water does not notably impact the resulted
continuum value and can be neglected.

The wet (studied) and dry (reference) spectra were recorded with a spectral resolution of
0.02 and 0.2 cm™, respectively. The resolution of 0.02 cm™ is comparable to the width of the
resonance lines at the pressure conditions of the recordings; thus as checked in our previous
studies [7-Odintsova2017, 8-Odintsova2019, 9-Odintsova2020], instrumental spectral
function does not notably affect the magnitude of the continuum retrieved between resonance
lines (micro-windows of transparency) and is not taken into account in the data treatment
presented below.

3. Data treatment

The retrieved absorption coefficient, attal, is considered as the sum of the resonance
lines, ares, and of the continuum absorption, acont:

Ciotal (V’ I:)HZO’ Pfor) = s (V’ I:)H207 I:)for) + X oont (V’ I:)HZO’ Pfor) ! (1)
where v is frequency, P, , and P, are water vapour and foreign gas partial pressure,
respectively.

Resonant absorption was modelled as a line-by-line sum of H,O lines with the
following profile [23-Clough1989]:

for

S Av Av
aLine = R(V) ZC 2 + 20 2 |1 (2)
/s (V=Vy) +AV,"  (V+V,) + Ay,
where Av, = AVHZO + AV, = PHZO Yhpo T Pror * 7 for 3)

d R(V) = v tanh(hv/2kT) s
an v, tanh(hv, / 2kT) )
where Av, is the collisional width of the line, y,, , and y, are self- and foreign-gas pressure

broadening coefficients, respectively. Note that the Doppler line width at our experimental
conditions in the frequency range under consideration is less than Av, by at least 2 orders of

magnitude and can be neglected. We also neglected the resonance spectrum of O, because it
is very weak [24-Toureille2020] and mostly removed automatically because the reference
spectrum is recorded with dry O at the same pressure. Frequencies (V, ), line strengths (S),

self- and air-broadening coefficients were taken from the HITRAN2016 database [4-
HITRANZ2016]. Water lines pressure broadening by nitrogen and oxygen were taken from the
results of calculations [25-Vispoel2019, 26-Gamache2019]. Nitrogen broadening coefficients
were calculated for the three most abundant water isotopologues (H2*0, H»'®0 and H,'0)
for the transitions in the ground vibrational state Involving values of the total angular
momentum quantum number J lower than 23. In [26-Gamache2019], oxygen broadening
coefficients are provided for the pure rotational transitions of the main isotopologue, H2®0O,
with J<10. For all other ground state lines we used air-broadening coefficients from
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HITRAN2016 multiplied by the average (over all lines for which these coefficients are
known) ratio of air- to foreign gas broadening, which was found to be 1.064(57) and 0.67(10)
for N2- and O.-broadening, respectively. General consistency between used broadening
parameters was verified assuming that yir = 0.79m. + 0.210, (see Supplementary Materials
for details). For the other H2O isotopologues and rotational transitions in vibrationally excited
states, the broadening coefficients were assumed to be the same as for the H:%0
corresponding lines in the ground state. [27-Gamache2003, 28-Gamache2004]

The standard far-wing cut-off at 25 cm™* from the line centre was applied, the far wings
of the line below and above the cut-off frequency being excluded and the remaining almost
rectangular absorption (the “pedestal” or “plinth”) underneath the modelled line profile being
preserved as an intrinsic part of the resonance absorption.

Total continuum absorption, ocont, Was determined by subtracting the calculated
resonance absorption, ares, from the measured absorption coefficient, awta. Considering the
fact that baselines were recorded with the cell filled with the foreign gas at the same pressure
as the one adopted for the wet gas recordings, awtar does not include the dry continuum
contribution and is thus the sum of the two wet components, namely self- (aseir) and foreign
(afor) -continuum of water vapour:

AoV, P) = s (V, P) + 4, (V, P) =C, PHZzo TKT +C By P KT . (5)

for
In this formula, Cs and Ct are the self- and foreign-continuum cross-sections (in
cm’molecule™atm™), respectively, P is the total pressure of the mixture P =P, , +P,,.

The continuum absorption, . (v, P, o, Py, ), wWas determined within as many as

possible manually selected micro-windows of transparency between resonance water
lines. Most of the selected micro-windows coincide with those considered in our
previous studies of the self-continuum [8-Odintsova2019, 9-Odintsova2020].

Increasing pressure ramps

During the filling with the foreign gas, the partial pressure of water vapour in the gas is
assumed to be independent of the amount of foreign gas injected in the cell. In this case the
self-continuum absorption remains invariant. The foreign-continuum absorption and thus the
total continuum absorption are expected to increase linearly with the total gas pressure (Eg.
(5)). This is indeed reflected by the obtained pressure dependences (Fig. 2).
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Fig. 2. Total derived continuum absorption in H,0-N3, H,0-0, and H,O-air mixtures versus total
gas pressure for three typical micro-windows during increasing pressure ramps. The absorption
magnitude for Series 1-2 and 4 have been multiplied by 3.5 and 5 respectively. Error bars
correspond to 1¢ standard deviation of the noisy signal from its mean value within the current
micro-window. Solid and dashed straight lines correspond to the best fit of linear function with
and without the empirical correction term Ae, to the same points (see text for details).
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The self- and foreign-continuum cross-sections were determined as the fitted values of
the intercept at zero and slope of the foreign gas pressure dependences (Eqg. (5)), respectively.
Error bars relative to Cs and Cr were obtained as the statistical errors provided by the fit
weighted according to the uncertainty of each measurement point. The latter corresponds to
one standard deviation of the noisy absorption spectra from its mean value within the current
micro-window. Note that the uncertainties related to measured pressure and temperature
values are negligible. We checked that the self-continuum cross-sections retrieved from
different series of measurement coincide within the 3o error bars. As illustrated in Fig. 3,
although less accurate, the weighted average values of the five different Cs determinations are
found consistent with the Cs values of [9-Odintsova2020] derived from pure water vapour
spectra. Cr values retrieved from the increasing pressure ramp measurements are provided as
Supplementary Materials for the five series. They are considered as preliminary information
which will be validated and discussed in comparison with corresponding values obtained from
decreasing pressure ramps.
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Fig. 3. Water vapour self-continuum cross-section averaged over all data retrieved in this work
from increasing pressure ramps (open red squares) and similar data from [9-Odintsova2020]
(open black circles). Error bars correspond to 1o uncertainty.

The achieved agreement allows us to use the Cs values of [9-Odintsova2020] to subtract
the calculated self-continuum component from the total measured continuum. In accordance
with Eqg. (5), the remaining part is due to the foreign continuum. In these conditions, we
expect a higher accuracy of Cs retrieval by using Cs values of [9-Odintsova2020] in each
experimental series. However, some deviations including quasiperiodic low frequency
variations of the retrieved Cs around the Cs values of [9-Odintsova2020] are notable in Fig. 3.
These deviations, assigned to the remaining baseline variations (see Supplementary
Materials), can be corrected by introducing an empirical frequency dependent correction
term, Aa(v), which is used as an adjustable parameter when fitting the model to the
experimental data:

afor(V: P) = acont(V:P) - Cs()dintsovapl-zlzo/kT =Aa(v) + Cf PHZO/kT (6)
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Note that the baseline variations, corrected by the introduction of Aa, may have
different instrumental origins including not only incomplete compensation of the interference
fringes with pressure variations, but other sources such as drift of the mean source power.

The impact of A« can be seen in Fig. 2 as a deviation between solid and dashed lines,
the latter corresponding to Aa = 0. Both lines are well within the uncertainty range of
experimental points but, in average, over all micro-windows the introduction of the correction
term improves the rms of the linear fit by a factor of 3. Under the experimental conditions
chosen in this work, the correction term is from about 10 to 100 times smaller than the total
continuum absorption. More details on the correction term magnitude, its impact on the
retrievals of the continuum and its potential relation to the water vapour amount variations are
given in Supplementary Materials. Note that Aa(v) is independent of the pressure and thus Ct
derived at the same time as deriving the Cs from these data (i.e. ignoring values of [9-
Odintsova2020]) is the same as deriving it using the formalism of Eq. (6) in the case of the
increasing pressure ramp. However, we introduce the A« correction term at this step because
it is required for the proper data treatment of the decreasing pressure ramps.

Decreasing pressure ramps

The volume fraction (relative concentration) of water vapour in the cell is assumed to be
unchanged during the pumping out of the gas mixture. Thus the Py, /P ratio is constant and
Eqg. (5) can be modified as follows:

Acont(V P) = Aa(v) + ,B(V)Pz/kT , (7)

including the aforementioned adjustable parameter A« corresponding to the remaining
variations of the baseline and

por=(%52) o ("50)(-"52) ®

which is constant within each micro-window. Thus, during the pumping out, the amplitude of
the continuum absorption is expected to decrease proportionally to the total gas pressure
squared. This is indeed confirmed by the experimental results displayed in Fig. 4. Dashed and
solid straight lines are for A« set to zero and variable, respectively. In the latter case, the
deviation of the fit averaged over all micro-windows is improved by a factor of 2.7 (see
Supplementary Materials for details).
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Fig. 4. Total derived continuum absorption in H,0-Nz, H20-O, and H»O-air mixtures versus total gas
pressure squared for measurement points in three typical micro-windows at decreasing pressure ramps.
The absorption magnitude for Series 1-2 and 4 have been multiplied by 3.5 and 5 respectively. Error
bars correspond to 1o standard deviation of the noisy signal from its mean value within the current
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micro-window. Solid and dashed straight lines correspond to the best fit with and without the empirical
correction term A« (see text for details).

The foreign-continuum cross-sections were calculated from g values derived from the
linear dependence of «,(v,P) versus P? using Cs values from [9-Odintsova2020]. Cs

error bars correspond to the statistical uncertainty of the weighted fit of £ taking into account

the uncertainty of each measurement point. The uncertainty of Cs related to Cs error bar was
found to be more than an order of magnitude smaller that the aforementioned statistical
uncertainty and was neglected. The uncertainties related to measured pressure and
temperature values at this experimental step are also negligible.

Figure 5 shows the good agreement between the Cr determinations derived from the
increasing and decreasing pressure ramps for all series. The retrieved values coincide within
measurement uncertainty, validating the data treatment procedure. Large measurement
uncertainty in Series 1 is explained by smaller radiation power available from the globar
source than from the synchrotron (Fig. 1) and in Series 2 by small amount of water vapour
(Table 1), leading in both cases to smaller signal to noise ratio compared to other series.
Periodic variations of the difference are seen for Series 3 and 4. These variations are similar to
those shown in the lower part of Fig. S1. The similarity indicates an imperfect elimination of
the baseline change by the correction term Aa. This can be understood as different baselines
were used for different pressures, whereas the term takes into account only common
variations for all data points.
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Q
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150 300 450 150 300 450 150 300 450 150 300 450 150 300 450
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Fig. 5. Differences between the retrieved C; values corresponding to the increasing and decreasing
pressure ramps. Grey areas represent £1¢ joint uncertainty of two datasets centered on zero.

The Cr values determined from the decreasing pressure ramps are provided as
Supplementary Material. In the remaining part of the paper we will use mean weighted values
from the increasing and decreasing pressure ramps for comparison with literature data.

The Cs values related to the H2O-N2 continuum were obtained from three experimental
series (No. 1-3 in Table 1) performed under different conditions (H20 relative concentration
and radiation sources). The comparison of three series of derived Cs values is displayed in Fig.
6. Series 1 corresponding to the globar radiation source leads to systematically higher values.
Nevertheless, the three sets of data agree within the 30 measurement uncertainty. The mean
weighted values of Ct from all of the three series are provided as Supplementary Material as
our final derived set of H2O-N. continuum cross-sections. The provided measurement error
(evaluated as 68.26% confidence interval) thus includes not only the statistical uncertainty
related, for example, to the detector noise in a single spectrum recording, but also a value
resulting (in the case of H2O-N2 continuum) from the analysis of 27 spectra together with the
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same number of baselines. So the provided error value takes into account possible systematic
effects related in particular to different gas mixtures, different radiation sources and the
baseline variations due to both pressure drops and/or radiation power drift.
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Fig. 6. Cross-sections of H,0-N, and H.0-0, foreign-continuum absorption averaged over increasing
and decreasing pressure ramps. Error bars correspond to 1o combined uncertainty of the two datasets.

The H20-0 continuum turned out to be too weak to be determined in our experimental
conditions (Fig. 6). Only an upper limit of 102 cm?molec?atm™ (to be compared to a
maximum H,0-N; C value of about 2x1072! cm?molec*atm™) can be reported. Large spread
of points and negative cross-sections are due to uncertainties of pressure broadening
parameters (see Supplementary Materials for details). This is confirmed by the good
coincidence of the H.O-O. Ct values determined from increasing and decreasing pressure
ramps (Fig. 5). This agreement is several times better than the amplitude of the fluctuations
between successive micro-windows indicating that these fluctuations are mostly due to
inaccuracies in the subtraction of the resonance absorption resulting from an insufficient
knowledge of the pressure broadening coefficients.

The H20-02 continuum results can be used to check the consistency of the H>O-N2 and
H>O-air cross-sections, as discussed in the next section.

4. Discussion

Water vapour foreign-continuum in the Earth atmosphere is due to molecular collisions of
water molecules with nitrogen (78.084 %), oxygen (20.95 %) and argon (0.934 %):

P, Py o P
Oy,0-air :CHZO—air H,0 ﬁ:CHZO—NZ H,0 k7-|f+CH20—OZ PHZO ﬁ+CHZO—ArPHZO ﬁ' )
where C,, o v Chon,s Choo, and Cy o 4 are corresponding foreign-continuum cross-
sections.

The contribution of H2O-Ar pairs to the atmospheric continuum absorption is expected
to be small not only because of the small relative abundance of argon but also because of the
properties of Ar as a collisional partner. For example, the H.O-Ar cross-section in the
millimetre wavelength range was measured to be several times less than the H.O-N2 cross-
section [29-Bauer1998]. We thus consider that the H.O-Ar contribution to the air absorption

11
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continuum is negligible (CHZO_Ar =0). As shown in the previous section, the H.O-O:
continuum was too weak to be determined (C,, , , =0), which led to the simple relation:
Cii0air =0.78Cy ¢y, - (10)

Figure 7 illustrates the good agreement between the measured C values and those

H,O0-air

calculated using Eqg. (10) and the measured C,, ., cross-sections. Systematic deviations can

be noted in the range 250-400 cm™. In our opinion they are related to the inaccuracy of H.0
line foreign-broadening parameters. The deviations are prominent in this particular range
because the number of micro-windows is increasing towards high frequencies while the
number of intense water lines influencing the continuum magnitude decreases. For further

comparison with literature data (below), our final derived C,, ,_; values corresponding to the

mean weighted from our N2 and air data, provided as Supplementary Materials, will be used.
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s ——  MT_CKD-3.2
g 15

o~

e

o

% 1.0

Z 05

&

100 200 300 400 500
Wavenumber, cm-"
Fig. 7. H2O-air (red rhombs) and multiplied by 0.78 H.O-N; (black rhombs) foreign-continuum
cross-sections retrieved in this work. Error bars correspond to 1o uncertainty. Solid line presents
corresponding data of MT_CKD-3.2 for comparison. Irregular fluctuations of this line are due to
the resonance line pedestals removal from the continuum (see text for details).

Before comparing our continuum with previous data, we would like to remind readers
that the continuum magnitude depends directly on the list of resonance lines used to simulate
the monomer absorption (in particular their pressure broadening parameters). For a proper
comparison, the same line list and the same method of resonance absorption calculations
should be used. Considering the number of sources, possible lack of traceability of the used
line parameters, a detailed comparison of Ct data is a tedious work which should be a subject
of a dedicated study. We provide as part of a Supplementary Material a discussion of the
possible impact of the used resonance line list to the derived foreign continuum. Thus, the
following comparison should be considered only as a preliminary discussion of the data
obtained in the present work.

Three previous laboratory studies can be used for comparison with our results:

(i) The H20-N2 foreign continuum absorption was investigated within 7 micro-windows
in the range of 22-84 cm™ at 293, 313 and 333 K [17-Podobedov2008-N2]. For comparison,
all these data were extrapolated to 296 K using temperature exponent derived in [17-
Podobedov2008-N2] and scaled using Eq. (10). It should be mentioned, that far-wing cut-off
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at 100 cm™ from the line centre was applied for the resonance absorption model in [17-
Podobedov2008-N2]. So for comparison with our results, the cumulative contribution of
resonance line wings within the 25-100 cm™ range of detuning from the line centres were
added to the continuum reported in [17-Podobedov2008-N2].

(ii) Extended series of room temperature measurements of a mixture of water vapour in
air was reported in a narrow interval near 50 cm™ [30-Slocum2015]. Significant variation of
experimental conditions (optical path length, composition and pressure of the mixture)
allowed quite reliable determination of the H>O-air continuum.

(iii) Finally, Burch performed a systematic experimental study of the H20-N:
continuum in the ranges 338 - 629 cm™ [19-Burch1979] and 720-1000 cm™* [31-Burch_Alt].

These previous experimental data and our final derived C,, , ; values are gathered in

Fig. 8 and compared to the MT_CKD-3.2 foreign-continuum model. It should be recalled,
that the MT_CKD continuum includes the "pedestal” (the trapezoid underneath the line
profile subtracted from the resonance absorption) [11-Mlawer2012]. For the proper
comparison of the experimental data with the MT_CKD model, we subtracted the cumulative
pedestal of the H>O rotational spectrum from the model spectrum. Note that the latter
modification decreases the model continuum by about 25% in the range of the maximum of
the H2O band and introduces non-smoothness of the spectrum, which is seen even in
logarithmic scale of the figure. A good overall agreement is obtained with previous
measurements available in the low- and high-frequency wings of the H>O band. The
agreement with the MT_CKD-3.2 [13-MTCKD _site] model is very good in the range above
200 cm! although the model overestimates the continuum in the in-band region (60-200 cm™)
where previous measurements were absent.

25 10" 5

o Present data (averaged)

e Podobedov 2008 (N3)

1 Burch 1979, 1984 (N5)
Slocum 2015 (air) 109
Baranov 2012 (Ny) 7

= Koshelev 2011 (Np)

% Liebe 1987 (Nj)

Kuhn 2002 (N3) 1074
— MT_CKD-3.2 3

N
o

-
(3]

-
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Cair (V), 107 em’molec atm’™
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Fig. 8. Comparison of the present results to literature laboratory data on absorption cross-
sections of the H»O-air continuum at 296 K in linear (left) and logarithmic (right) scales.
Weighted average values of H.O-N, and H,O-air data from this work (Fig.7) are shown by red
circles. Measurements with H.O-N2 mixtures from [18-Burch1979, 31-Burch_Alt] (dark green
triangles) and [17-Podobedov2008-N2] (blue squares) are multiplied by 0.78 (Eg. (10)). Moist
air measurements from [29-Slocum2015] are shown by bright green square. Other known
microwave and IR data from [15-Liebe1987, 14-Koshelev2011, 16-Kuhn2002, 32-Baranov2012]
below and above studied range are shown for comparison by different symbols (see legend in the
figure). The MT_CKD-3.2 model foreign continuum is displayed by black solid curve. The
dotted curve in the right panel is the Planck’s law for the Earth’s mean thermal emission
radiance (in arbitrary units).
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Note that this overestimation, on one hand, is slightly larger than could be explained by
differences in line list, which should be used together with the model [Mlawer2019] for the
correct calculation of the total absorption in air but, on the other hand, it is well within the
limits of Cs variation related to water line pressure broadening parameter uncertainties (see
Supplementary Materials for details).

The results of other known laboratory studies related to the H.O-air foreign continuum
are presented in Fig. 8 including datasets retrieved at lower and higher frequencies than our
work. Additionally, we plotted in the figure the black-body spectral radiance curve (Planck’s
law) for a temperature 287 K corresponding to the mean thermal emission of the Earth and
demonstrating the importance of the considered spectral range for the radiation budget of our
planet. As the maximum of the thermal emission curve is close to the range of the H>O-air
continuum maximum, the continuum uncertainty directly affects the corresponding
uncertainty of the outgoing energy.

5. Conclusion

The foreign-continuum absorption of moist nitrogen, oxygen and air has been
investigated using synchrotron-based Fourier transform spectroscopy at room temperature in
the 50-500 cm™ frequency range. Cross-section values were derived from the pressure
dependence of the measured absorption for series of pressure values during increasing and
decreasing pressure ramps. The oxygen contribution to the foreign continuum of water vapour
in air is found to be mostly negligible compared to the N2 contribution. The foreign
continuum in air is thus limited to the N2 contribution and a good consistency is obtained
between the results obtained with air and with Na.

To the best of our knowledge, the reported results are the first laboratory study of water
vapour foreign-continuum covering the entire spectral range of the H2O rotational band. Our
data on the water vapour foreign-continuum are consistent with earlier experimental results of
Podobedov [17-Podobedov2008_N2] and Burch [19-Burch1979] in the lower and upper parts
of the studied spectral range, respectively, and in general confirm the validity of the
MT_CKD model widely used for atmospheric applications.
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