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Rotationally resolved water dimer spectra
in atmospheric air and pure water vapour in the-1388 GHz range

E.A. Serov, M.A. Koshelev, T.A. Odintsova, V.V. Bain, and M.Yu.Tretyakov
Abstract

New experimental results on “warm” water dimer gpecinder equilibrium conditions
are presented. An almost equidistant series opasaks corresponding to the merged individi2!
lines of the bound dimer with consecutive rotatlogaantum numbers is studied in the 18Z
258 GHz frequency range in water vapour over anmaage of pressures and temperatu:oc
relevant to the Earth's atmosphere. The seriesam@nuation of the sequence detected earlier -t
lower frequencies at room temperature. The signaleise ratio of the observed spectra allowen
investigating their evolution, when water vapourswdiluted by atmospheric air with partial
pressure from O up to 540 Torr. Analysis of theaols#d spectra permitted determining th:
dimerization constant as well as the hydrogen hdiedociation energy and the dimer spectr:l
parameters, including the average coefficient dfistonal broadening of individual lines by
water vapour and air. The manifestation of metdststates of the dimer in the observed spectr .
is assessed. The contribution of three possiblespaies of water molecules to the second virial
coefficient is evaluated over the broad range oiperatures. The work supports the significair.
role for the water dimer in atmospheric absorptiod related processes.

1. Introduction

The water vapour is the most important atmosphabsorber of the incoming Sui:
radiation and the Earth's heat emission, thus glydnfluencing the weather and climdtéThe
climate models and prognoses based on them areseasitive to the physical properties cf
water vapour and especially to the quantitativerattaristics of its absorption spectrum. Alony
with the dominating absorption by water vapour neswe lines, which are concentrated i~
rovibrational bands, the water vapour continuural$® known as an essential contributor to th2
integrated absorptiohThe correct accounting of the continuum is imputrfar the development
of accurate climate models as well as for refinnagliation propagation models used for
retrieving the atmospheric parameters from thermédion coming from ground based, airborn-
and satellite remote sensing stations.

The old question about the contribution of diffarphysical mechanisms leading to continuum
absorption in the atmosphere has not been solvednyparticular, the role of water dimers has
been discussed for several decatfeShe evidence of the dimer absorption within then&er
vapour absorption bands was demonstrated receHibyvever, its contribution to the continuum
between the bands in the windows of relative atesp transparency remains uncertaifhe
main reason of the uncertainty is a very small afithe continuum absorption in the window::
under atmospheric conditions. Another reason ofitfiieulties is insufficient information about
the dimer spectral characteristics under ambientitions. Until recently, direct observation of
resolved rotational lines of the dimer was onlygiole in cold molecular beams, at temperatures
of about several Kelvifi** These spectra allowed determining the equilibrizemfiguration of
the dimer and understanding its complicated intlemdar dynamics. Moreover, these specia
has strongly supported developmentati initio calculations of the dimer potential energy
surface, which allowed, in particular, accessing dimer equilibrium constant at atmospheric
conditions'*** However, all these studies could not give direqiegimental evidence of the
dimers’ presence in the atmosphere and determeiedbncentration.

Our recent work was the key step in determining the true roleiofeds in atmospheric
processed’ The spectrum, unambiguously interpretable as Ip@gnto the bound water dimer.
was registered in pure water vapour at room tentperan the millimeter wavelength range. Thc
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observed spectrum clearly revealed the sequenicaiopeaks, each of which corresponds to the
merged group of lines of the rotational spectrunthef dimer. Analysis of the spectrum and its
comparison with the results @b initio calculation®® led to the conclusion that the largest
fraction of the millimeter-wave continuum absorptim water vapour at room temperature i>
due to the dimers.

The work* demonstrated the possibility of dimer spectrumeolstion in warm water
vapour. The next expected steps in this directitmull be getting quantitative characteristics ¢:
dimer spectra, obtaining temperature dependentieesé characteristics and, the most important
for applications, direct observation of the dimpectra in air. Analysis of the simplified motfel
of the “warm dimer” spectrum developed on the badisb initio calculations and the first
experimental data showed that the 1.2-mm transpgnm@icrowindow of the atmosphere located
between intense water monomer lines centred neafrequencies of 183 and 325 GHz is moct
favourable for the observation of dimer spectrammbient conditions.

All these steps were realized in the present wditke paper presents experimenta:
recordings of the dimer spectrum under various itmmd, quantitative analysis of the spectra
and the conclusions based on the findings of thadyais.

The details of the experimental method are predent&ection 2. Section 3 deals with
the monomer lines contribution. The results of gsialy the spectra recorded in pure water
vapour and in its mixture with the atmospherica® given in Sections 4 and 5, respective.;
The most important results are summarized in thec{@sion.

2. Experimental details

The method of measurements and the principle afabip@ of the resonator spectrometer
used in this study are described in detail in trevipus studies®*® The spectrometer measures
absorption coefficient of a gas mixture over a widege of temperatures and pressures reley c nt
to the Earth’s atmosphere. The module of two gopsical Fabry-Perot resonators was placed in
a stainless still chamber, thermally isolated fritv@ environment, having volume of about 207
litres. The total pressure of the gas mixture iaside chamber was controlled by the MKS
Baratron pressure gauge (Type 626 of the 0.1-1080 fange) with a declared accuracy 2*
0.15%. The temperature of the gas and resonatapnsiwvas monitored using eight therma'
resistors with an accuracy of + 0.5°C. To reduce tdmperature gradients inside the chamber
the resonators were placed inside a copper casitig avwall thickness of 5 mm. The gas
temperature inside the chamber was controlled ytitabo FP50 thermostat, which maintaineu
the temperature of the refrigerant in the interiatuit within + 0.0£C near the preset value
ranging from -50 to +20C. The refrigerant was circulating through the eapibe attached to
the copper casing. The equilibrium temperatureigrdd inside the chamber in the studied range
of temperatures did not exceed 2°C.

The gas filling and pumping system contained thdoduand oil-free pump station
(Pfeiffer, HiCube-80), as well as the high-perfonoa oil-free spiral pump for wet gases (Anest
Iwata, DVSL-500C).

The OB-24 backward wave oscillator tube served a®wace of continuous coheren.
radiation. The tube provided the power neededHergpectrometer operation in the frequen:
range from 188 up to 258 GHz. A 4 um thick Tefldmfwas used for coupling the resonator
with the radiation source and with the resonatspoase detector. The hydrophobic nature of
this film?® is important for reducing the influence of wateisarption on the result of water
vapour absorption measuremetits.

The principle of gas absorption measurement isdasedetermining the Fabry-Perct
resonator Q-factor. The Q-factor depends on tred &ytergy loss of an electromagnetic wave i
the resonator, including the loss in the gas. & dpproximation of small optical thickness,
which was well satisfied in the conditions of theeriments, the absorption coefficient of th«
gas sample can be determined from measuremente ¢dss, when the resonator is filled wi n
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the sample gas and when it is filled by non-abswyigias (baseline or apparatus functibo¥ing
the formula

a:ZTn(Af - Af,), (1)
whereao is the absorption coefficient,is the speed of light in gaaf andAf, are, respectively,
the widths of the resonance curve of the resoridlied by the studied gas and by non-absorbing
gas.

In the case of wet gases, this principle of measargs can cause additional systemat.
error related to adsorption of water molecules ba tnirrors and coupling films of the
spectrometer, which leads to an uncontrolled chafds baseliné® The cavity length variation
method employed in our previous watk® allows minimizing the aforementioned error hv
using two Fabry-Perot resonators. However, the Ktmde” of the method is reduction of the
spectrometer sensitivity by about a factor of tv&uch a reduction was considered to b
inadmissible in this study because the contrastatér dimer peaks approaches the spectrometcr
sensitivity limit. To estimate the influence of thdsorption of water molecules in the presenrt
configuration of the spectrometer we performeda itn which the absorption of water vapour a*
room temperature was measured using the lengtatiarimethod with two resonatofsThe
spectrum obtained using only one resonator coidcwi¢h the “true” spectrum obtained by the
length variation method within the statistical unamty of the data. This result supported ou:
decision to use only one resonator with a fixedyikerof about 70 cm in this work. The same
resonator was used in the previous wirk.

The resonant curve width was measured at the freige of the eigenmodes. The
spacing between the modes was approximately 200. MBaut 310 eigen modes were selectey
within the 188-258 GHz range.

Before each series of measurements, the chamberewasiated. The spectromete-
baseline recording was obtained with the chambledfiwith argon. The argon pressure w i
adjusted to the value, when its refractive indexncded with the refractive index of the
investigated sample. In this case, the eigen mostgiéncies remained unchanged when arg_:-
was replaced by the sample gas. This method pemmitgmizing possible systematic error
caused by the resonator Q-factor modulation by oidable standing waves in the quasi-opticai
path of the spectrometer. After baseline recording,chamber was evacuated and water vapcur
evaporating from the liquid phase was let in thancher (the sample of double-distilled wate:
was preliminarily cleaned from the dissolved atni@spr gases by freezing). Evaporation wes
carried on until the pressure in the chamber reheimut 60% of the saturated water vapour
pressure at a given temperature (~ 13 Torr at rmmperature). In about 20 minutes after ti.c
pressure inside the chamber has stabilized, thenaese curve width measurements weic
started.

The total of 13 pure water vapour spectrum recgsliat temperatures ranging fron:
280 up to 322 K and vapour pressure from 3.7 t® 3%brr were made. The experimenta:
absorption spectra can be found in the electrampplement to the paper. Furthermore, a seri-s
of experiments with water vapour diluted with aier& carried out. The details of the latte
experiments are described in Section 4.

3. Experimental data processing: the monomer contribution

The total measured absorption was considered te haw major constituents, namely
regular resonant lines and continuum. Therefore, ¢ontinuum including the water dimel
absorption spectrum can be found by subtractingrtbieomer spectrum from the total one:

acont = atotal - aIines’ (2)
whereacon IS the continuum absorption coefficient, is the total absorption of the gas mixture
derived from primary experimental data using eq, ¢ikes iS the contribution of the monomer
lines to the absorption in the studied frequenaygea The latter spectrum was calculated as a
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line by line sum of individual profiles using thespectroscopic parameters from the HITRAN
2012 databagg and, if available, from experimental studfés’ Five most abundant water
isotopologues (FOH, H''OH, H“®OH, H*OD, D™ OH) in the ground vibrational state anc
H'®OH in the excited bending state were considerelisighificant transitions with frequencies
less than 1100 GHz were taken into account.

By analogy with our previod$? and many other studies and to allow the direc.
comparison with the results of these works, th@sta the resonance lines was modelled by tiic
function based on the Van Vleck-Weisskopf profilée violation of the impact approximation
at large detuning from the line centre was takém azcount by “cutting” the wings of the profile
beyond the cut-off frequency., which approximately corresponds to the duration
intermolecular collisiortc=1/(2rnv.). The truncated line was then lowered to the kevel at the
cut-off frequency, so that the final line shapection was

77[/2
fv(\:/w (V) = V2 [quc v,vo) + fic (Vn_Vo))’ (3)
0
/4 /4
- , VEV| <V,
fo(VtV,) = (VEv)2+)2 Vi+)y v 4)
0, VEVy| 2V,

wherevy andy are the central frequency and the half-width & tesonance line respectively
Note that this procedure leaves a small fractiomhef resonance absorption in the continuur.
For typical atmospheric conditions, the cut-off guency is usually set to be 25 ¢m
(750 GHz)*?* The impact of the “cutting” on the quantitativeachcteristics of the observea
continuum absorption will be assessed in the nectian.

In the studied frequency range the most prominentribution to the total absorptior.
comes from the upper wing of the strong 183-GHzewéihe (Fig. 1). Relatively weak line:
centered near 194 GHz, 203.5 GHz, 226 GHz, 242 &1dz2255 GHz are also quite noticeable

Figure 1 shows an example of experimental recordinthe water vapour spectrum a’
298 K and 12 Torr together with the calculated gbaotion of the monomer lines and the
continuum absorption spectrum obtained in accorglamith eq. (2). The continuation of the
previously observed sequence of dimer p¥aksclearly seen in the figure. The positions & th
peaks are in a good agreement with dhel — J, K = 0, E; water dimer rotational transition
frequencies.
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Fig. 1. The experimental recording of the absorptipectra of water vapour at 296 K and 12
Torr (upper trace — total absorption), the cal@daspectrum of water monomer resonance
lines (lower trace), and the derived (eq. (2)) tantm absorption (middle trace — this
spectrum is shifted down by #@m* for figure clarity). The dashed vertical bars espond

to the positions ofJ+1 «— J, K=0, E; water dimer transitions calculated from the
experimentally determined constants.

4. Experimental data processing: bound dimers contribution

We used the results of the most accurate to aaimitio calculations of the bound water
dimer spectrunf for determining the dimer contribution to the atveel continuum. Direct
quantitative comparison is impossible due to thenmlexity of the spectrum and som=>
significant differences of thab initio spectra from the real data}’ The problem was solved by
developing an approximate empirical model of thaeti spectrum reported earli€rThe dimer
spectrum was approximated by the sum of Lorentzeam$ the pedestal with the quadrati:
frequency dependence:

_|A AL AT\ o) e
SN P Akt ﬁTj A
d; = 112390{J +1)+ 868107 [{J +1)° (6)
1, =J"expg-10D) (7
Y, =N -pr°+A, (8)

wherea is the absorption coefficient in émp is the pressure of water vapour in TdFrjs
temperature in KelvinTo = 296 K,Aq, A1, A2, 4, 7, B, ml andm2 are constantg, andy; are the
central frequencies and half-widths of the dimeaksein GHz,l; are the relative integrated
intensities of the peaks, adds the number of the peak corresponding to thetgua number of
the rotational transitiond + 1 «— J. Summation in eq. (5) is up td = 35, which ensures

satisfactory approximation of theb initio spectra by the model in the 60-350 GHz range. .

L
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should be noted that the model incorporates th@eeature dependent water dimer equilibrium
constant from Ref. 33.

In this work, the model was optimized for the 188 Z5Hz range. The constants of the
model were varied to attain the best coincidencth whe ab initio spectra in the particular
frequency range, where dimer peaks with dheumbers similar to the ones observed in the
experiment are located (6 peaks witmanging from 15 up to 20). This range differs Islig
from the experimental one because of imperfectrdsthe peak positions in thab initio
spectrunt’ Such referencing to the peak numbers is baseti@agsumption that thab initio
calculation gives a correct dependence of intedratiensity of lines versug although the lines
are predicted at slightly different frequencies.

The best-fit constant values derived from suchmojition of the model to thab initio
spectra are:

Ao = 0.663x10" ci'GHzTorr?, A = 0.0872= 0.108 GHzp = 4.43x10° GHz, A
= (-0.91 + 0.03%) GHz, A, = 0.281x10? cm*GHZ?Torr?, ml = 12.3m2 = -2.3. 9)

The comparison of the optimized model (5) andatheitio spectrum of bound dimers in
pure water vapour at 296 K and 13 Torr in the 140-&Hz range is shown in Fig. 2. Note that
outside this range the optimized model is diverdimogn theab initio spectra.

T=296K
p = 13 Torr

w

N

Absorption coefficient, 10-6 cm-1

180 200 220 240
Frequency, GHz

Fig. 2 Theab initio spectrum of bound water dimers is shown by a brdkae line
(calculations reported bgcribano and Leforesti®rwere used; the individual
dimer line width was calculated on the basis of3@éMHz/Torr pressure broadening
coefficient?). Model function (5) with constants from eq. (8)shown by a smooth
red line.

It was shown’ that the use of model (5) for experimental speatprocessing requires:
(i) replacing the peak frequencies with values kmdnom the experiment; (ii) adding two
variable parameters: one corresponding to the iadditwidth (the same for all peaks) and th=
other being a multiplier for the amplitude of theestrum; and (iii) including an additional tern
smoothly depending on the frequency, which is rasfibe for the mechanisms of continuum
absorption other than the bound dimer one.
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The dependence of the frequency of the dimer peaksonumber] was determined
using both sets of the experimental data obtaimedold molecular beams (high accuracy,
measurements of the+1 «— J, K = 0, E; transition frequencies up to 110 GHz are avaifjb!
and our experimental spectra. It should be notedl ith the spectra of the “warm” dimer, the
coincidence of the central frequencies of the olexkpeaks (that are a superposition of a verv
large number of dimer lines corresponding to déferro-vibrational states) with frequencies o:
theJ+ 1< J, K = 0, E; rotational transition series of the ground vilwaél state calculated
from the cold beam measurements is not a genelal iHowever, the result of our previous
study* evidences that the deviation of frequencies ikerasmall for small numbers. The
following formula was obtained by fitting its coelients to the aforementioned data:

v, = 12326[(J +1) -3010™ [(J +1)°, (10)
wherev; is the central frequency of the peak in GHz.
Finally, we came to the following model for expeental spectra processing:

— i yJJ4eXp(_/U) 2 L ™ L ™ -12 21 2
Ml(v,T,p)—[co{ﬂg(V_VJ)ZWJZ +AZW[TJ HTJ +C,[107 v }Ep (1)

where the parameterdy, 1, A,, ml, m2 are taken from (9)y, is taken from (10),
y, = 0108] - 443[10°J° - 091+ C,is the width of the peak in GHz, ai@, C; andC, are

adjustable parameters. The paramélgrcorresponds to the amount of bound dimers under
experimental conditions normalized by their amogatculatedab initio in Ref. 33. The
parameteC, characterizes the additional absorption causatidopther mechanisms responsible
for the continuum. Botl€, andC;, depend on temperature. The paramétedefines the width
of the experimentally observed dimer peaks. In ftret approximation it should have linear
dependence on the water vapour pressure. Its depeadn temperature was neglected. Tlic
term corresponding to additional non-resonanceratiso in the model (11) is proportional t-
v*! because such dependence was found to be in @ hgteement with the experimental data
than the usual quadratic one.

The M; model was used for processing of 13 experimemp@ttsa of pure water vapour
(10 of them were registered at temperatures neaiK29As an example, Fig. 3 shows the resu'r
of the model fitting to the spectrum obtained af.31K and 27.2 Torr. In this spectrum, the
signal-to-noise ratio of the dimer peal&®N ~ 24) is better than that of the spectra obtasted
room temperatureSN ~ 7). The value of the continuum absorption deteeoch on the basis of
the experimental data from our earlier Wdrls also shown in the figure for comparison. Tiie
averaged difference between this continuum, whiel derived from absorption measuremeits
in wet nitrogen at atmospheric pressure, and teetspm of pure water vapour constitutes 5%
which can be considered as a good agreement.
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T=311.1K
p = 27.2 Torr
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Absorption coefficient, 10-2 cm-1
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200 220 240 260
Frequency, GHz

Fig. 3 Continuum absorption in water vapour. Expemntal recording is shown by the broken
black line. The smooth red line is model (11) otied to the experimental spectrum. The
dashed blue line shows the empirical model of contin absorptioR® The positions of
J+1 < J, K = 0,E; water dimer transitions are shown by dashed \atiars.

Figure 4 shows the dependence of the paranigten the pressure of water vapour and
its linear approximationC; = 0.18(7) + 0.013(3p. It follows from the plot that the average

coefficient of dimer lines broadening by water vapqressure can be estimated to ke
13(3) MHz/Torr.
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0 10 20 30
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Fig. 4. Pressure broadening of the dimer peaks.sied values of the
model parameter (Cdefining the width of the dimer peaks are plotted
versus water vapour pressure (circles). The solid linthesresult of linear
approximation of these points. The vertical bamsegpond to one standard
deviation of experimental data.

Values of C; and C, parameters obtained from the spectra recorded iffdremt
temperatures are presented in Fig. 5. Ten valugesponding to the near-room-temperature
data were averaged and shown as one point inithisef The obtained data did not reveal ar:*
evident dependence @ on temperature. The average value of this paranet®67(6). This
means that: (i) the temperature dependence ofahredbdimer dimerization constdhtmplicitly
used in model (11) agrees with the experimentah adthin their uncertainties in the studiec
range of conditions; and (ii) the magnitude of tbanstant is on the average 67(6) % of tha
calculated valué®

Let us now consider the last term in model (11yatt@rized by the paramet€s and the
corresponding absorption determined from the erpamial data. To study the origin of thic
additional absorption it is necessary to recall @dssible mechanisms responsible for the
continuum in water vapour.

The "bimolecular absorption" was sugge8tad a physical mechanism fully explaining
the origin of the water continuum. This approaclased on partitioning of the molecular pai:
states into true bound (stable) dimers, quasi-bqumetastable) dimers and free pars’ The
continuum associated with dimer states is, in factconventional resonance absorption cf
radiation by a double molecule. The lines of thmenule can be additionally broadened due to =
short life time of the metastabe state. The abswrpesulting from free pairs is caused by th=
additional transient dipole moment induced in agkinmolecule during single-approacn
collisions of two unbound monomers. The continughated to the above-mentioned problem of
far wings of monomer lines can be also interpreteterms of bimolecular absorption as thz
result of inelastic collisional interaction of twanbound monomers. However, it is worth
mentioning that the shape of the resonance lif@msed by cumulative contribution of all singlzs
molecules flying from one collision to another ofiée contributing single molecule can form:
either free pair state or metastable dimer withniévet collision's partner.

It follows from the previous estimafés® that the contribution of free pairs, as well 2=
the contribution of far wings of the monomer linesthe continuum absorption is negligible
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under the conditions of our experiments. Absorpbgribound water dimers is taken into account
by the first summand in parenthesis of model (Therefore, the second summand is apparen’:y
responsible for the spectrum of metastable wateers.

1.0 T . . 1.0

0.8 10.8

I <— o + ; | o
I 5
06} * 1o £
2 . N
- - . T
0.4f 104 €
O
N
O

0.0 : ' : ' ' 0.0
270 280 290 300 310 320 330

Temperature, K

Fig. 5. Temperature dependences of the param€tefieed circles, relative units) arc, (blue
triangles, citGHz?'Torr?). The specified uncertainties of the points cqoesl to one standard
deviation. Solid lines approximating the points exelained in the text.

Regarding the temperature dependence of the paa@geit should be noted that the
value obtained at the lowest temperature signiflgasiverges from the expected pattern. Th=
most likely reason of this divergence is the lognsi-to-noise ratio (the water vapour pressu.«
in this experiment was lower by a factor of 3.5comparison with the room temperature:
experiments, whereas the continuum is proportidoahe squared pressure) and the lack or
repeated recordings. Neglecting this point, thepenature dependence of the remaining data can
be approximated by a conventional power functiép:= 0.12-(296/T)® cmY/(GHZ* TorP).

The exponent of this function is smaller than tleresponding value of 10.67 calculated fou
bound dimer¥ and is close to 8.24(21) resulting from our stoflthe continuum in the $D+N,
mixture at atmospheric pressure in the 107-143 @&kguency rang& This relation of the
exponents is in qualitative agreement with the mggion, which is based on the analysis of ou.r
experimental data, that true bound and quasi bdimdrs have comparable contributions to tho
total observed self-continuum under atmosphericditimms. Therefore, the “slope” of the
temperature curve of this total absorption shoalgehsome intermediate value.

To verify the temperature dependence of the noor@sce absorption it is necessary &
increase the sensitivity of the spectrometer andatoy out additional research. In this respect
low-temperature measurements are most interesimatfnospheric applications.

It was mentioned earlier that the “cropped” Van ckl&Veisskopf profile with the 750-
GHz cut-off frequency was used for the monomer spanodelling. The derived continuum is
systematically smaller, if the “non-cropped” prefils employed. We found that in this casc
fitting model (11) to the experimental data giveagtically the same values of the parame@rs
and Cy, but theC, parameter is smaller by 5-6%. However, this smegdtematic deviation is
comparable with the uncertainty of the parametérevaesulting from the fitting. Therefore, the
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trial confirms insignificance of the far wing coibution to the observed continuum in the
studied frequency range; moreover, it allows codidg that the far wing uncertainty does nc:
affect significantly the quantitative characteasti of the bound dimers obtained from
experimental spectra.

Another important aspect should be mentioned befon¢inuing the data analysis.

Model (5) is not the only model that may be used dpproximating theab initio
spectrum of the water dimer. The drawback of thaleh is potential correlation between thc
width of Lorentzians ;) and the amplitude of additional non-resonancemgb®n (C2). To
assess the influence of this correlation an additi@lata processing using Gaussian peaks I-.
model (5) instead of the Lorentzians was performidte correlation of parameters in such ~
model must be significantly smaller because ofaskecay of the Gaussian function wings.

The corresponding model was developed and completessing of experimental date
was undertaken repeating all the steps describedeab

Figure 6 shows the result of approximation of tpegimental spectrum by the botl,
models. The divergence between the two models nshybaisible. The standard deviations oi
experimental points from the models are almosttidehand constitute 9.65xF0and 9.77x18
cm* for the “Lorentzian” and “Gaussian” models, redpaty. For the “Gaussian” modeCo
and C, parameters and the slope of the linear dependeh€&® parameter on the pressure
coincides with the corresponding parameters of ‘therentzian” model within statistical
uncertainty (Table 1). This coincidence means thatcorrelation of the peaks amplitude and
additional non-resonance absorption is insignificanlfTwo models are practically
indistinguishable. Therefore, the obtained parametee of the equal value.

Table 1. Parameters of the model functions with ltoeentzian and Gaussian peaks
obtained by fitting to the experimental data.

<Cp>, rel. units <d@dp>, MHz/Torr

«Lorentzian» model 0.67(6) 13(3)
«Gaussian» model 0.63(6) 15(4)
Averaged value 0.65 14

Absorption coefficient, 10-6 cm-1

200 220 240 260
Frequency, GHz
Fig. 6. Experimental spectrum of water vapour gantm absorption at 297.8 K and 12.1 Torr
(broken grey line) and two models fitted to the exxpental data. The smooth thin black line

corresponds to the “Gaussian” model and the smbatk orange line is for the “Lorentzian” one
(see text).
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The convolution method

Analysis of sophisticated spectra containing mavsrlapping lines can be performed by
using the convolution method elaborated by PicKefthis method is based on the fact that the
result of homogeneous spectrum broadening (i.disiomal broadening) can be formally treateu
as an initial spectral profile modification by igtal operator. The operator is a convolution G:
the spectrum and the Lorentz profile. Let us detfw@econtinuum absorption spectra observed .
pressureps, andp, (p1<p2) asSi(v, p1) andS(v, p2), respectively. If the spectrum consists of thz
sum of blended lines of a bound dimer and smoo#e {aorresponding to other absorption
mechanisms), then the following relation is valid:

o~ v, 1

sb.p)=n o SE.R)EEG e
whereAv,. = y-(p2—py), 7 is the coefficient of pressure broadening of imlial dimer lines by
water vapour (which is assumed to be the samdlfbnes), h; is the factor corresponding to the
variation of the integrated intensity of bound dingpectrum with pressure, amd)(v) is the
term related to the base variation. Analysis of éxperimental data confirmed that the mo«t
appropriate frequency dependence of the base"i§t corresponds to the minimum deviation o
the model function from the experimental data). Téguirement of infinite integration limits ir
equation (12) is in formal contradiction with thpestra recorded within a finite frequency
interval {1<v<v,). It was found that for modelling the water vapspectra recorded at pressures
ranging from 3.7 Torr to 34.2 Torr it suffices to exd theS(v,p1) spectrum to the regions

0.95/1<v<vi and v,<v<1.05,. The smoothed functio(S (v, p,)/v*)@* was used as the

spectrum extension, where averaging was over tl8258 GHz range. Thus, equation (12
takes the form:

AV +AQ(v), (12)

v.p,)=hO[ s, p) PR ! dv +h, %, (13
S,(v.p.)=h j&( ) i e ae ey R (19
wherevnin andvimnax are equal to 180 and 268 GHz, respectively.

In general,S; and S, spectra can be recorded at different temperatureshis case
equation (12) can be correctyifs temperature independent. However, its depergdsngsually
close to 1/T. The corresponding variation of thedolening coefficient at a temperature changing
from 280 K to 322 K is about 15%, which is twicedehan the uncertainty of the mean value o
pressure broadening of the dimer spectrum (Tahle€Tis allows neglecting the temperatuie
dependence of the broadening coefficient.

Determination of the mean pressure broadening icteit of dimer lines by fitting
model (13) to the experimental spectra is more @ppate than using model (11), because it
does not assume particular form of the dimer spetand results in the correct value even if ti.c
inhomogeneous component of the line width cannatdmsidered to be negligible in compariso.
with the homogeneous one. It is worth mentioningf tihis method gives quite a poor result i1
the spectra are recorded with large frequency stegsat close pressures.

Figure 7 presents the experimental spectrum of na@our continuum absorption
recorded at 322 K and 34.3 Torr together with thigeo spectrum recorded at 298.3 K arA
12.1 Torr and fitted to conditions of the first spam using eq. (13). The “convolution” is i
perfect agreement with the real spectrum. This famtfirms that most of the large-scale
spectrum features are not the experimental noisesyectral peculiarities or “fingerprints” of
the dimer.

All the pairs of available experimental spectraresponding to different pressures werc
treated using the convolution method to determine broadening coefficient value. The
resulting dependence afv, on (po—p1) is presented in Fig. 8. The difficulty of the eotution
method in the case of a small pressure differeaadd to large uncertainty aiv. determined
from such pairs. The average broadening coeffictdrthe dimer lines was determined froin
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these data by the median averaging method. Thissnéeat the points are averaged with the
weight which is inversely proportional to the podifference from the mean value. Statistice:
uncertainty is large in this case (about 100%).é\tneless, the broadening parameter value {12

MHz/Torr) coincides with the value obtained by wsmodel (11). This value, therefore, can be
used for modelling the dimer spectrum.

16 T T I

T=322K
p = 34.3 Torr

RN RN
N I

N
o

Absorption coefficient, 10> cm™1

o
o0

200 220 240 260
Frequency, GHz

Fig. 7. The experimental record of water vapourtioolim absorption (thin blue line) and the
"convolution model” (see the text) obtained frone tepectrum recorded at 298.3 K and
12.1 Torr (thick red line). The positions 31 «— J, K= 0, E; water dimer transitions are

shown by dashed vertical bars.
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Fig. 8. Homogeneous line width from convolution heet (13) versus experimental
spectra pressure difference. The points are thét relsexperimental spectra processing,
and the line corresponds to the dependence obthindte median method (see the text).
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Water dimer spectrum shape

The most probable shape of the water dimer specatif96 K and water vapour
pressure of 12 Torr can be obtained by averagseyias of the spectrum recorded under similau
conditions. Minor difference in experimental pragsuand temperatures can be taken inu:
account using known values of the correspondingficants from the model (11). The result o
such averaging of all 10 experimental spectra dings at room temperature is shown in Fig. C
together with the experimental points.

To check the quality of this averaged spectrumyeoalculated it using the convolution
method for the conditions of the experimental speot (311.1 K, 27.2 Torr), which was
obtained with the best signal-to-noise ratio dutimg experimental cycle. We used the formula
similar to eq. (13). The broadening coefficientueawas fixed to be = 13 MHz/Torr. To
achieve the best fit the frequency dependenceecédhdlitional term was changedvtd. It can be
seen in Fig. 9 that these two spectra coincideouiiné small spectral details. This coincidenc+

allows claiming that all these details are notékperimental noise but peculiarities of the wate.,
dimer spectrum.

N
N

Absorption coefficient, 10-2 cm-1
(@]
(0]

o
N
1

200 220 240 260

Frequency, GHz
Fig. 9. The averaged spectrum of water dimer obthirom experimental recordings in pure
water vapour at near room temperature and thetresits recalculation to the conditions of
another experimental recording by the convolutiorethad. The experimental data
(recalculated to 29K and 12 Torr) used for the averaging are showndiytg, the averaged
spectrum is shown by the solid black curve. Allstneoom temperature data are shown with
doubled amplitude for the convenience of their carigmn with the experimental spectrum
recording at 311.1 K and 27.2 Torr (violet line)dawith recalculation of the averaged
spectrum to these conditions (thick red line).

Dimer abundance in water vapour

It is known from statistical physitsthat the dimerization constaiy is directly related
to the dimer dissociation enerdy:

-2
bb 2 KT 2 A2
Py D M

(14)
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where Kpy is related to the bound states of the dimer oklis the Boltzmann constant, the

quantities related to the monomer and dimer arexed respectively bl andD, Q is the

rovibrational partition function, arid= h/(2zmkT) is de Broglie wavelength.
The value ofCp in model (11) (Fig. 5) determined from the expenntal spectra is, in
fact, the ratio

exp
Ch = KDb

0~ T
KERe
where the superscript “exp” corresponds to the exyntally determined value of the consta.
and “calc” is related to the theoretically calcatatvalue® It allows estimating the dimei

dissociation energyp, from eq. (14) (assuming that the partition funcsioare calculatea
correctly) as:

ex

DEXP = DCf’J°+kT|nKLbIO (15)
0 0 Kcalc
Db

where D& = 1234 cril.® This value is included implicitly in our model tfe dimer spectrum

eq. (11). The averaged value Bf’® obtained from eq. (15) is 1144(19) ¢min spite of the

complexity of the studied object and the quite nsbdeet of experimental data this value of
dissociation energy is in a very reasonable agraemith 1108 crit resulting from the recent
ab initio calculation$® and with 1105(10) cthobtained experimentally by the velocity map
imaging method?

The values of the bound dimer equilibrium constiépi(T) obtained in this work are
shown in Fig. 10 together with the dependence tatled by Scribanet al.** For the sake of
comparison, the figure also presents the mosthieli@revious experimental data obtained
through thermal conductivity measureméhtand theKp(T) dependence calculated from the
second virial coefficient by the approximate foraul

Kp(m)=2=BM _;(T) . (16)

whereby is the excluded volum@&(T) is the second virial coefficient, aftis the gas constant.
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Fig. 10. Temperature dependence of the dimerizatimmstant of water vapour. Experimental
values obtained in this work for the bound dimeesshown by the red rhombuses (the vertical bars
correspond to +d statistical uncertainty); calculations from thesfiprinciple&® are shown by the
solid black curve. The dashed red curve is the sdependence multiplied by 0.65 (Table 1);
calculations from the second virial coeffici#hare shown by the dotted blue curve. The black
circles correspond to thermal conductivity measw s dat® (in this case, error bars correspond
to £ 0.5).*

* Footnote: 'I)'he authors of wdrkdid not assess possible uncertainty of the eqiilib constant. However, the

uncertainty can be found using the analytical refesthip ofKp with enthalpy AH,) and entropyAS;) of the dimer
formation (equation (11) from Ref.43). Their valwesre found, and their possible errors were analyzeletail **

As was mentioned above (Table 1), #g, value obtained from our data is about 359
smaller than the theoretical valtfe.Comparison with the experimental restiitis not
straightforward because of the temperature ranffereince; however, extrapolation of our datx
to the high temperature region (using the T-depecelef the constafi) agrees with these
results within their uncertainty limits. The expedntal value® are systematically higher than
the extrapolation curve. This can be explained H®/ metastable dimers, which contribute tu
thermal conductivity measurements but do not cbute to the periodic sequence of peaks in tho
spectrum.

Calculation of the constant from eq. (16) requidesa on the second virial coefficient
and on the excluded volume. The second virial owefit was calculated on the basis cr
empirical datd® Accurate parameterization of these data in thgeaof 273-1273 K was
performed in the earlier wof®. The temperature dependence of the excluded volasetaken
from the recent woik, in which by(7) was calculated in the 200-600 K range as thesicials
excluded volume using the full dimensional potdreizergy surface of the dimer determiradd
initio, which is most accurate to date. Recall that &) gives theKp value related to both
bound and metastable dimers:

Kp =Kpp +Kpm »
whereKpp, is the dimerization constant related to metastdineers.

It is known that pair interaction of monomers ispensible for the second virial

coefficient of the gas equation of state. It canrbpresented as the sum of three ternic
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corresponding to the aforementioned pair statasehafree pairs, metastable dimers and bound
dimers®374

B(T) = Bfree + Bmetastable * Boound = o =~ KpmRT = KppRT (17)
Therefore, available data, includingp, obtained in this work, allow calculating relative
contributions of bound dimers, metastable dimedsfege pairs to the second virial coefficient ir
a quite broad range of temperatures. The absohitees of the aforementioned contributions
versus temperature are shown in Fig. 11. The ddghelin the figure correspond to reasonab'c
extrapolation of the dependences. In particulag,dbminating amount of bound dimers at th?
low-temperature limit and the prevailing amountfrgfe pairs at high temperatures were takon
into account. Note that these extrapolations ateppropriate for quantitative evaluations.

It is interesting to compare this relative conttibn of different molecular pairs to the
second virial coefficient with the relative numbmr the corresponding pair states. For wate:
vapour such calculations were performed by Vigdsiising truncated partition functions and
simplified interaction potential. Results of thesdculations are also presented in Fig. 11 anu
demonstrate a very good agreement with our datat Mi@nounced is the coincidence of thz
curves related to bound dimers. The agreement reamfthe main conclusions of Vigasin's
work®”, related to the role of water dimers in the Eartatmosphere: “The fraction of bounc
states ... is about 50%, the remainder being metlasttbtes. There are practically no free
states”.

1.00 ez, e i
- 0.75 Metastable dimers |
5 | K TT=~l__
2 -
= 050 -
2 Free pairs  _ - -
£ ars_ -
(]
[h'd
0.25 .
True bound dimers
0.00 B
0 200 400 600 800 1000 1200

Temperature, K

Fig. 11. The absolute value of the relative contitns of bound dimers (red curve),
metastable dimers (blue curve) and free pairs (goeeve) to the second virial coefficient
of water vapour (solid and dashed curves) anddddtal number of interacting pair states
(dotted curves). The red circles present the resfltcalculations from our experimental
data (see text). The vertical bars correspond éosthtistical uncertainty of one standard
deviation. The dashed lines are extrapolationshefdalculated dependences to low and
high temperatures. The dotted lines corresponde@alculated dependendés.

Additional nonresonant absor ption

We now consider the non-resonant absorption relaete term with the”, parameter
in model (11). This absorption constitutes abol@o 5 the total continuum absorption in pure
water vapour at room temperature. As was menti@ye, metastable water dimers are tte
most probable origin of this absorption. Verificatiof this hypothesis requires knowledge of t'12
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metastable dimer spectrum. Rigorous calculationsthef spectrum are not available yet.
However, the simplified model of a metastable dimgrtwo monomers rotating almost freel
near each other was proposed for estimafidfighe spectrum of such a pair of moleculas
should look like a doubled monomer spectrum homegeasly broadened by a short lifetime o
metastable states. In accordance with the estinmtioade by Ptashniét al.?, the individual
linewidth in the spectrum of a metastable dimerusthde within 7-20 cid (210-600 GHz),
which corresponds to the lifetime of about 0.3 8 Picoseconds. Following this model, we
calculated the metastable dimer spectrum as tleeblynline sum of water monomer rotationa!
transitions using the Van Vleck Weisskopf line ghaphe frequencies and intensities of thz
transitions were taken from the HITRAN 2012 dataf3sThe calculated spectrum in the G-
300 GHz range can be very well approximated byvagpdunction of frequencZ/%. The value
of the exponeny varies from 2.0 up to 2.4 depending on the chegdih of individual lines. It
was mentioned above that the best fit of the erpamtal data was achieved with the additione
absorption model function proportional t6*. Such a frequency dependence of the spectriim
was obtained when the line width in the model wetsi@ be 18 cm (the corresponding lifetime
was 0.3 ps).

The final expression for the metastable dimer specttin units of the absorption
coefficient (cm') in the frequency range up to 300 GHz can be evritts:

aDm]_ K DET[D m, 21 (18)

where 1, = 23800 cm™ J-atm/ToAGHZ". The value ofKpn can be calculated from

expression (17) using thepKvalues from experimental data. The spectrum whsileded and
its temperature dependence was determined (Fig.Tt®) calculated absorption proved to bz
less than the observed one by about an order ohitodg, demonstrating failure of the
simplified model of the metastable dimer spectrarthis frequency range.

Another way to estimate the absorption caused biastable dimers was proposed hv
Vigasin in Ref. 37. It was suggested that the spectt‘should be sufficiently close to the
broadened spectra of the bound particles”. Theespanding absorption can be calculated on the
basis of model (11), in which: (i) the parametey i€ multiplied by the metastable to stabic
dimers ratio (Fig. 11), (ii) the width of all pealssincreased by 15 GHz (with such broadeniny,,
the spectrum becomes blurred enough and a furezase of the peak widths does not chanzge
its smooth form), and (iii) the parametegi@ set to zero:

Toms =Co dLEFAzm( j A‘)Z(VJHS)ED exp(_M)}EéijEpz. (19)

J (V VJ) (VJ +15)
The temperature dependence of this absorption rizedato p> and v** is plotted in
Fig. 12 by the dashed curve. It can be seen tleadgneement with the experiment is not quie
perfect but this model is much closer to the obsgabsorption than the first one.
Ab initio calculations of the metastable dimer spectrumdbelvery helpful to clarify its
real contribution to the observed absorption ancbiatinue the discussion about the origin of th=
continuum. However, to the best of our knowledgehscalculations are not feasible yet.
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Fig. 12. Comparison of various models of the matast dimer spectrum with
experimental data on additional continuum absonpfite absorption is normalizedfid
andv*™. The “doubled monomer” absorption model is showithe red dotted curve. The
“broadened bound dimer” absorption model is shownthe dashed blue curve. The
circles correspond to experimentally determi@d/alues (model (11)). The solid black
curve is the approximation of the experimental by the function
0.12-10 (296/T) 2

5. Experimental data processing: the dimer spectrain air

Some progress in understanding the real role oémdamer in atmospheric processes ca::
be achieved by studying the changes in the dimectapm when air is gradually added to tlic
pure water vapour.

The bound dimer[¥) collisional formation from two monomerdMj is a reversible
reaction including participation of some third bd@y.

M+M+T o D+T (20)

It is known that the equilibrium constant of theceton should be independent of the
features of the third body, because of the saneradation between the weakly bound pair ¢t
monomers, and the third body is responsible fohlibe stable dimer formation and for the
dimer destruction. The minor difference between bloeind dimer formation in pure watel
vapour and in air should be related to the coltialoformation of HO-O, and HO-N;
heterodimers, which slightly reduces the numbanohomers available for reaction (20).

The expected effect of adding air to water vapauthe collisional broadening of the
dimer spectrum. However, the integrated intensitythe observed spectrum should remai-
unchanged if the concentration of dimers is unckeng

This section presents the first results on the masen of the bound dimer spectrum ir
ambient air.

The gas mixture for the trial was prepared usirmpiatory air. First, the chamber wac
filled with water vapour. After a while, the air wadded to achieve the desired total press. 2.
The difficulties of experiments with water vapoue avell known. Adsorption and desorpticn
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processes lead to instability of the pressure, af as humidity of the mixture. In our
experiments, stability of the pressure was reachepproximately 10-12 hours after preparing
the mixture. In spite of the reached stabilitytoé mixture pressure, some uncontrolled procesc2s
might occur during preparation of the experimend apectrum recording, which may lead tu
minor changes of the spectrometer baseline, fomeig due to changes of temperature in the
lab. These changes manifest themselves as smodttiores of the experimental spectrum.
Existence of such variations was revealed at thee gl@cessing stage.

The water vapour adsorption/desorption processas tie the uncertainty of the watet
vapour partial pressurBy,o in the mixture. This value can be refined usinwater vapour
spectral line with well known intensity. In our eaghe high-frequency wing of the 183-GHh.
rotational water line (Fig. 1) can be used. (T Ipeak recording was impossible due to the
limited operating range of the radiation sourceffeArecording the absorption spectra of the
mixture in the 188-258 GHz range (which takes al@®hburs) we repeated recording of the line
wing to control the water vapour content. The cleang the water pressure was taken inu:
account like in the earlier wotk where integrated intensity of this line was meesu
Overlapping of the 183-GHz line wing with the dinpgak centred near 196 GHz reduced th<
accuracy of the obtained water vapour line intgresitd its partial pressure.

The method of accounting for the monomer absorptiaa described in Section 3. Aftel
the calculated contribution of the monomer is satied from the observed spectrum, tiic
remaining part can be considered consisting oktkeems. One is responsible for the collisional
interaction of HO-H,O molecules and proportional to squared water presBr20)°. Two other
terms are due to the interaction of(Hwith N, and Q molecules, and proportional to the
product of the corresponding gas component pantedsure anBy,o:

_ 2
Tint = CH,0-H,0P) 0 *CH,0-N,PH,0PN, +CH,0-0,PH,0P0, (21)

The so-called “dry continuum” caused by collisiomdkractions between Nand Q molecules
can be neglected under the conditions of our exyeeris*® The continuum components linearly
dependent o0 were earlier investigated in a number of wok¥:** Assume that this part or
the continuum is caused by the@4N, dimers by analogy with the water dimer; then, lthe
pressure spectrum of the mixture may contain splefeatures of this heterodimer and/oiCH

0, complex*® Since information on these spectra in the studieduency range is not
available, we restricted ourselves to the subtvactrom the experimental spectrum of the
smooth function corresponding to the linear-withridity component of the continuum which
was calculated on the basis of the results of éinkee studie$?°

The remaining component of the spectrum shouldudeldimer peaks (we assumed tt.at
the integrated intensity and the width of the peales unknown) and the "pedestal”. The latter
may vary with frequency independent of water dimevkich is caused by uncontrollable
experimental effects and/or spectra of other mdégazomplexes. The influence of the pedest:!
was minimal for the spectra recorded at low airspoee. For example, the mixture spectrui’
recording at 71.6 Torr (water vapour partial pressas determined from the wing of the 182
GHz line was 10.5 Torr) and 297.3 K after subt@cf the linear-with-humidity component of
the continuum can be well described by convolutimodel (13), in which the dimer spectrun:
recording in pure water vapour was used as a rsgadne. The use of this model permittea
estimating the air-broadening coefficient of thendr peaks. The obtained value of 6.6(24)
MHz/Torr was a starting point for further evaluatiof this parameter.

Application of convolution model (13) for the apgpinmation of the spectra recorded at »
higher air pressure did not give good results,esthe pedestal contribution in these spectra was
rather large. To resolve the problem we found #egtal empirically. This is possible assuming
that typical variations of the pedestal with theginency are much “slower” than the
characteristic variations related to the dimer ged¥e used the following procedure. The wate:
dimer spectrum corresponding to the experimentaiditons was calculated using the
convolution method (the starting value of the awdalening parameter mentioned was used) and
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was subtracted from the observed spectrum. Theimegrggpart was approximated by the sixth
degree polynomial. Such approximation picks outydatge-scale frequency variations of the
absorption, leaving the fine-scale variations dumtomplete subtraction of the dimer spectrum.
The resulting polynomial function was consideredb® the “empirical pedestal” and was
subtracted from the original spectrum. The remagnabsorption was analyzed using the
convolution model (13) and the “Lorentzian” mod#l).

Four spectra recorded at partial water vapour presef about 10 Torr and the gas
mixture total pressure of 72, 86, 251 and 552 Ware processed by this method. These spec:ra
are shown in Fig. 13 together with the fitted fuoe$ of convolution model (13).

5 T T T
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Fig. 13. Experimental spectra of the moist air cantm (thin orange curves) and the
corresponding model functions calculated by thevotution method from the water dimer
spectra recording in pure water vapour (thick blewkes). Total mixture pressure values are
shown near the corresponding spectrum. For figlagty, the lower and upper traces are
shifted down by 18 cm* and up by 5x10cm*, respectively.

Analyses of three spectra (corresponding to 72a86 251 Torr) using the method
described above and models (11) and (13) permdé&tdrmining the averaged air-broadening
coefficientyy = 6.3(21) MHz/Torr and the bound water dimer equilim constant in aiKp,"
= 1.0(2)Kpp", whereKpy," is the value obtained from the spectra in pureemapour. Thus, our
experiments confirmed that the amount of the bowater dimers in air is the same as in pute
water vapour at the same partial pressure of water.

No dimer signatures were revealed in the 552-Tpecsum due to the large collisiona’
broadening (the estimated width of the dimer peakseeds the spacing between them). Tlic
expected spectrum calculated using the model paeasnebtained from lower pressure spectre
is shown in Fig. 13 by the dashed curve. The sgkitinomogeneities observed in this spectruii
are most likely caused by the instrumental effexgsociated with the known difficulties o1
experiments with water vapour. Additional experitseare required for determining the nature
of these peculiarities.
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6. Conclusion

The use of the highly sensitive broadband resonspectrometer facilitated obtaining
unique experimental data which characterize thetsgeproperties of water dimers under close
to atmospheric conditions. The sequence of six peeks observed in spectra of pure wate,
vapour and in mixtures with air in the frequencypga 188-258 GHz. The peaks represent &
superposition of individual lines corresponding rtational transitions of the bound water
dimer1.4 The observed sequence continues the seftiésup peaks observed in the previouc
work.

The signal-to-noise ratio of the spectra recordiags reproducibility of the observeu
dimer features over a broad range of temperat88-822 K) and water vapour pressure (3.7-
34.2 Torr) constrain the shape of the "warm" watener spectrum in the studied range ct
frequencies. These spectra can be used as a eelefblence for improving the accuracyabf
initio calculations.

The numerical model based on the most accuratatead initio calculations of the bound
dimer spectrum and the model based on convolutibthe observed spectrum with the
Lorentzian function were used for quantitative datalysis. The equilibrium constant of bounu
dimers, the dimer dissociation energy, the selét ain-pressure broadening coefficients of dimer
lines were determined. The contribution of the mwigtiale states of the dimer to the observe!d
absorption was assessed. Combined with the prdyidum®wn data, results of the analysis
allowed us to plot relative contributions of allgstble pair states of water vapour molecules ¢
the second virial coefficient in the broad tempematrange. All results are in a good genera:
agreement with the previous theoretical calculatiand experimental data.

The result of this work, which is most important §pectroscopic applications, is the studv
of the dimer spectra in air. It has been experiagntonfirmed that adding of air to pure wate
vapour does not change the integrated intensitth@fdimer spectrum but only decreases *i.2
contrast of the dimer peaks due to collisional Berang. This enables important conclusions
about the dimer abundance in the atmosphere anitlpsoan opportunity to study their real role
in atmospheric processes.

To conclude, it is worth noting that the shapeh# water dimer spectrum defined in our
laboratory experiments may serve as a startingtgomnsearching for dimer signatures an
studying their abundance in real atmosphere usommgxample, radiometric measurements as 't
was proposed by Odintsoeaal .*’
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