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Abstract

Water vapour continuum absorption is an important component of atmospheric radiative transfer codes. It significantly
impacts the radiative balance of the atmosphere, but the physical nature of this absorption remains a subject of discussion.
Here the H,O self-continuum absorption is considered within the infrared absorption bands (from 50 to 11 200 cm-?) of water
vapour exploiting existing measurements. Comparison of this data with the MT_CKD-3.5 continuum model, which is used
in many radiative transfer codes, reveals significant quantitative and qualitative differences. New water vapour self-
continuum spectra are derived from earlier FTS measurements using HITRAN-2016 in the 5300 and 7200 cm™* bands. A
previously proposed water dimer model is refined and unified based on a broad set of up-to-date experimental data on the
H>0 continuum. The new model, which is suitable for incorporation into radiative transfer codes, has a much firmer physical
basis than existing models. It reproduces the spectral behaviour and magnitude of the in-band water vapour self-continuum
for temperatures from 279 to 431 K depending on the band. Importantly, the fitted total equilibrium dimerization constant
used in the updated continuum model exceeds independent estimates by a factor of 1.5-3 across the entire temperature and
spectral regions studied. Possible causes for this, which are important for understanding the physical origin of the continuum,
are discussed. The contribution of water dimer to the continuum is estimated to vary from 40 to 90% depending on

absorption band and temperature.

Keywords: continuum absorption, water vapour, absorption band, water dimer, line wing, semi-empirical model

1. Introduction

Water vapour, being the main absorber of solar radiation and the strongest greenhouse gas in the Earth's atmosphere, is a
high priority in studies of the atmosphere and climate. Water vapour determines most of the atmospheric absorption from

microwave to visible frequencies. The infrared (IR) spectral region, which includes the maximum outgoing heat flux of the
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Earth and the strongest absorption of solar radiation by water vapour, is of particular interest from the point of view of
radiative balance of the atmosphere and its impact on climate change. The water vapour absorption spectrum in this region is
a series of absorption bands separated by atmospheric windows.

There are two conventionally distinguished components of the water vapour absorption spectrum. The first one is
selective (or resonance) absorption, which is determined by a cumulative contribution of water monomer spectral lines. At
present, parameters of a large number of H,O spectral lines are known with high accuracy from quantum-chemical
calculations and experiments and can be used to simulate the selective absorption spectrum in wide frequency regions and
thermodynamic conditions. These parameters are available in open spectroscopic databases such as HITRAN [1], GEISA
[2], etc.

The second component of the water vapour absorption spectrum is the so-called continuum absorption characterized by a
much weaker dependence on frequency than absorption by spectral lines. The continuum absorption is defined as a
difference between the water vapour experimental absorption and the simulated selective absorption spectra. The water
vapour continuum was first discovered in the transparency window of 8-14 um about a century ago [3]. Nevertheless, the
nature of this phenomenon still remains insufficiently studied and understood. The importance of the continuum for the
atmospheric radiation budget has been the subject of many studies (e.g. [4-6]). The continuum is also relevant in many
remote sensing applications (e.g., [7]). The water vapour continuum consists of two components: the so-called self- and
foreign-continua, resulting from the interactions of H,O molecules with each other and H,O molecules with molecules of
other atmospheric gases, respectively. This work considers the water vapour self-continuum. Within atmospheric windows,
the water vapour self-continuum absorption is, in a wavenumber integrated sense, greater than the weak monomer lines by
an order of magnitude or even more, and has a spectral structure that varies smoothly with frequency. In these windows, the
water vapour continuum plays the most important role in the radiative balance of the atmosphere [4,8].

Within the IR absorption bands, the continuum is 2—3 orders of magnitude weaker than the selective absorption at
spectral line centres; however, is quite comparable with this absorption in microwindows, i.e. between H,0O spectral lines.
Within bands, the water vapour continuum spectrum remains less studied today compared to the atmospheric windows,
probably due to its relatively minor applied interest. The first laboratory-based experimental data on the water vapour
continuum within the IR bands were obtained only in the 1980s in the bands centred at1600 cm™ [9] and 3600 cm™ [10].
However, the opportunity to obtain the reliable laboratory data on the in-band IR water vapour self-continuum became
available at the beginning of the 21st century, when the requirements of high resolution (comparable to the average line half-
width and higher) of experimental data and low uncertainties in the spectral line parameters for calculating the selective
absorption had been achieved For the in-band continuum, a key aspect is that it has characteristic broad spectral features —
absorption peaks — which are of particular importance for understanding physical mechanisms responsible for the continuum
absorption. In addition, even earlier experimental continuum data are known [11,12], obtained in the high-frequency wing of

the rotational absorption band from 333 to 633 cm™™. However, the continuum in this spectral region is difficult to interpret as
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in-band, since the data are located in the wing of the band and do not have spectral features that are so important in the
framework of this study.

From afundamental point of view, the water vapour continuum is interesting for understanding the understudied
properties of the H,O molecule in the gas phase. In particular, the continuum spectrum contains information on the effects
that arise from intermolecular interactions of H,O molecules in a real gas: “non-Lorentzian” wings of H,O spectral lines
resulting from the specifics and finite duration of water molecules collisions (the hypothesis of water monomer line wings,
starting with [13]) and the formation of short-lived pair states of H,O molecule with characteristic absorption spectra (the
hypothesis of water dimers?, starting with [14,15], later including in the bimolecular absorption hypothesis [16]).

Within the IR absorption bands, the water dimer hypothesis of the continuum is of particular importance. The water
dimer absorption spectrum is determined by a sum of spectral lines corresponding to rovibrational transitions in water
dimers. Due to the large number of vibrational degrees of freedom (12 versus 3 in water molecule), the water dimer has a
much greater number of allowed transitions compared to the H,O monomer. Thus, the water dimer spectral lines overlap
strongly, forming an unresolved spectral structure (except at very cold temperatures). Within the absorption bands, this
structure consists of some subbands corresponding to different vibrational transitions in water monomer units within the
dimer. The corresponding absorption peaks were found in the experimental continuum absorption spectra within the IR
bands (see references in Section 2). The observed structural similarities drew the attention of researchers to the probable
contribution of water dimer absorption to the water vapour continuum spectrum [17—22]. A detailed description of the
history of the study of the water vapour continuum absorption can be found in [23,24]. The motivation for the present study
is the still open fundamental question about the origin of the continuum absorption and the emergence of new experimental
and theoretical data on the water vapour absorption which allows the development of a more refined model of the in-band
continuum, suitable for incorporation in radiative transfer codes.

In some cases, knowledge of the magnitude of the self-continuum within absorption bands enables the refinement of the
water monomer spectral line parameters or detection of errors in spectral databases (see, for example, [25,26]), which in turn
also affects the accuracy of atmospheric absorption simulations. Also, reliable information on the value and spectral features
of the self-continuum absorption makes possible a more accurate retrieval of the foreign-continuum absorption(see, for
instance, [27]). The water vapour foreign-continuum absorption along with the self-continuum contributes to the atmospheric
absorption and must be accounted for in calculations of the radiative balance of the atmosphere.

To this day, the Mlawer-Tobin_Clough-Kneizys-Davies (MT_CKD) semi-empirical continuum model [28] has, in

general, proved itself to be a reasonable solution for simulation of the water vapour continuum spectra in many spectral

1 Water dimer is a molecular complex consisting of two H20 monomers associated by a hydrogen (or Van der Waals) bond.
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intervals within the spectral region from 0 to 20000 cm™ including both the IR bands and atmospheric windows. A
description of the MT_CKD model can be found in [28], and its updates can be tracked on the website [29]. This model is
widely used in simulations of atmospheric radiative transfer. However, despite its general effectiveness in atmospheric
windows, within the water vapour absorption bands, notable qualitative and quantitative differences between the MT_CKD
model and experimental data on the continuum absorption have been found (some examples are presented in this paper). It is
obvious today that some part of the continuum absorption in the MT_CKD model can be attributed to the water dimer
absorption. So, the current investigation is intended to help to separate this part and thus to improve accuracy and physical
background of the water vapour continuum model leading to an improved representation of the water vapour continuum in
atmospheric radiative transfer models.

In our earlier works, the latest experimental data on the water vapour self-continuum absorption and preliminary
estimates of the integrated contribution of water dimer absorption to the continuum, using a water dimer continuum model
[22] and the then most-recent spectroscopic data, were presented; this covered the rotational [26,30] and rovibrational IR
absorption bands centred near 1600 and 3600 cm [31-33] and 8800 and 10 600 cm™ [34]. In the present work, the
continuum spectra were retrieved within the bands centred at 5300 cm™and 7200 cm using experimental data from [31] and
the HITRAN-2016 database [35]. This made it possible to collect the full set of the most recent data on the water vapour
continuum absorption from experiments within the strongest IR bands located from 50 to 11 200 cm™. The purpose of this
work is to analyse the possible contribution of water dimers to the water vapour continuum spectra within the IR bands in
extended spectral and temperature ranges, and to present a semi-empirical modification of the water dimer continuum model.

The paper structure is the following. Section 2 contains a brief description of the retrieval of the water vapour continuum
spectra from high-resolution Fourier-transform spectrometry (FTS) spectra within the strongest IR absorption bands. In Sect.
3, the parameterization of the earlier suggested water vapour continuum dimer model [22] within the absorption bands
studied here is considered. The discussion of the results is presented in Sect. 4. The newly developed semi-empirical dimer-
based continuum model for the IR absorption bands is described in Sect. 5. Conclusions are summarized in Sect. 6. The
newly retrieved water vapour continuum spectra within 5300 and 7200 cm* bands are given in the Appendix A. The spectra
of the new semi-empirical dimer-based continuum model, as well as the estimated real equilibrium constants of bound and
quasibound dimers, are shortly described in the Appendix B, presented in tabular form in the Supplementary material 1 and
illustrated in the figures of the Supplementary material 2. The data in the Supplementary material 1 can be readily
incorporated into atmospheric radiative transfer codes. Appendix C contains a description of the notation introduced by the

authors related to the dimerization of water vapor.

2. Experimental data

Since the origin of the water vapour continuum absorption has not yet received a strict physical description, direct recording

of the continuum is not available. The standard approach to obtaining experimental data on the water vapour continuum
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includes usually three main stages: (1) measurement of (total) pure water vapour absorption spectra; (2) simulation of local
absorption of the water monomer spectral lines with parameters from a spectroscopic database; (3) taking the difference of
the spectra obtained in steps (1) and (2).

To date, there are laboratory-based experimental data on the water vapour self-continuum within almost all IR absorption
bands (see Tables 1 and 2). The exception is for the weakest bands near 12200 cm™. To receive reliable absorption data in
this band, more sensitive measurement techniques than FTS are required. For example, the cavity ring-down spectroscopy
(CRDS)technique is relevant for this goal [36]. Table 1 lists a number of works devoted to the retrieval of the water vapour

self-continuum spectra within the IR absorption bands, many of which used databases prior to HITRAN-2016 [35].

Table 1. Example of available experimental data on the in-band water vapour self-continuum absorption many of which used databases
prior to HITRAN-2016 (see extension with latest data in Table 2).

Literature source T, K

150 cm'!

Burch (1979, 1982) [11,12] 296, 338, 430
Liebe et al. (1987) [37] 296

Kuhn et al. (2002) [38] 296-356
Podobedov et al. (2008) [39] 293, 313, 333
Koshelev et al. (2011) [40] 261-328
Slocum et al. (2015) [41] 296

Odintsova et al. (2017) [42] 297

Koshelev et al. (2018) [43] 296

Odintsova et al. (2019) [44] 297

1600 cm!

Burch(1981) [9] 308
Tohin(1996) [45] 260, 296
Paynter et al. (2009) [31] 296, 330, 351
Ptashnik et al. (2013) [46] 288-289.5, 318
Ptashnik et al. (2016) [47] 268-289

3600 cm*

Burch(1985) [10] 296

Paynter et al. (2007) [20] 296, 351
Paynter et al. (2009) [31] 296, 304, 317, 327, 337; 351
Ptashnik et al. (2013) [46] 288-289.5, 318
Ptashnik et al. (2016) [47] 268-289

Birk et al. (2020) [48] 296, 353

5300 cm?!

Ptashnik et al. (2004) [18] 297, 299, 342
Paynter et al. (2009) [31] 293, 317, 337, 351
Ptashnik et al. (2013) [46] 288-289.5, 318
7200 cm?!

Paynter et al. (2009) [31] 317, 337, 351
Ptashnik et al. (2013) [46] 288-289.5, 318

In this work, a wide set of recent experimental data on the water vapour self-continuum, retrieved using the HITRAN-

2016 database [35], is investigated. For clarity, these data are presented in a separate table, Table 2. Within absorption bands,
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the water vapour self-continuum is comparable with the selective absorption in many microwindows (i.e. in between spectral
lines). Therefore, the retrieved continuum spectra within the bands largely depend on uncertainties in the spectral line
parameters used for calculation of selective absorption spectra. Thus, the newer the spectroscopic database that is used to
retrieve continuum spectra, the more reliable, in general, the obtained experimental in-band continuum can be considered.
The most recent version of the HITRAN database is HITRAN-2020 [1]. Therefore, it is worth more clearly explaining the
motivation for using HITRAN-2016 in this work.

First, the latest version — HITRAN-2020 [1] — became officially available only at the end of 2021, which was after the
end of our data processing. However, this does not markedly affect our results. Only strong and middle intensity lines affect
the retrieved in-band continuum absorption. Parameters of such lines (intensities and linewidths) did not change markedly
during recent HITRAN updates, since many of them had already been studied in detail earlier. Therefore, the main
differences between the retrieved continuum spectra using the HITRAN-2016 and HITRAN-2020 can be caused only by
difference in parameters of relatively weak H,O lines. The latter, in turn, have much less impact on the retrieved continuum.
As an example, Fig. 1 shows continuum spectra retrieved using the 2016 and 2020 versions of HITRAN for a subset of data
used here in several IR absorption bands at different temperatures. It can be seen that the use of a newer HITRAN version
does not lead to any significant changes in the retrieved continuum values. Therefore, the data in Table 2 can still be
considered reliable.



160

165

170

T T T T T T T T T

© with HITRAN-2016
@® with HITRAN-2020 |

Cross-section, 10-20 cm2molec-1atm-!
N
i

Cross-section, 1022 cm2molec-Tatm-1

5300 5400 5500

Wavenumber, cm™!

200 250 300 350 5200

Wavenumber, cm™!

..w .
8600 8700 8800 8900 9000 9100
Wavenumber, cm-"

Cross-section, 10-24 cm2molec-'atm"
D
1
‘l:*.<
3
e
@
| H.._'
@
Cross-section, 1024 cm?molec-'atm-1
w
1

Wl

10400 10600 10800 11000
Wavenumber, cm-!

o----F"'

10200

Fig. 1.The examples of the water vapour self-continuum spectra retrieved using the HITRAN-2016 [35] (grey circles) and HITRAN-2020
[1] (red circles) databases. The results are given for the experimental data presented in Table 2.

Second, one of the main results of this work is a new semi-empirical continuum model. The development of the universal
model requires experimental data on the water vapour self-continuum in wide spectral and temperature ranges. Moreover,
this has to be retrieved using a single version of the spectroscopic database. At the time of the development of the semi-
empirical continuum model described in Sect. 5, the authors of this work and their colleagues (see links to works in Table 2)
had completed the preparation of a set of 24 experimental water vapour continuum spectra retrieved with HITRAN-2016.

The more recent papers describe retrievals of the self-continuum spectra from the measurements of pure water vapour
absorption within rotational and rovibrational IR bands in a wide temperature range of 279-431 K using HITRAN-2016 is
presented in Table 2.

These measurements were carried out using Bruker IFS 125-HR Fourier Transform spectrometers (FTS) and multipass
absorption cells at the Rutherford Appleton Laboratory (UK), at the Institute of Atmospheric Optics SB RAS (Russia), and
the Synchrotron SOLEIL Facility (France). The experimental conditions are also presented in Table 2. The experimental
optical depth of pure water vapour absorption zex(v,T) at wavenumber v and temperature T was derived according to the
Beer—Lambert law:
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where 1(v,T) and lo(v,T) are the FTS signals recorded when the absorption cell is filled with water vapour and evacuated (or

filled with argon), respectively.

Table 2. Experimental conditions for the measurements of pure water vapour absorption within the IR absorption bands, from which the
up-to-date H20 self-continuum spectra were retrieved using the HITRAN-2016.

Absorption bands  Literature source Temperature, K Pressure, Spectral Optical path
centred at, cm? mbar resolution, length, m
cmt

150 Odintsova et al. (2020) [26] 296, 326 4-16 0.02 151.75

1600 Ptashnik et al. (2019) [32] 296-351 13.5-91 0.03 17.7
278.8-288.4 6.4-11.5 0.01 28.8

3600 Ptashnik et al. (2019) [32] 296-351 12.1-156 0.03 17.7
278.8-288.4 6.4-11.5 0.01 28.8

5300, 7200 Data from Paynter et al. (2009) [31] 317, 336, 351 60-200 0.03 17.7

updated here using HITRAN-2016 (see
Fig. 2 and Appendix A)

8800, 10 600 Simonova et al. (2022) [34] 398 1000-1370 0.1-0.2 17.7
431 1080-2100 0.1-0.2 17.7
431 3145-4155 0.4 97

To simulate the selective absorption spectra, aline-by-line code was used [49]. Each Voigt (for the rovibrational bands)
and Van Vleck—Huber (for the rotational band) line was calculated within 25 cm™* from its centre without the "CKD-plinth"
(see, for instance, Fig. 3 in [5]). The distance of 25 cm™ (750 GHz) from the line centre is the classic cut-off boundary
determining the range of the impact approximation [50]. This conventional approach to retrieving the continuum spectra
gives the possibility of comparing correctly the continuum data obtained from different experimental studies and from
simulations using the widely used MT_CKD continuum model [28]. The water vapour spectral line parameters were taken
from HITRAN-2016database [35].

At the final stage, the water vapour continuum optical depth zcont(v) was derived as a difference between the experimental

water vapour optical depth spectrum zexp(v) and the calculated cumulative local contribution of water monomer lines zmon(v)
Tcont W) = Texp W) - Tmon ). (2)

The key stage in the retrieval procedure is the exclusion of wavenumbers near the centre of spectral linesfrom the processing,
where the uncertainty in the simulated local lines absorption is large compared to the continuum absorption. Thus, the
experimental data on the water vapour continuum absorption is determined only at wavenumbers within microwindows
between spectral lines. The following semi-empirical equation is used to describe the experimental self-continuum optical
depth:
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where v, Ps, T and L are wavenumber, water vapour pressure, temperature and optical path length, respectively; ocont is the
continuum absorption coefficient [cm™]; Cs is the self-continuum cross-section [cm? molec® atm™]; ps is the water vapour
number density; k is the Boltzmann constant.

Approximation of the experimental dependence of the continuum absorption coefficients acont ON pressure-squared by a
linear function provides values of the self-continuum cross-sections Cs. Based on the results of this procedure, only reliable
data for which the characteristic dependence of the water vapour continuum on water vapour pressure (ccont Ps?) is
confirmed are selected. The detailed description of the retrieval procedure can be found elsewhere [26,34].

For joint analysis of experimental in-band continuum in the entire IR spectral region (excluding the unexplored
12 200 cm™* absorption band), we also present here the newly retrieved water vapour self-continuum absorption within the
5300 and 7200 cm™ absorption bands from the experimental data [31], using the HITRAN-2016[35] and a more
sophisticated data-filtering technique realized in a specialized software for processing experimental data [51]. Since the most
recent continuum retrievals in these bands were carried out more than a decade ago ([31] and [46]), it was necessary to
update these data taking into account the newer database. The obtained self-continuum cross-sections Cs at 317, 336, and
351 K are presented in Fig. 2 and given in Appendix A. The characteristic H,O pressure squared dependence and strong

negative temperature dependence of the water vapour self-continuum absorption are found in this new analysis.

6 ’ 6
| @ 7K -
51l 5/ © 336K |
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—_

Cross-section, 1022 cm2molec-'atm-"
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Fig. 2. Cross-section spectra of the water vapour self-continuum absorption retrieved from experiment [31] at 317 K (empty circles), 336
K (orange circles) and 351 K (dark red circles). The retrieval uncertainty is illustrated for data at 317 K only. The same information for
336 and 351 K is presented in Appendix A.

Experimental in-band water vapour self-continuum spectra located in the spectral region from 50 to 11 200 cm™ (see

examples in Fig. 3) are used here. All experimental spectra are obtained with the "CKD-plinth" included in the continuum
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for direct comparison with the MT_CKD maodel. In this study, we use the MT_CKD-3.5 version, since there are no changes
to the in-band continuum between 3.5 and the latest versions — 4.1 (see e.g. Fig. 2(d) in [28]) and 4.2 (see description in
[29]).

For all the bands studied, a significant spectral difference between the experimental data and MT_CKD-3.5 continuum
model, especially near the band centres, can be seen in Fig. 3. In particular, the MT_CKD model does not reproduce the
observed experimental absorption peaks, which, in turn, play a key role in studying the origin of the in-band continuum
absorption. Since the MT_CKD is primarily intended for application at atmospheric temperatures, a significant quantitative
difference between the model and experiment at elevated temperatures can be explained by the limitations of the model.
However, the spectral structure of the continuum should be reflected more realistically in the model at any temperature. To
date, in all IR absorption bands, except for the bands centred near 12 200 cm™, there are experimental data on the water

vapour self-continuum, which can be used to update MT_CKD.
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Fig. 3. Water vapour self-continuum cross-sections within all investigated to date IR absorption bands: examples of the experimental
spectra (circles and stars) and the MT_CKD-3.5 model at the same temperatures (black curve). Ratios of the experimental water vapour
self-continuum spectra to the MT_CKD-3.5 model are also shown in the lower panels.
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The narrow lower panels in Fig. 3 show the ratios of the experimental values of the water vapour self-continuum to the
MT_CKD model. The lowest maximum deviation (by a factor of ~1.4) is observed for the rotational absorption band. This is
expected since the MT_CKD-3.5 update was carried out using the experimental data from Odintsova et al. [26] which is also
used here. In the other absorption bands, this difference is greater (up to a factor of 5, for example, near 3600 cm™) both at
atmospheric and elevated temperatures. Refinement of the spectral behavior of the MT_CKD model, taking into account the

up-to-date experimental data, will obviously minimize the observed quantitative difference.

3. Simulations of the water dimer absorption spectrum

After the publication of the results of quantum-mechanical calculations of true bound water dimer spectral parameters by
Schofield & Kjaergaard [52], the contribution of the dimer to the water vapour continuum began to be actively discussed.
Ptashnik et al. [18] showed for the first time that the spectrum of true bound water dimer subbands (simulated using
intensities and frequencies from quantum-mechanical calculations of Schofield & Kjaergaard [52] and equilibrium
dimerization constants from Curtiss et al. [53]) explained particular pronounced absorption peaks in the observed near-IR in-
band self-continuum spectra (see Fig. 1 in [18]). In the work of Daniel et al. [19] the role of water complexes (including
H>0-N2, H20-0,, and H;O-Ar in water vapour mixture with atmospheric gases, in addition to the water dimer) in the
formation of the continuum spectrum was discussed from a purely modelling perspective using the theoretical spectrum from
[52]. A detailed consideration of this issue was presented by Ptashnik in [21], where a set of known experimental data for the
water vapour continuum absorption in equilibrium conditions was used.

According to the bimolecular theory [16], true bound and quasibound H,O dimers (henceforth b-dimers and g-dimers?
respectively) determine the main component of pair states in water vapour volumes at close to atmospheric conditions, while
the contribution of the so-called free pairs (defined as two H,O monomers that experience one-off collisions and influence
each other weakly [54]) is negligible. That is why the origin of the water vapour self-continuum absorption is usually
considered mainly within the framework of the water dimer hypothesis [14,15,21]. A refined version of the water dimer

model proposed in [22] explains the continuum by the combined contribution of b- and g-dimers

C(v,T) = Ko7 (1) 3 SP (D) £2 (v, v?) + K3 (1) 35 ST (D £ (A, v ), (4)

2 True bound dimer, for its formation from two H20 molecules, requires a third-body collision; quasibound dimer relates to multiple-
approach pair collisions resulting in the temporary stabilization of a pair which has total internal energy in excess of the dissociation
threshold.
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where Cs is the water vapour self-continuum cross-section [cm? molec™ atm™] (where ’atm’ and molec’ applies to the
pressure and number of water monomers, respectively); SP is intensity of i-th subband of b-dimers [cm dimer?]; S9% is
intensity of i-th line of g-dimers [cm dimer?]; fi(Avi,y®) and f%(Avi,)%) are Voigt profiles [cm] with self-broadened
halfwidths at half-maximum (HWHM) y° and y9 [cm™!] defined for b-dimer subbands and g-dimer lines, respectively; Av; and
Av; are the distances from the centres of b-dimer subbands and g-dimer lines [cm™], respectively; K, and K9, serve as
fitting parameters of the model and have the meaning of the dimerization equilibrium constants KPjqand K% of b- and g-

dimers (in [atm™] = [NdimersNmonomers* P&r 1 atm of water monomers]), respectively:
Keg *(T) = K& (T) + K2y (T), (5)

where K9 is a total equilibrium constant of water dimers. The introduction of fitting parameters was necessary due to the
fact that the independent estimate of the dimerization equilibrium constant of g-dimers is still a challenging task. The ratio of
b- and g-dimers as a function of temperature is considered in the framework of a statistical approach[55]. In turn, KP*9,
reflects the relationship between the partial pressure of water dimers, P20)2 and the total pressure of water vapour, Ph2o
Koy (1) = =% G)

To date, estimates of the spectral parameters of water dimer transitions are available only for the true bound states (see
below), while for the g-dimer such information is absent in the literature. Spectral properties of the latter are less pronounced
compared to the true bound dimers, since quasibound dimers imply a fairly wide range of states that are between two
extreme states of true bound dimer and free pair. Therefore, the direct calculation of the g-dimer spectrum is still particularly
complex. In the water dimer model [22], it was suggested to use a simple approximation, according to which the g-dimer
spectrum is calculated as a sum of strongly broadened H,O monomer lines with doubled intensity Si™" (i.e. $;% = 2 §™").
Such an approach was chosen taking into account the characteristic short lifetime of quasibound states and from general
considerations about the weak bond between two H,O monomers forming g-dimers[56]. Obviously, the intensity of g-dimer
lines can vary within certain limits relative to the doubled intensity of the H,O monomer. However, a more universal and

reasoned approximation has not yet been proposed.

3.1. Previous simulations

The water dimer model described above (Eq. (4)) was first applied for the in-band water vapour continuum in [22]. The
results of ab initio calculations of b-dimer subbands’ intensities and positions by Kjaergaard et al. (VPT2 [57]) and absolute
intensity measurements by Kuyanov-Prozument et al. [58] were used to calculate b-dimer spectra. As a result, a good
agreement of this model using two fitted parameters (K, and K9,q) with experimental data [31] within absorption bands

centred near 1600 and 3600 cm™! was demonstrated.
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The next important result in the development of the water dimer hypothesis was the refinement in estimation of the total
dimerization constant K*aestim.. performed by Tretyakov et al. (2012)[59]. This estimate was then confirmed in the
independent works by Ruscic(2013) [60] and Leforestier (2014) [61]. For b-dimer, two independent estimates of the
equilibrium constant KPCstim,, are known from works of Scribano & Leforestier(2006) [62] and Buryak & Vigasin (2015)

DY -Dy)

(
[63]. At present, the KPq from [62] was multiplied by a factor of %to account for more accurate value of the

dissociation energy Do = 1105 cm™ from [64] instead of Do = 1234 cm™ used in [62]3. Taking into account the relationship
between the total dimerization constant and b-dimer dimerization constant (Eg. (5)), the g-dimer dimerization constant
Kaestim, can be determined as the difference between KP*aEstim,, and KbEstim,,

Further, the water dimer model (Eq. (4)) was parameterized by fitting in the millimeter spectral region [65], within the
rotational band [30,65], within the 1600 and 3600 cm™ bands [32,33,65], and within the 8800 and 10 600 cm absorption
bands [34] (separately for each band). In all the studied vibrational-rotational bands, the model and experiment are in good
spectral agreement (see the next Sect.). At the same time, the values of equilibrium constants K, and K9t), derived from
fitting of the model to experimental continuum spectra have demonstrated the overestimation of the total dimerization
equilibrium constant KP*a(f,, compared to the estimated values KP*a®stim,, across the whole considered temperature range
from 268 to 431 K. In this subsection, the results of simulation of the continuum using the water dimer model, obtained by
different scientific groups, are summarized. To avoid repetition, more detailed aspects of modeling the water dimer
absorption spectra are considered in Subsect. 3.2.

Summarizing the considered results of simulations, the following conclusions were drawn.

First, the significant difference (up to several times) between the fitted and estimated equilibrium constants, KP*a(fi9,, and
Kbralstm (see, for instance, Fig. 8 in [34]), can indicate only partial involvement of water dimers in forming in-band
continuum spectrum. The calculations according to Eq. (4) using the independent estimates KPCstime, and KP*aEstim,, instead
of fitted parameters makes it possible to simulate more reliable water dimer absorption spectra, assuming good enough
accuracy in the available spectroscopic information on the water dimers transitions. Such an approach allows the
determination of the contribution of water dimers to the continuum absorption. This implies that the remaining value of the
continuum is due to some other physical mechanism. For example, guided by this conclusion, Serov et al. [65] suggested a
new model to describe the residual part (after subtraction of the water dimer contribution) of the continuum by contribution

of the “non-Lorentzian” far wings of water monomer lines.

3Dy plays an essential role in calculation of KPq, as it contributes through the exponential term exp(Do/kT) which is on the order of ~150 at
room temperatures [62].
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Secondly, it is worth noting the importance of the characteristic features of the b-dimer spectrum. Due to these spectral
structure, the simultaneous fitting of the b- and g-dimer model spectra to the experimental continuum within each band has
revealed that the fitted values of b-dimer equilibrium constant KP(, are close to the known independent estimates KPEstim),
[62,63]. In other words, the specific structure of b-dimer spectrum makes it possible to determine the b-dimer contribution to
the continuum almost unambiguously, despite the involvement of other absorption mechanisms with a smoother structure (g-
dimers, possible "non-Lorentzian" wings, or unknown others) in the continuum. Therefore, the observed difference between
the fitted and estimated equilibrium constants, K**a(fi0,, and KP*aestim), - should be explained mainly by the deviation of the
fitted g-dimer equilibrium constant K9, from Kaestim,,

Thirdly, taking into account the markedly better spectral agreement of the experimental continuum with the water dimer
model (Eq. (4)) using fitted parameters as compared to the widely used MT_CKD continuum model within the investigated
IR absorption bands in a broad temperature range (from 268 to 431 K), it is possible to develop a semi-empirical
modification of the in-band water dimer self-continuum model. The first steps in the development of such an in-band
continuum model were made in our previous work [34] for 1600, 3600, 8800, and 10 600 cm™ absorption bands. It was
named the dimer-based continuum model. In this work, we propose an updated version based on the latest experimental
continuum data for predicting the continuum absorption values within the extended spectral region from 50 to 11 200 cm™,

excluding atmospheric windows, in a wide temperature range from 279to 431K.

3.2. Current simulations

Here, the water dimer model (Eqg. (4)) was parameterized simultaneously within 150, 1600, 3600, 5300, 7200, 8800 and
10 600 cmabsorption bands. The experimental data on the water vapour self-continuum absorption are described in Sect. 2
(see Table 2).

Let us consider the first term on the right side of the Eq. (4). For the rotational absorption band, the results of ab initio
calculations of b-dimer spectra are known from [57,66,67]. The most complete available b-dimer cross-sections from
Scribano & Leforestier [66] were used here instead of the set of Voigt profiles and intensities in Eq. (4).These b-dimer cross-
sections were fitted then to the experimental continuum spectra by varying the values of K"V, parameter. Within the
rovibrational absorption bands, obtaining information on individual spectral lines of b-dimer is a much more complicated
task. In the literature, information on intensities and transition frequencies can be found only for the whole subbands,
corresponding to vibrational transitions in water monomer units within b-dimer. Table 3 contains the spectroscopic
information on b-dimer subband intensities and positions used in the present work to simulate b-dimer spectra within the
rovibrational absorption subbands located in the spectral region from 1350 to 11 200 cm™. With this information, the b-
dimer spectrum was simulated as a sum of b-dimer subbands using the Voigt profile and the line-by-line code [49].After
completion of the main part of the work presented here, new data on the intensities and frequencies of true bound dimer

transitions became available in [68,69] and [70] for spectral regions of H,O monomer bands centred near 1600, 3600, 5300
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and 7200 cm. These works illustrate the many remaining challenges in estimating wavenumbers and intensities in ab initio

calculations. However, there are no significant changes in these calculations compared to the previous ones that would

markedly affect our current model®. These new data can be used in future work to update the new semi-empirical continuum

model described in Sect. 5.

The HWHM of b-dimer subbands, y°, were determined individually for each band and at different temperatures to get

better agreement between the model and experiment. They turned out to be nearly the same ~30 cm™ (within experimental
uncertainty) for the bands centered at 1600, 5300, 7200, 8800, and 10 600 cm™ (so we set this value for all these bands), and
~19 cm! (instead of 17 cm™* used in [32]) for the 3600 cm™* band.

Table 3. Frequencies and intensities of b-dimer transitions within the IR bands*.

Local mode**

Wavenumber, cm?

Intensity,

h Source
cm*(dimer cm2)!
150 cm™?!
- 50 -572 cross-sections [66]
from [66]
1600 cm™!
[00)*|1) 1603.1 1.180E-17 [57]
|0)¢0)n|1) 1613.8 6.800E-18 [57]
1688.1 1.212E-23
1704.9 4.395E-19
1726.0 4.081E-19
1727.0 3.174E-19
- 17295 8.102E-19 Unpublished data from
1734.7 2.938E-20 H.G. Kjaergaard (2008)
1749.6 2.182E-19
1756.4 3.660E-19
1905.9 1.560E-18
1911.4 1.740E-19
3600 cm!
|00)*[2) 3163.0 1.240E-19 [57]
|0)40)[2) 3200.0 4.320E-19 [71]
|0)4|1)p|0) 3616.0 2.240E-17 [72]
(instead of 3597.4 in
[58])
|10)*|0) 3655.8 7.720E-19 [58]
|1)£0)p|0) 3721.0 1.590E-17 [58]

(instead of 3730.1 in

[58])

4 On average, the new intensity values differ by 15-20% randomly compared to the previous ones. However, direct comparison of intensity
values does not provide a complete understanding of how exactly the simulated continuum value will change when new values of the
transition intensities of true bound dimers are used. This is due to the fact that the halfwidth of the dimer subbands is the fitted parameter.
Thus, a change in the halfwidth can compensate for the difference in the intensities of water dimers at individual frequencies.
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360

365

110)|0) 3745.0 7.300E-18 [58]
|1)1/0)5]0) 3890.4 1.100E-18 [71]
5300 cm'!
|0)/1)o]1) 5219.0 5.600E-19 [57]
110)*[1) 5242.0 2.000E-20 [57]
110)1) 5329.0 5.82E-19 [73,74]***
|1)1]0)6]1)(82%)+|0)|1)]1) (13%) 5345.0 8.500E-19 [57]
7200 cm!
0)/1)5]2) 6749.0 1.39E-21 [73,74]
110)*2) 6789.0 1.08E-21 [73,74]
110)712) 6878.0 1.10E-20 [73,74]
|1)10)5]2) 6895.0 6.94E-21 [73,74]
|0)[2)5/0) 7018.0 1.150E-19 [57]
120)*10)(75 %)+/11)*0)(17 %) 7206.6 5.60E-20 [73,74]
|2)1/05/0) 7230.0 2.300E-19 [57]
120)|0) 7245.0 2.46E-19 [73,74]
[1)1/1)0]0)(69 %)+[2)1/0)]0)(25 %)  7362.0 1.64E-20 [73,74]
11)*]0)(78 %)+[20)*0)(18 %) 7449.0 1.30E-21 [73,74]
8800 cm'?
10)[2)5]1) 8530.5 7.39E-21
|20)*|1)(70 %)+11)*|1)(16 %) 8754.9 2.69E-22
12)10)6]1)(63 %)+|1)1)]1)(22 %)  8804.8 1.28E-20
[20)]1) 8806.9 2.46E-20 [73,74]
1) 1)6]1)(66 %)+[2)r0)ol1)(25 %)  8930.1 4.03E-21
[11)*[1)(74 %)+[20)*1)(18 %) 9006.9 2.13E-24
10 600 cm!
|0)[2)0]2)(69 %)+0)[3)|0)(13 %) 10 057.5 3.14E-22
|0)[3)5|0)(80 %)+0)2)6|2)(12 %) 10 161.1 6.94E-22
130)*|0)(77 %)+21)*10)(9 %) 10 601 8.29E-22
13)10)0]0)(67 %)+[2)1)]0)(12 %) 10 611 4.48E-21
130)-10) 10 615.3 8.06E-21 [73,74]
[1)2)0|0)(68 %)+3)10)6|0)(15 %) 10 673.7 6.05E-22
21)*0)(80 %)+30)*|0)(10 %) 10 869.7 3.58E-22
|2)11)6]0)(74%)+1)[2)6|0)(15%) 10 889.1 8.51E-22
121)0) 11042 9.86E-22

* The precision of the stated frequencies and intensities does not reflect their accuracy.

16

**According to the notation [57,73], [X)fly)b|z) and |Xy):|z) label the vibrational modes in the donor and acceptor water unit, respectively.
Here, x and y denote number of the vibrational quanta in the free (‘f”) and bound (‘b”) OH-stretching mode in the donor unit, respectively;
z is the quantum in the HOH-bending mode; “+” refers to the symmetry of the stretching vibrations in the acceptor unit.

*** The intensities in [73,74] are given in the relative units so that the value of 100 was attributed to the strongest |0)|1)s/0) transition.
Here, the corresponding absolute values obtained using the intensity of the |0)|1)b|0) band from [72] are presented.

Some modifications to the originally known parameters were made in this work as follows. The |0)#1)|0) and |1)¢0)s|0)
b-dimer transitions were shifted from 3597.4 and 3730.1 cm™[58]to 3616.0 and 3721.0 cm™, respectively, based on the best
agreement between the model water dimer spectra and the experimental continuum. The intensity of the strongest b-dimer
transition v3 was set equal to 2.24-10Y" cm dimer?[72] instead of 2.42-10"Y" ¢cm dimer?[58], used for the same fitting of the
water dimer model in [32]. In addition, the intensities of b-dimer subbands in the 5300, 7200, 8800, and 10 600 cm™* bands,

known from [73], were used according to the corrections made in [74]. Finally, in order to obtain absolute b-dimer transition
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intensities from the relative values presented in [73,74], the absolute intensity of the strongest transition vz from the work
[72] was used and assumed to be 100.

The second term on the right side of the Eq. (4) corresponds to q-dimer cross-sections. These spectra were simulated as a
sum of strongly broadened H>O monomer lines with doubled intensities (as discussed above) using the Voigt profile and the
line-by-line code [49]. The intensities and frequencies of H,O monomer lines were taken from the HITRAN-2016 database
[35] (the same version of the HITRAN used at the retrieval of the continuum).

Further, the simulated b- and g-dimer spectra were fitted to the experimental water vapour self-continuum using the least

square method and two fitting parameters of the water dimer model: KP(fit)q and Ka(fit)g,,

4. Discussion of the simulation results

The obtained »° value turned out have no temperature dependence within experimental uncertainty of the self-continuum
spectra. Information on temperature dependences of the HWHM of b-dimer lines is not yet available. However, the obtained
result is quite reasonable. Sinceb-dimer subbands consist of a huge number of strongly overlapped water dimer spectral
lines, taking into account the temperature dependence of the HWHM of each dimer line will hardly lead to a noticeable
change in y° value with temperature. Therefore, the HWHM of b-dimer subbands are considered as temperature independent.
The values of b-dimer equilibrium constant K°(, obtained from the fitting are discussed below.

The HWHM of g-dimer lines were set to y9=20 cm for the rotational band and y9=10 cm* for the vibrational-rotational
IR bands regardless of the temperature to get better agreement of the model with experimental spectra. The values are in a
reasonable agreement with the estimate of average lifetime of g-dimer = (2-5)-10"2 s (or y = 7-20 cm), obtained from
trajectory calculations for a pair of CO2-Ar molecules [75] (despite the very different intermolecular interaction in this pair
and in H,0-H,0).

The most significant and interesting results of the fitting is related to the obtained temperature dependence of b- and g-
dimer equilibrium constants K*(, and K3, (see Fig. 4). The region of lower available temperatures (= 280-300 K) should
provide the most informative and reliable fitting results, because at these temperatures, the number of b- and g-dimers in
water vapour should be approximately the same (K~ K%q) [16] and spectral features of b-dimers are most pronounced. At
higher temperatures, where g-dimers predominate (KPq < K%q), b-dimer equilibrium constant K®(., would most likely be
determined with less accuracy from the fitting. Besides, at lower temperatures (up to 300 K), there are experimental data on
the water vapour self-continuum within the 3600 cm™* absorption band. This spectral region is of special interest since it
contains the two strongest transitions of b-dimer near 3616 cm™ and 3721 cm (see Table 3). As a result, the water dimer
model within the 3600 cm™ band should provide the most reliable fitting result, since b-dimer subbands provide the main
contribution to the absorption here and their parameters are known from different independent calculations and experimental
studies (see Table 3). Also, the fitting uncertainty caused by very approximate approach to simulation of q-dimer spectrum

will be minimized due to the relatively small integrated contribution of g-dimers at lower temperatures.
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The left panel of Fig. 4 contains information on fitted and estimated values of b-dimer equilibrium constants. Although
the uncertainties of the fitted values of K", goes beyond the area of estimates KPCstim,, [62,63] (between pink and black
solid curves in left panel of Fig. 4), the absolute values of K°(, in 1600, 3600, 5300 and 7200 cm™ absorption bands are
located near the average estimated value <K®m.> (black dotted curve in left panel of Fig. 4). This result indicates that the
water dimer model correctly takes into account the contribution of b-dimer to the water vapour continuum in these
absorption bands, taking into consideration the structural and temperature features of b-dimer spectrum, despite the presence
of at least the g-dimer contribution (and also the contribution of any additional absorption mechanism). In other absorption

bands, the situation is different.

—_— -—
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Fig. 4. Temperature dependences of b- and g-dimer equilibrium constants. Left panel: estimates of b-dimer equilibrium constant Kbstim),
from [62] (with corrected Do = 1105 cm, pink solid curve) and [63] (black solid curve), and the average value <KP®stime,> (black dotted
curve); values of KP(feq obtained by fitting the water dimer model (Eq. (4)) to the experimental water vapour self-continuum spectra
[26,31,32,34,47] (symbols); model b-dimer equilibrium constant KP™od, obtained by approximation of the fitted data KP(fi0¢q is shown by
red solid curve. Right panel: estimate of g-dimer equilibrium constant K3¢stimg, determined as a difference of KP*a@stim, [59] and
<KbEstime > 162,63] (grey dot-dash curve); values of K%, obtained by fitting the water dimer model (Eqg. (4)) to the experimental water
vapour self-continuum spectra [26,31,32,34,47] (symbols) using KPMod, from the left panel; model g-dimer equilibrium constant Kamod,
obtained by approximation of the all fitted data K% (orange solid curve).

In the rotational absorption band, the simultaneously fitted K", and K%, values turned out to be very uncertain. This
was caused by the fact that the b-dimer spectrum in this spectral region has a smooth featureless spectral structure, which,
besides, is similar to the one for g-dimer. In the vibrational-rotational IR absorption bands, the intensive vibrational
transitions of water monomer units within b-dimer cause the presence of well pronounced spectral peaks. These peaks are of
special importance in determining the contribution of b-dimer to the water vapour self-continuum when the spectra of b- and
g-dimers are jointly fitted to the experimental data. In the “near-visible” absorption bands (near 8800 and 10 600 cm™),
uncertainties in the fitted K>, values also exceeded 100 %. This was caused by very weak contribution of b-dimers to the
continuum at high temperatures. Due to this, the values of K, in the 150 cm™and in two near-visible absorption bands

were excluded from consideration. Only the K, values obtained in 1600, 3600, 5300 and 7200 cm™ absorption bands
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were used when deriving KPM, (red solid curve in the left panel of Fig. 4) by extrapolation of these values with an
exponential function (see details in Sect. 5). Therefore, the final K9, values shown on the right panel of Fig. 4 were
derived by fitting the water dimer model (Eq. (4)) to the experimental water vapour self-continuum with the equilibrium
constants of b-dimer fixed at their KPXM9,, values (left panel of Fig. 4).

Based on the results of the analysis on temperature dependence of the b-dimer equilibrium constant, some conclusions
can be made. One of the advantages of the model (Eq. (4)) [22,32] is that it makes it possible to identify the “real”
contribution of b-dimer to the continuum absorption in the IR absorption bands near 1600, 3600, 5300 and 7200 cm™. This is
achieved due to the fact that fitting the water dimer spectra to the experimental continuum allows verification of the
estimated values of K®tim, Namely, the fitted values KP(Mg, turned out to be close to KPEtim,, It is important that this
result was achieved despite using a very approximate approach to simulation of the g-dimer spectra.

At the same time, in all studied IR absorption bands, the values of K9, systematically exceed the estimated K3¢sim,,
obtained as a difference between the most reliable available estimates of the total equilibrium constant KP*a@stim,, [5961]
and <KPEstim, > [62,63] (grey dot-dash curve in Fig. 4), by about 2-3.5 times over the temperature range from 280 to 430 K.

This result could be explained by two possibilities. According to the first one, an artificial overestimation of g-dimer
equilibrium constant is found due to unaccounted transitions and underestimated transition intensities of the true bound
dimers in the model. If this assumption is correct, then the use of more complete spectroscopic information, both for b- and
g-dimers, would allow one to explain the experimental water vapour self-continuum only by H,O dimers. Within the second
possibility, the contribution of an additional absorption mechanism to the continuum may have a place (as already noted in
Subsect. 3.1). A strong argument in favor of this assumption is that the much weaker temperature dependence of Ki(md.,(T)
can be noted than for the estimation K9, (T) obtained by subtracting <KP®stim,> [62,63] from KP*aEstim),, [59] (see orange
solid and grey dot-dash curves in the right panel of Fig. 4). It is possible also that both described factors — possible
significant uncertainties in spectroscopic information on b-dimer transitions (this can be partly verified by the use of the
updated spectroscopic information from [68,70]) and an unaccounted absorption mechanism — may have place, which would
complicate current attempts to describe the continuum absorption totally from a physical point of view.

Examples of the fitted water dimer model to the experimental continuum spectra using K*M9, and K9, in all studied
absorption bands at different temperatures are presented in the left panels of Fig. 5. A quite detailed description of the
spectral structure of the experimental continuum by this model is observed in most spectral regions, despite the use of the

very approximate approach for simulating g-dimer spectrum.
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Fig. 5. Experimental water vapour self-continuum absorption (yellow stars and grey circles) and the results of the water dimer model
parameterization (solid curves). Left panel: simulated absorption spectra of b-and g-dimers using K2Mod, and K, respectively (green
and blue curves), and their joint spectrum (red curve). Right panel: simulated absorption spectra of b- and g-dimers using <KP(estimg,>
(average of the estimates of [62] (with Do = 1105 cm™) and [63]) and K9estimy, (obtained as a difference of Kb+alstimg, [59] and
<KbEstim),,>)  respectively (green and blue curves), and their joint spectrum (red curve); “non-dimer” absorption (empty circles) obtained
as a difference between the experimental continuum and the total (b+q) dimer spectrum (red curve) simulated using independent estimates
of the equilibrium constants <KPEstime,> and Kaestime, Estimates of the integrated contribution of the absorption by water dimers to the
continuum (in %) are given in parentheses.
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In the rotational absorption band, the water dimer model adequately reproduces the continuum in the spectral region from
50 to 280 cm™. It should be noted that in the low-frequency band wing, the model markedly exceeds the continuum obtained
by Odintsova et al. [26]. However, the model is in excellent agreement with the experimental data from Podobedov et al.
[39]. This result positively characterizes the tested water dimer model, since the data from Odintsova et al. [26] have indeed
significant uncertainties in the spectral region from 70 to about 90 cm™ caused by the sensitivity limits of the measuring
setup. In the high-frequency wing of the rotational band (from 280 to 700 cm™), the model underestimates significantly the
magnitude of the experimental continuum.

It should be noted that the model shows some pronounced spectral peaks that are absent in the experimental continuum.
One of the examples is the peak at the centre of the 8800 cm* absorption band. It can be seen that there are no experimental
data in this spectral interval, as well as in some other absorption bands in the regions near 3740, 5340, 8800 and 10 750 cm™.
As a rule, strong absorption (the saturation effect) took place in such intervals, making the retrieval of the continuum
impossible in these regions. Taking into account the fairly good agreement between the water dimer model and the
experimental continuum in all studied absorption bands in a wide temperature range from 279 to 431 K, except for some
cases (such as the high-frequency wing of the rotational absorption band extending far from the centre), it can be assumed
that this model gives an adequate prediction of the continuum features but this cannot be confirmed due to the lack of
experimental data.

The use of independent estimates for <KPEstim.> (from [62] and [63]) and K9estim, obtained as a difference of
Kbraestim, [59] and <KPEsim,> in the model (Eq. (4)) (right panels of Fig. 5) made it possible to obtain an approximate
estimate of the water dimer contribution to the experimental continuum absorption: from 40 % to 90 % (by the integrated
absorption) with inverse temperature dependence in the interval from 279 to 431 K. The more accurate the available
experimental continuum data and spectroscopic information on b- and g-dimer spectra are, the more reliable estimates of the

water dimer contribution to the continuum can be obtained.

5. Semi-empirical dimer-based model of the water vapour self-continuum absorption

The results of this work provide a basis for development of a semi-empirical dimer-based continuum model. In particular, to
modify the previous version of the water dimer model (Eq. (4)) [22,32], the model b- and g-dimer equilibrium constants,
Kbmod . and KIMod, have been introduced instead of the fitting parameters K., and K9, This is because the model can
be applied to all temperatures, whereas the fitting parameters are specific to measurements at a particular temperature. These
new parameters gave the model an analytical form and made it possible to expand the spectral and temperature limits of
application. As a result, the semi-empirical dimer-based continuum model reproduces the spectra of the in-band water
vapour self-continuum within the extended spectral region from 50 to 11 200 cm™ in a wide temperature range from 279 to
431 K. The updated model presents the in-band water vapour self-continuum absorption Cs(v) [cm? molec?® atm™] at
temperature T as the following:
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Where KP(Md),, and KM, are the model equilibrium constants of b- and g-dimers (in [atm™] = [Ngimers Nmonomers™> Per 1 atm
of water monomers]), respectively; SPis the intensity of i-th subband of b-dimer [cm dimer?]; S%is the intensity of i-th line
of g-dimer [cm dimer?]; fi(Avi,)?) and f(Avi,»%) are Voigt profiles [cm] with HWHM »° and 9 [cm™*] of b- and g-dimers,
respectively; Aviis the distance from the centres of b-dimer subbands; Av; [cm™] is a distance from the g-dimer line centre.
The values of the model b- and g-dimer equilibrium constants, KM, and KMo, are determined using the

exponential temperature dependent function proposed earlier in [62]
K:;z(mod) (T) = a - exp( ? +c-T), 8)

where T is temperature; a [atm™], b[K] and ¢ [K™?] are fixed parameters of the model, determined by approximation of
KP(fieo(T) values obtained in 1600, 3600, 5300 and 7200 cm absorption bands (red solid curve in the left panel of Fig. 4),
and the approximation of K9, values, obtained in all IR absorption bands studied here (orange solid curve in the right
panel of Fig. 4), by the function from Eq. (8) (see values in Table 4). The values of other parameters in Eq. (7) remain the
same as when fitting the previous version of the water dimer model from Eq. (4) to the experimental continuum (see
Table 4).

Table 4. Parameters of the semi-empirical dimer-based continuum model.

Parameter Value
b-dimer g-dimer
Si, cm(dimer cm?)! Data from the independent sources ~ Si9= 25m",
(Table 3). where the values of Si™" are from
HITRAN-2016 database [35].
y, cmt 72 (in 1600, 5300, 7200, 8800 and % (in 150 cm™ band) = 20 cm™;

10 600 cm bands) = 30 cm'?;
»9 (in 1600, 3600, 5300,7200,8800 and

7° (in 3600 cm™ band) = 19 cm. 10 600 cm™* bands) = 10 cm™.
Parameters for Keq®%Mm from (Eq. (8)):
a, atm! aP = 4.7856-10"* atm™* a’=4.7856-10*atm*
b, K b = 1580.7467 K b9=1272.31769 K
c, K? ¢’ =-4.88-10° K1 c9=2.11-103 K

Examples of the water vapour self-continuum spectra simulated using the new semi-empirical dimer-based model
(Eq. (7-8)) within the studied IR bands at different temperatures are presented in Fig. 6 (all results can be found in the
Supplementary material 2). Since the new model is aimed at reproducing the spectral features of the continuum, observed, as
arule, in the central part of the bands, in the rotational band it is limited to the spectral region from 50 to 280 cm. After 300
cm there are no spectral features and, as can be seen, the MT_CKD becomes more effective. Within the other absorption

bands, it can be seen that the new model provides much better agreement with the experimental continuum compared to the
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MT_CKD-3.5 model, especially if we take into account the wide temperature region considered here. This indicates the
reliability of the dimer-based model in the studied spectral and temperature ranges. Therefore, the use of the semi-empirical
dimer-based model seems to be more efficient for solving practical tasks that require taking into account the in-band water
vapour self-continuum absorption. For example, the new model was shown to be superior to alternative approaches in
removing the ambient air spectral features from Fourier-Transform near-IR spectra when investigating the spectra of liquid
water [76]. With the advent of new experimental data in previously unexplored absorption bands at temperatures outside the
range investigated here, it will be possible to extend the spectral and temperature boundaries of this model.

To summarize, the semi-empirical dimer-based continuum model has a set of important features. First, it provides a quite
reliable prediction of spectral behaviour and magnitude of the in-band continuum in the wide spectral region from 50 to
11 200 cm™* and temperature range from 279 to 431 K. This is confirmed by the obtained agreement of the model with 24
experimental water vapour self-continuum spectra. In particular, the average deviation from experiments near the centres of
the absorption bands does not exceed 20 % for most studied data.

Finally, it is important to note that the semi-empirical dimer-based model includes a physically substantiated magnitude
of b-dimer absorption, since the values of the introduced equilibrium constant lie within the theoretical estimates (KP®©stim,,
[63] <Kbmod),, < KbeEstim)., [62]), and the used spectroscopic parameters of b-dimer transitions are taken from independent
sources (Table 3). Thus, further studies of the water quasibound dimer spectrum and other possible absorption mechanisms
(one of which can be the “non-Lorentzian” wings of H>O spectral lines) that presumably contribute to the continuum, will
make it possible to develop a fully physically based model of the in-band water vapour continuum. Until then, the new semi-
empirical model can be refined through the following steps: (1) update of the experimental continuum using the latest
version of the HITRAN database (2020 version or more likely 2024); (2) simulation of water dimer spectra, using new
spectroscopic information on transitions of the b-dimer [68,70], and their fitting to updated experimental continuum spectra
with subsequent determination of the model effective dimerization constants. The planned upgrades do not take away from
the merits and demonstrated effectiveness of the new continuum model and can be considered as a routine "technical”
improvement.

Appendix B and the Supplementary material 1 contain all information needed for calculating the IR in-band water vapour

self-continuum absorption spectra using the new semi-empirical dimer-based continuum model.
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Fig.6. Water vapour self-continuum cross-sections within all investigated to date IR absorption bands: the examples of the experimental
spectra (circles and stars), the MT_CKD-3.5 model (black curve) and the semi-empirical dimer-based model (red curve). Ratios of the
experimental water vapour self-continuum spectra to the semi-empirical dimer-based model (empty circles). In the low-frequency wing of
the rotational band (up to 100 cm™), the “ratio” spectrum was obtained using the experimental continuum data from Podobedov et al. [39].

6. Conclusions

The water vapour self-continuum absorption in the bands near 5300 and 7200 cm* has been newly retrieved from the
experimental data of Paynter et al. (2009) [31] using the HITRAN-2016 database. This has allowed us to supplement a set of
in-band experimental continuum spectra in the spectral region of 50-11200 cm™ by the up-to-date data. A joint
consideration of the available experimental data on the continuum obtained with the FTS technique provides a more holistic
understanding of the self-continuum absorption features. This has made it possible to use a unified approach to modeling the

in-band continuum across almost the entire IR region and in a wide temperature range from 279 to 431 K.
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The first results of large-scale parameterization of the continuum absorption with the model [22], carried out
simultaneously in the strongest IR absorption bands (up to 11 200 cm™) in a wide temperature range, are presented. As a
result, good spectral agreement between the model and measured continuum spectra was obtained. Introducing the model b-
and g-dimer equilibrium constants, determined by approximation of the fitted K, and K3, values, made it possible to
construct a semi-empirical dimer-based continuum model. The model is easy to apply in radiative transfer codes and it
noticeably outperforms the widely used MT_CKD continuum model in predicting the magnitude and spectral features of the
in-band water vapour self-continuum in the temperature range of 279-431 K.

The highlighted differences between the total dimerization equilibrium constants obtained from the fitting and
independent theoretical estimates — about 1.5-3 times with inverse temperature dependence at 279-431 K — make it possible
to draw the following conclusions: 1) water dimers are responsible for at least 40-90 % of the in-band water continuum
absorption, the proportion depending on absorption band and temperature within the 279-431 K range; 2) a more detailed
study of the water dimer spectra (especially quasibound states) and other possible absorption mechanisms (“non-Lorentzian”
wings of H,O spectral lines and/or others) are needed before a fully physical representation of the continuum is possible.
Further, using the obtained KP®tm,, and K3estim, values (Fig. 4), the respective “true bound+quasibound” dimer spectra
(Fig. 5, right panels) can be subtracted from the current MT_CKD self-continuum values within bands to remove the pure
water dimer contribution.

In summary, most radiative transfer codes used in climate and weather prediction models, and in remote sensing
applications, use the MT_CKD model to represent the water vapour continuum. The MT_CKD model is largely based on
laboratory observations over a limited number of wavenumbers and atmospheric conditions. Our work has exploited a wide
range of pre-existing measurements to provide a much-refined model of self-continuum within the water vapour’s absorption
bands. The clear identification of the role of water dimers in this in-band continuum provides a much firmer understanding
of the physical basis of the continuum, whilst at the same time identifying unresolved issues. The results of this study could
be incorporated into future versions of MT_CKD and other continuum models, by separating dimer and non-dimer
contributions to the in-band continuum; this would give greater confidence in its application for a broader range of
conditions. In addition, the enhanced understanding of the self-continuum will allow more confident derivation of the in-
band foreign continuum from measurements, as this depends heavily on the assumed strength of the self-continuum. Finally,
the water vapour continuum is of most importance for the atmospheric energy balance in the windows between absorption
bands; the clear attribution of the component of the in-band continuum to dimers offers promise for future improvements in

understanding of the role of dimers in these windows.
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Appendix A

595 Table A.1 Cross-section absorption of water vapour self-continuum, Cs(v, T) [cm?molec™atm™] divided by 10?2, retrieved from the
experimental data (Paynter et al., 2009) using the HITRAN-2016 database, at 317, 336, and 351 K within 5300 and 7200 cm! absorption
bands.

5300 cm™? 317 K 336 K 3B1K 7200 cm? 317K 336 K 351 K
v, cm?! Cyv) C¥yv) Cyv) C¥v) Csv) C¥'y(v) | v,em? Cs(v) C¥y(v) Cy(v) C¥y(v) Cyv) C¥y(v)

5112.48 0.347 0.078 0.332 0.073 0.300 0.064 7011.46 0.382 0.112 0.299 0.088 0.347 0.089
5114.86 0.296 0.056 0.338 0.092 0.299 0.068 7019.12 0.315 0.068 0.312 0.089 0.315 0.085
5115.27 0.344 0.064 0.356 0.085 0.306 0.063 7019.28 0.325 0.077 0.322 0.090 0.320 0.080
5115.66 0.391 0.075 0.373 0.079 0.354 0.053 7019.98 0.366 0.112 0.369 0.094 0.386 0.059
5120.85 0.290 0.076 0.271  0.059 0.322 0.100 7030.36 0.469 0.119 0.397 0.082 0.405 0.059
5122.11 0.301 0.044 0.282 0.032 0.260 0.045 7030.46 0.490 0.095 0.405 0.092 0.399 0.065
5123.11 0.308 0.042 0.311 0.040 0.260 0.033 7030.54 0.506 0.078 0.411 0.099 0.394 0.074
5123.61 0.312 0.041 0.325 0.044 0.279 0.034 7031.97 0.358 0.105 0.325 0.096 0.344 0.091
5124.35 0.312 0.042 0.295 0.047 0.282 0.047 7032.99 0.366 0.119 0.354 0.116 0.335 0.097
5124.83 0.344 0.062 0.280 0.066 0.249 0.055 7035.36 0.397 0.139 0.423 0.157 0.408 0.129
5127.38 0.320 0.054 0.289 0.051 0.238 0.050 7035.77 0.444  0.093 0.448 0.122 0.392 0.068
5128.96 0.392 0.094 0.413 0.074 0.325 0.099 7040.77 0.539 0.189 0.461 0.110 0.436 0.080
5130.93 0.414 0.103 0.345 0.068 0.317 0.030 7049.43 -- -- 0.487 0.107 0.513 0.082
5131.39 0.422 0.103 0.330 0.067 0.313 0.025 7049.82 -- -- 0.488 0.107 0.530 0.052
5134.26 0.367 0.073 0.338 0.051 0.337 0.038 7050.98 0.498 0.142 0.455 0.106 0.408 0.080
5137.05 0.352 0.055 0.385 0.062 0.339 0.034 7052.50 0.496 0.150 0.460 0.123 0.565 0.152
5137.25 0.431 0.079 0.480 0.098 0.350 0.039 7058.03 0.650 0.174 0.483 0.186 0.485 0.154
5139.67 0.561 0.125 0.499 0.108 0.422  0.062 7059.95 0.708 0.135 0.524 0.146 0.502 0.093
5139.84 0.540 0.087 0.498 0.098 0.433 0.040 7060.58 0.712 0.070 0.610 0.089 0.591 0.069
5146.32 0.520 0.065 0.471 0.074 0.403 0.055 7062.39 0.868 0.277 0.756 0.140 0.681 0.084
5147.67 0.483 0.074 0.436 0.074 0.418 0.045 7075.57 0.809 0.174 0.566 0.185 0.649 0.148
5147.81 0.508 0.074 0.454  0.073 0.424 0.038 7076.16 0.792  0.199 0.557 0.187 0.647 0.090
5147.99 0.541 0.075 0.477 0.071 0.433 0.036 7077.45 0.725 0.295 0.545 0.191 0.609 0.125
5153.96 0.747 0.146 0.540 0.130 0.495 0.083 7077.48 0.727 0.294 0.547 0.191 0.615 0.128
5161.29 0.811 0.078 0.795 0.110 0.720  0.059 7082.86 1.095 0.083 0.870 0.222 0.795 0.152
5166.93 0.942 0.138 0.853 0.097 0.770  0.056 7087.55 1.289 0.097 -- -- 0.887 0.090
5167.94 1.077 0.162 0.988 0.100 0.899 0.046 7087.89 1.302 0.099 1.051 0.144 0.930 0.097
5174.63 1.215 0.133 1.164 0.135 1.078 0.081 7091.30 1.125 0.383 0.869 0.302 0.889 0.358
5174.96 1.326 0.173 1.214 0.166 1.122  0.099 7101.83 1.297 0.212 1.103 0.104 0.994 0.117
5182.14 1511 0.112 1.368 0.098 1.207 0.073 7110.36 1.803 0.179 1.463 0.144 1.311 0.133
5182.90 1.505 0.144 1.293 0.172 1.140 0.186 7110.73 1.797 0.208 1.435 0.179 1.285 0.109
5186.84 1.937 0.168 1.602 0.152 1.380 0.099 7112.30 1.374 0.338 1.238 0.263 1.184 0.134
5190.51 1.524  0.096 1.309 0.191 1.084 0.183 7112.35 -- -- 1.234 0.264 1.191 0.135
5191.15 1.629 0.269 1.299 0.188 1.010 0.120 7114.50 1.743 0.152 1.596 0.308 1.282 0.170
5192.63 1.524 0.146 1.202 0.216 0.984 0.182 7124.47 1.634 0.139 1.379 0.104 1.221 0.070
5193.23 1.581 0.109 1.236  0.099 1.021 0.059 7124.99 1.660 0.205 1.357 0.224 1.195 0.130
5193.28 1.588 0.118 1.239 0.098 1.025 0.062 7125.30 1.650 0.305 -- -- 1.173 0.175
5193.31 1593 0.122 1.242  0.098 1.029 0.065 7129.69 1452 0.254 1.149 0.250 1.027 0.161
5193.75 1.694 0.145 1.323 0.086 1.083 0.054 7130.43 1.439 0.327 1.188 0.238 1.042 0.118
5199.79 2273 0.154 1.792 0.150 1.538 0.076 7131.30 1555 0.134 1.238 0.158 1.119 0.095
5199.83 2.275 0.163 1.795 0.162 1.540 0.082 7143.59 1.899 0.164 1.518 0.226 1.396 0.225
5201.31 2324 0111 1.894 0.086 1.615 0.037 7143.80 1.965 0.252 1.601 0.359 1.379 0.212
5201.84 2.288 0.151 1.849 0.164 1595 0.149 7148.55 1.938 0.312 -- -- 1.391 0.266
5212.88 2.606 0.099 2.027 0.089 1.720  0.045 7148.90 1.903 0.140 1.500 0.328 1.390 0.264
5212.92 2.611 0.098 2.032 0.091 1.727  0.045 7149.39 2.067 0.199 1.687 0.184 1.528 0.128
5213.39 2.610 0.124 2.049 0.182 1.739 0.107 7149.64 2.158 0.228 1.747 0.197 1.551 0.130
5213.93 2.682 0.111 2.112  0.084 1.802 0.028 7151.40 1.780 0.426 1.468 0.297 1.268 0.222
5213.99 2.676 0.123 2.106  0.088 1.804 0.026 7153.57 1.803 0.218 1.466 0.303 1.281 0.237
5214.76 2.763 0.184 2.198 0.153 1.855 0.124 7155.03 1.875 0.209 1.494 0.202 1.303 0.178
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5215.18
5220.50
5221.36
5229.24
5235.34
5236.34
5237.08
5239.79
5240.34
5241.10
5251.79
5251.93
5267.52
5270.91
5271.70
5272.12
5273.63
5275.03
5275.46
5275.77
5276.08
5276.11
5278.27
5278.99
5281.55
5287.26
5287.71
5293.60
5295.08
5295.43
5296.18
5296.78
5297.07
5301.60
5304.15
5304.99
5310.27
5310.66
5311.85
5312.29
5312.32
5312.38
5312.42
5314.98
5319.10
5319.47
5321.42
5321.96
5323.12
5324.91
5329.46
5330.35
5330.80
5334.99
5349.91
5351.28
5358.18
5358.69
5358.72

2.865
2.869
3.042
2.686
2.600
2.600
2.827
2.721
2.619
2.571
2.558
2.568
2.821
2.551
2.572
2.694
2.677
2.640
2.637
2.653
2.754
2.752
2.557
2.578
2.734
2.480
2.635
3.028
2.994
3.025
3.019
3.045
3.024
3.338
3.576
3.875
4.155
4.330
4.199
4.221
4.220
4.217
4.205
4.245
4.454
4.537
4.320
4.370
4.470
4.270
4.708
4.725
4.848
5.155
4.041
4.419
3.783
3.823
3.822

0.185
0.133
0.431
0.234
0.200
0.430
0.150
0.181
0.143
0.119
0.196
0.173
0.297
0.129
0.074
0.278
0.195
0.152
0.165
0.149
0.238
0.244
0.136
0.233
0.259
0.247
0.285
0.176
0.074
0.080
0.167
0.125
0.145
0.137
0.141
0.162
0.104
0.101
0.098
0.151
0.149
0.146
0.155
0.321
0.129
0.160
0.095
0.158
0.293
0.222
0.155
0.218
0.161
0.889
0.426
0.278
0.122
0.097
0.102

2.239
2.300
2.375
2.124
2.124
2.152
2.239
2.250
2.110
2.065
2.064
2.055
2.163
1.963
1.985
2.004
2.104
2.082
2.058
2.061
2.111
2.113
1.948
1.930
2.107
1.864
1.895
2.217
2.250
2.292
2.293
2.326
2.316
2.416
2.733
2.798
2.944
3.014
3.048
3.014
3.014
3.009
2.994
3.081
3.168
3.186
3.075
3.095
3.093
2.985
3.299
3.319
3.313
3.522
2.940
3.249
2.965
2.980
2.976

0.208
0.115
0.254
0.164
0.197
0.444
0.071
0.116
0.187
0.100
0.109
0.124
0.173
0.133
0.116
0.260
0.131
0.187
0.103
0.079
0.099
0.104
0.126
0.260
0.342
0.221
0.172
0.087
0.078
0.111
0.076
0.122
0.134
0.101
0.200
0.135
0.104
0.104
0.141
0.098
0.101
0.115
0.147
0.491
0.093
0.098
0.137
0.123
0.195
0.178
0.150
0.363
0.308
0.721
0.198
0.291
0.128
0.170
0.172

1.874
1.957
1.998
1.749
1.779
1.781
1.906
1.916
1.827
1.759
1.693
1.687
1.755
1.587
1.624
1.625
1.740
1.744
1.706
1.720
1.761
1.764
1.584
1.540
1.730
1.463
1.493
1.784
1.834
1.875
1.880
1.903
1.899
1.953
2.186
2.243
2.333
2.375
2.442
2.399
2.397
2.389
2.378
2.404
2.518
2.512
2.432
2.467
2.439
2.343
2.527
2.586
2.553
2.721
2.253
2.650
2.465
2.499
2.500

0.116
0.045
0.248
0.149
0.083
0.309
0.047
0.197
0.092
0.105
0.073
0.077
0.086
0.112
0.032
0.132
0.107
0.149
0.050
0.044
0.036
0.036
0.069
0.186
0.269
0.192
0.105
0.046
0.061
0.105
0.061
0.113
0.077
0.050
0.192
0.079
0.073
0.064
0.110
0.078
0.086
0.105
0.125
0.274
0.048
0.111
0.094
0.055
0.085
0.186
0.144
0.260
0.342
0.678
0.251
0.272
0.089
0.078
0.081

7155.63
7171.65
7175.10
7187.09
7187.50
7191.68
7192.08
7192.72
7192.97
7197.12
7197.82
7200.60
7210.19
7214.19
7217.09
7222.04
7223.90
7224.23
7237.64
7238.01
7238.59
7248.70
7249.16
7249.43
7257.95
7258.34
7265.37
7269.68
7270.39
7270.86
7274.31
7276.54
7277.22
7279.01
7279.52
7282.32
7297.77
7301.70
7304.14
7317.40
7320.21
7332.48
7335.24
7358.36
7360.32
7363.76
7370.90
7371.82
7377.24
7377.45
7377.80
7391.97
7395.36
7395.64
7400.88
7401.54
7402.29
7408.50
7409.13
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0.190
0.217
0.190
0.329
0.099
0.258
0.447
0.210
0.313
0.154
0.109
0.070
0.137
0.381
0.257
0.237
0.108
0.195
0.130
0.166
0.108
0.176
0.247
0.437
0.177
0.083
0.382
0.240
0.354
0.159
0.260
0.162
0.447
0.312
0.256
0.319
0.473
0.083
0.439
0.500
0.244
0.216
0.257
0.291
0.299
0.302
0.162
0.143
0.251

0.134
0.158
0.155
0.076
0.187

0.095
0.086

1.573
1.538
1.670
1.724
1.655
1.556
1.604
1.563
1.818
1.816
1.920
2.003
1.888
2.174
2.113
2.268
2.258
2.095
2.057
2.088
1.733
1.837
1.756
1.718
1.770
1.689
1.657
1.594
1.705
1.594
1.504
1.477
1.580
1.573
1.631
1.970
1.713
1.745
1.994
1.769
1.926
1.939
1.288
1.584
1.341
1.211
1.148
1.086
1.083
1.077
0.508

0.427
0.410
0.403
0.340
0.335

0.132
0.245
0.198
0.180
0.349
0.472
0.275
0.264
0.198
0.103
0.170
0.272
0.384
0.232
0.319
0.259
0.179
0.177
0.109
0.125
0.219
0.379
0.394
0.145
0.112
0.379
0.136
0.334
0.176
0.450
0.490
0.502
0.554
0.217
0.316
0.481
0.153
0.377
0.597
0.251
0.458
0.144
0.221
0.336
0.204
0.183
0.150
0.182
0.184
0.186
0.137

0.097
0.123
0.118
0.075
0.073

1.308
1.361
1.332
1.443
1.488
1.439
1.415
1.356
1.334
1.555
1.538
1.600
1.744
1.590
1.853
1.841
1.936
1.882
1.746
1.759
1.778
1.443
1.577
1.533
1.466
1.525
1.428
1.409
1.398
1.445
1.360
1.306
1.285
1.359
1.350
1.360
1.611
1.481
1.529
1.734
1.594
1.733
1.737
1.225
1.437
1.252
1.108
1.095
0.999
1.001
0.996
0.500
0.465
0.478
0.412
0.407
0.393
0.325
0.366

0.128
0.095
0.161
0.218
0.116
0.212
0.219
0.241
0.157
0.129
0.057
0.032
0.180
0.287
0.201
0.316
0.131
0.113
0.120
0.108
0.070
0.142
0.229
0.207
0.110
0.049
0.203
0.092
0.188
0.121
0.247
0.163
0.274
0.300
0.172
0.216
0.298
0.175
0.321
0.360
0.158
0.332
0.096
0.166
0.253
0.213
0.092
0.147
0.164
0.171
0.131
0.140
0.060
0.092
0.061
0.055
0.048
0.102
0.052



5366.33
5366.37
5366.40
5369.45
5369.85
5371.09
5371.12
5379.84
5380.67
5381.26
5381.29
5382.33
5399.82
5400.23
5400.53
5400.81
5406.06
5418.73
5419.60
5420.73
5420.81
5423.52
5425.27
5426.16
5437.67
5438.19
5438.43
544781
5452.88
5453.03
5453.41
5454.07
5457.49
5458.08
5458.85
5465.84
5472.06
5480.57
5480.95
5481.92
5482.47
5483.02
5483.11
5496.77
5500.88
5501.23
5501.83
5511.55
5512.20
5512.26
5512.58
5514.43
5519.55
5519.58
5525.46
5525.52
5525.58
5525.97
5526.62

3.684
3.692
3.697
3.303
3.312
3.387
3.395
4.072
3.942
4.046
4.052
4.096
4.134
4118
4.066
4.220
3.642
4.082
3.939
3.957
3.945
4.306
4.247
4.730
4.313
4.485
4.414
3.302
2.784
2.766
2.682
2.809
2.809
2.873
2.936
2.219
1.843
1.660
1.651
1.682
1.721
1.709
1.712
1.245
1.006
1.033
1.051
0.891
0.881
0.879
0.853
0.930
0.794
0.795
0.688
0.699
0.711
0.719
0.701

0.229
0.207
0.192
0.100
0.110
0.138
0.116
0.214
0.349
0.289
0.276
0.237
0.147
0.138
0.187
0.311
0.295
0.180
0.188
0.156
0.168
0.335
0.208
0.464
0.188
0.330
0.321
0.389
0.180
0.206
0.131
0.422
0.237
0.200
0.241
0.187
0.208
0.141
0.078
0.119
0.084
0.084
0.074
0.207
0.120
0.194
0.195
0.134
0.139
0.140
0.130
0.075
0.122
0.122
0.149
0.147
0.146
0.140
0.133

2.862
2.862
2.862
2.573
2.554
2.614
2.615
3.014
3.059
3.145
3.149
3.064
3.275
3.259
3.260
3.338
2.881
3.281
3.192
3.181
3.165
3.503
3.478
3.666
3.519
3.639
3.602
2.672
2.329
2.330
2.262
2.331
2.472
2.538
2.518
1.809
1.619
1.449
1.450
1.520
1.476
1.530
1.540
1.027
0.933
0.939
0.984
0.788
0.777
0.788
0.806
0.794
0.735
0.739
0.665
0.668
0.656
0.677
0.723

0.185
0.177
0.171
0.082
0.064
0.157
0.150
0.209
0.458
0.212
0.199
0.157
0.120
0.120
0.144
0.137
0.255
0.127
0.168
0.145
0.162
0.293
0.115
0.405
0.192
0.383
0.337
0.321
0.141
0.143
0.083
0.363
0.299
0.134
0.122
0.112
0.213
0.107
0.051
0.132
0.105
0.097
0.079
0.157
0.125
0.155
0.211
0.084
0.113
0.116
0.101
0.131
0.093
0.108
0.118
0.115
0.113
0.166
0.115

2.353
2.353
2.352
2.107
2.136
2.164
2.166
2.504
2.522
2.601
2.607
2.584
2.760
2.775
2.775
2.829
2.399
2.799
2.728
2.735
2.725
2.985
2.988
3.110
3.064
3.136
3.102
2.324
2.043
2.035
2.009
2.018
2.201
2.230
2.244
1.600
1.408
1.283
1.292
1.361
1.363
1.384
1.391
0.980
0.837
0.859
0.880
0.716
0.707
0.710
0.725
0.688
0.719
0.722
0.604
0.605
0.605
0.582
0.665

0.134
0.129
0.128
0.048
0.035
0.098
0.092
0.128
0.355
0.232
0.212
0.155
0.080
0.090
0.059
0.086
0.203
0.079
0.058
0.066
0.064
0.380
0.093
0.294
0.104
0.243
0.195
0.252
0.082
0.083
0.044
0.230
0.157
0.127
0.161
0.044
0.113
0.071
0.046
0.081
0.080
0.038
0.036
0.179
0.100
0.097
0.175
0.025
0.080
0.076
0.053
0.114
0.086
0.093
0.058
0.056
0.056
0.073
0.069

7409.17 0.387 0.086
7409.89 0.411 0.090
7410.31 0.426 0.092
741221 -- --
7423.30 0.231 0.077
7423.82 0.221 0.073
7424.22 -- --
7425.21 -- --
7427.46 -- --
7428.69 0.137 0.035
7430.63 0.168 0.043
7430.69 0.169 0.043
7434.08 0.187 0.077
7434.66 -- --
7448.83 -- --
7449.39 -- --
7451.65 -- --
7451.73 -- --
7455.84 -- --
7456.79 -- --
7457.89 -- --
7463.78 -- --
7463.90 -- --
7464.01 -- --
7464.56 -- --
7464.79 -- --
7465.11 -- --
7468.00 -- --
7470.85 -- --
7471.15 -- --
7471.79 -- --
7480.79 -- --
7481.03 -- --
7481.23 -- --
7482.24 -- --
7487.30 -- --
7487.52 -- --
7487.64 -- --



5526.66
5526.75
5530.34
5530.38
5533.76
5534.26
5539.80
5539.85
5540.09
5540.40
5542.27
5542.30
5545.68
5558.39
5558.63
5558.89
5559.24
5559.27
5559.54
5559.60
5559.64
5559.72
5559.78
5559.93
5562.28
5562.35
5563.45
5568.52
5568.86
5571.32
5571.94
5572.24
5572.72
5576.71
5576.82
5576.85
5576.91
5581.31
5584.50
5586.99
5587.06
5587.09
5587.18
5587.29
5587.35
5587.59
5587.63
5587.77
5587.88
5587.94
5588.01
5588.13
5588.18
5588.31
5588.37
5588.42
5588.45
5588.48
5588.60

0.726
0.731
0.601
0.605
0.649
0.525
0.442
0.439
0.427
0.418
0.371
0.370
0.366
0.164
0.194
0.229
0.227
0.227
0.226
0.225
0.224
0.223
0.223
0.224
0.204
0.202
0.185
0.156
0.188
0.194
0.197
0.184
0.163
0.125
0.124
0.123
0.123
0.202
0.154
0.150
0.147
0.146
0.143
0.139
0.137
0.128
0.131
0.142
0.149
0.150
0.152
0.155
0.155
0.154
0.153
0.153
0.153
0.153
0.152

0.109
0.097
0.075
0.079
0.116
0.090
0.078
0.080
0.094
0.092
0.067
0.066
0.061
0.029
0.036
0.040
0.045
0.046
0.049
0.048
0.047
0.046
0.044
0.044
0.052
0.051
0.042
0.033
0.044
0.040
0.037
0.036
0.035
0.023
0.023
0.023
0.023
0.040
0.029
0.027
0.027
0.027
0.026
0.026
0.026
0.023
0.023
0.021
0.021
0.024
0.028
0.034
0.034
0.035
0.035
0.035
0.035
0.035
0.035

0.667
0.673
0.572
0.576
0.518
0.432
0.381
0.378
0.365
0.329
0.363
0.364
0.338
0.152
0.172
0.200
0.201
0.201
0.192
0.192
0.191
0.190
0.189
0.191
0.198
0.200
0.184
0.175
0.177
0.167
0.183
0.175
0.143
0.120
0.124
0.125
0.127
0.167
0.127
0.127
0.128
0.128
0.128
0.127
0.121
0.124
0.125
0.136
0.145
0.148
0.149
0.151
0.149
0.143
0.141
0.139
0.137
0.136
0.131

0.069
0.062
0.039
0.042
0.075
0.048
0.040
0.041
0.047
0.082
0.052
0.051
0.054
0.026
0.031
0.040
0.026
0.026
0.019
0.018
0.019
0.021
0.021
0.020
0.045
0.046
0.043
0.037
0.036
0.034
0.041
0.031
0.022
0.028
0.024
0.022
0.020
0.047
0.028
0.024
0.024
0.024
0.026
0.028
0.024
0.019
0.019
0.022
0.023
0.023
0.023
0.021
0.020
0.018
0.016
0.015
0.014
0.014
0.013




600

605

610

615

620

5588.64 -- -- 0.151 0.035 0.129 0.013 -- -- -- -- -- -- --

5589.02  -- - 0.149 0.029 0.130 0.016 | - - - - - - -

5589.08  -- - 0.148 0.028 0.129 0016 | - - - - - - -

5589.13  -- - 0.148 0.028 0.129 0.016 | - - - - - - -

5591.37  -- - 0.154 0.029  0.102 0.014 | - - - - - - -
Appendix B

Here the information for calculating the IR in-band water vapour self-continuum absorption spectra using the new semi-
empirical dimer-based continuum model is presented. The continuum is calculated by the following expressions and tabular
data presented in the Supplementary material 1:

C(,T) = K2V (T)Ch (v) + KE™V(TY¢d (v, T), (B.1)

where Cq(v,T) is the model water vapour self-continuum cross-sections [cm?molec?atm™]; €2 (v) and € (v, T) are the model
pressure independent cross-sections of b- and g-dimers, respectively, [cm?molec?] (see data in the Supplementary
material 1); KPMd, and KImod, are the model (effective) equilibrium constants of b- and g-dimers [atm™], respectively,
defined as

1580.7467

KoM Y(T) = 4.7856 - 10* - exp( —4.88-107°-T), ®2

1272.31769

KI™OD(T) = 4.7856 - 107* - exp( -

+211-1073-T). (B.3)

The presented data are suitable for calculating the continuum at 279-431K in the IR absorption bands located within
50-11200 cm* spectral region.

Also, for some applications, it can be useful to have information not about the model (effective) cross-sections of the
dimers (left panel of Fig.5), but about the "real” contribution of b- and g-dimers within bands (right panels of Fig. 5). The
most reliable current information about cross-section of water dimers (C, (v, T)) suggested in our work can be obtained from
similar to B.1-B.3 equation:

Ca,T) = K™ (T)cb (v) + KL™ ()¢l (v, T), (B.4)

using the same pressure independent cross-sections Cé"q(v, T) from Supplementary material 1 and estimated equilibrium
constants given by dashed curves in Fig. 4:

Kebq(estim)(T) = 47856 - 10~% - exp( 1662.20821

—5.87-1073-T), (B.5)
1788.16204

K™ (T) = 3.64986 - 1075 - exp( .

+248-1073-T). (B.6)
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Appendix C

625 Table C.1 - Description of the notation related to the equilibrium dimerization constant used here.

Notation Quantity description Details

Kgb;q Temperature dependent physical quantity characterizing K£+q _ Paiy0y,
the content of H2O dimers formed in a gas under 1

equilibrium thermodynamic conditions.

Pi,o '

b+q _ b q
Ko ' = Kb + K

b+q(estim) b(estim) - b+q b q(estim) __ ,,b+q(estim) b(estim)
Keq Keq Estimated values of K., ° and Kg, , known from | K., = Kgq —Keq
independent calculations and experimental works.

Kebq(f“),Kf;ﬁt) Fitted parameters of the water dimer model of the H20 K:;q(fif) = K:q(fif) + Kg;fif)
self-continuum [22]. These values are also expected to

characterize the content of water dimers. However, given

the incomplete understanding of the continuum nature,

these values may differ from independent estimates

Ké)q(esnm) and Kgq(esnm).

K:q(mod), Keqq(mod) Fixed temperature dependent parameters of the new | See the detailed description in Section 5
semi-empirical dimer-based continuum model, which | and Appendix B.

provides a quantitative description of the water vapor

continuum, regardless of its nature. These are the key

guantities in this paper.

Data availability

Plot data are available upon request to the corresponding author.
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