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Complexes of atmospheric molecules and atoms with watg€d; X] where X is HO, N, O,, Ar, and CQ,

are investigated to evaluate their possible role in the absorption of solar energy and consequently in influencing
the Earth’s climate. The atmospheric abundance and absorption spectra of these complexes are calculated
and used in a line-by-line radiative transfer model to assess their contribution. We have used statistical
mechanics to calculate equilibrium constants and the harmonically coupled anharmonic oscillator local mode
model to calculate fundamental and overtone OH-stretching vibrational band frequencies and intensities.
Parameters for these calculations were obtained with the use of ab initio methods. Apart from the water
dimer, no OH-stretching bands are significantly frequency shifted compared to those in the water monomer,
implying that observation of the vibrational spectra of these hydrates in the atmosphere will be difficult. Of
the studied complexes, we find that the@d N monohydrates are likely to contribute the most to absorption

of solar radiation; however, the absolute absorption is highly dependent on the band shape of the vibrational

transitions.
Introduction Temperature / K
220 240 260 280 300
The Earth’'s temperature, climate, and chemistry are influ- il
enced by the absorption of solar radiation in the atmosphere. HY
In this context, we discuss the role of weakly bound molecular 5,1/ §

complexes. Intermolecular interactions responsible for com-

plexation alter the spectroscopy of the monomeric constitdehts. £ 15/ &
The shifting and broadening of monomer spectral features, the g :
appearance of new absorption bands, and the intensity enhanc i 10
ment of weak electronic transitions upon complexation could
all have a significant atmospheric impd&ct2 5
The discrepancy between observed and modeled atmospheric
absorption of solar radiation is a long-standing problem in 0 , : , ,
atmospheric sciendé:15 Weakly bound van der Waals com- 107 10°  10° 10 10°
plexes, especially those containing water, have been suggested Pressure / atm
as possible contributors to the absorption of solar radfatigfr 19 Figure 1. Atmospheric pressure ofNO,, Ar, CO,, and HO and the

and might be associatédvith the water vapor continuuf?:2! atmospheric temperature as a function of altitude.

The four most abundant species in a dry atmosphere gre N abundance of kO decreases rapidly with increasing altitude,
O, Ar, and CQ. The next most abundant species, Ne, is about due to both the pressure and temperature decrease, as illustrated
20 times less abundant than €8 Thus, we have considered in Figure 122 The abundance of the water dimer,®H,0,

the HO-X complexes, where X is $0, Np, Oy, Ar, and CQ. depends on the square of the@concentration and decreases
Atmospheric abundances and absorption spectra in the relevantore rapidly with altitude compared to the othepQHX
spectral regions are needed to quantify the effect of thesecomplexegl!1?

complexes on absorption of solar radiation. The atmospheric Water vapor is a significant absorber of solar radiation in
abundance of a complex scales with the partial pressures of thethe near-infrared (NIR) and visible spectral regions. In these

individual monomers and with its equilibrium const&ht?The regions, absorption by 4 is dominated by OH-stretching
overtone transitions. These vibrations can be described in terms
T Part of the special issue “Charles S. Parmenter Festschrift”. of local mode$*24and the harmonically coupled anharmonic

*To whom correspondence should be addressed. E-mail: henrik @ oscillator (HCAO) local mode mod@&%:26 Calculations on kKO
alkali.otago.ac.nz. Fax: 64-3-479-7906. Phone: 64-3-479-5378. . ) .
+On sabbatical at Department of Chemistry, University of Otago, Nave shown that the simple HCAO local mode model provides

Dunedin, New Zealand. intensities that are in good agreement with expeririéf.
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Previous investigations of the vibrational spectra O
have found that complexation causes only small perturbations
to the fundamental frequencies of the monomer species for all
complexes but the water dim&-35 However, spectra of these
weakly bound complexes are likely to have broadened band
profiles compared with their monomeric constituents, which
could therefore lead to additional atmospheric absorption of solar Figure 2. QCISD/6-311+G(2d,2p) optimized geometry of the;&
radiation outside the monomer absorption bands. Earlier field H20 complex.
studies have failed to identify structured absorptions frof®H
X complexes in the atmosphete3” However, very recently a
single band observed in atmospheric near-infrared spectra wa:
3}:1'23;88(]' to an OH-stretching overtone transition in water H,0(g) + X(g) < H,0-X(g) )

In this article, we report HCAO calculated fundamental and 5 estimated using equilibrium statistical thermodynarkida s

overtone OH-stretching band positions and intensities for the T partial pressure of the complex can be calculated 6
H20-X complexes and estimate the abundance of these com-y,

plexes using equilibrium statistical thermodynamics. We have
obtained all input parameters from ab initio calculations in order (PH o)(PX)
2

The temperature-dependent thermodynamic equilibrium con-
SstantK(T) for the complexation reaction

to provide a consistent comparison between the complexesPy, o) = K(T)P, oPx = K(T)P°|—; =
investigated. Radiative transfer calculations are used to ascertain P
the relative impact of the #-X complexes to atmospheric K(ﬂPHZOPX
absorption of solar radiation. T

Calculation of Absorption Spectra and Atmospheric whereK,(T) is the equilibrium constant (in atm), Px andPy,o0
Abundances are the monomer partial pressures, a@flis the standard

Recently, the HCAO local mode method has been used to referen_ce pressure of 1 atm. The equilibrium constant can be
calculate the OH-stretching vibrational band positions and d€términed from the standard enthalfiA® and entropyAS’
intensities for the water dimé?.These calculations used dipole  ©f the reaction by
moment functions calculated with the quadratic configuration o o
interaction including singles and doubles level of theory with a K(T) = ex;{_AG ) = EXF(M) (4)
6-311++G(2d,2p) basis set (QCISD/6-3+#G(2d,2p)). The RT RT
calculated OH-stretching transitions were in good agreement
with those observed experimentatf3-3440\e have used the
same ab initio method for the B-X complexes investigated
here. We refer to our previous papers for details on the
calculation of fundamental and overtone OH-stretching transi-
tions 3941

We calculate the oscillator strendtlof a transition from the
ground vibrational statgy to an excited vibrational state
fr0m26,42

whereAG? is the standard Gibb’s free energy change for the
reaction. The details for calculation &fH° and AS® are given
elsewheré?

The accurate determination of the thermodynamic properties
of complexes needed for the evaluation of the equilibrium
constant is a difficult problem. At atmospheric temperatures
(200-300 K), it is less likely that the equilibrium statistical
mechanics model is adequate because of the resulting increase
in intermolecular thermal motions within the molecular com-
plex1946 These motions can greatly perturb the structure,

fog=4.702x 10 [cm D ¥ fied (1) stability, and internal energy of the complex so that the
equilibrium geometry is no longer an accurate description for

whereiegis the wavenumber of the transition giag = [&[zi|g0 the complex. This becomes a particular problem for the
is the transition dipole moment matrix element in Debye (D). description of vibrational energy levels at and above the

We use the HCAO local mode model to obtain the vibrational dissociation limit of the complexes. Recently, progress has been
energies and wave functions required in eq 1. The water units Made toward a more complete statistical mechanics description
of the HO-X complexes are either symmetric (two equivalent for weakly bound complexes¥-4° The abundance estimates for

OH bonds) or asymmetric. The HCAO local mode equations Hz20-X given here do not consider the problem of excited
for Symmetnc and asymmetnc 29 units are g|ven else- vibrational levels at and above dissociation and can Only be

where3*41 The local mode frequenay and anharmonicitybx taken as an approximate treatment of the thermodynamics of
for each of the OH bonds, and the parameter for the effective Weakly bound complexes. . )
coupling between these, are obtained from ab initio calcula- The vibrational frequencies, rotational constants, rotational

tions as detailed elsewhet® The dipole moment function  Symmetry numbers, electronic energies, and degeneracy of the

required in eq 1 is approximated by a series expansion in the €lectronic states of both monomers and complexes are required
internal OH displacement coordinates, with the expansion in the statistical thermodynamics calculation. These parameters

coefficients determined by ab initio calculatich¢3 were obtained from QCISD/6-3+H-G(2d,2p) ab initio calcula-

The ab initio calculations were performed with the use of 1Ons and are given as supporting information Table 1S.

Gaussian 944 Geometries were optimized with “tight” con-
vergence limits and confirmed as minima by frequency calcula-
tions resulting in no imaginary frequencies. The electronic  Structures of the Complexes. The QCISD/6-31%+
ground state of @and HO-O, is a triplet, and unrestricted  G(2d,2p) optimized structures for the five complexegOH
wave functions have been used. are shown in Figures-26. The structures of the complexes,

Results and Discussion
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Figure 3. QCISD/6-311%-+G(2d,2p) optimized geometry of the.&

N2 complex.

o %

Figure 4. QCISD/6-31%+G(2d,2p) optimized geometry of the;8

O, complex.

o0

Figure 5. QCISD/6-31H1+G(2d,2p) optimized geometry of the.&

Ar complex.

»

Figure 6. QCISD/6-311+G(2d,2p) optimized geometry of the.&

CO, complex.

O

TABLE 1: Calculated and Observed Binding Energy,
Permanent Dipole Moment, and Q--X Distance

Ep (kcal/mol) % (D) Ro--x (A)P

calcd expt. cal®® expt. cal® expt
HO 1.96 1.856
H2O-Ar 0.32 0.4% 1.98 3.895 3.636
H,0-0, 0.72 1.80 3.226 —
H20°N> 1.29 2.08 3.350 3.37
H20-CO, 2.73 224 1852 2816 2.836
H20-H,0 5.09 49Y 268 2.648 2.942 2.98

2 Calculated with the QCISD/6-331+G(2d,2p) method? Distance
from the O atom of the water unit to the nearest heavy atd@ohen
and Saykally’? 4 Goldman et af? ¢ Dyke and Muentef? fPeterson
and Klemperef? 9Dyke et al®® "Leung et aP?

except HO-O, have also been determined experimentziiy?

All structures haveCs symmetry. The structures of the®-X

complexes, except X CO,, have an H atom of the 4@ unit
involved in an G-H---X bond. In Table 1, we compare the

Kjaergaard et al.

TABLE 2: Local Mode Parameters (cm1)2

OH, OH
0] WX 7] WX y

H,0be 3869.9 82.06 49.44
H,O-Ar 3869 82.1 3871 81.8 47.1
H,0-0, 3869 82.1 3870 81.8 48.3
H,0-N, 3872 82.2 3873 81.0 47.2
H,O-COP 3869 81.9 48.1
H,0-H,0¢ 3781 85.4 3878 82.2 43.8
H,O-H,0Obe 3863 81.7 46.1

a Calculated with the QCISD/6-3#1G(2d,2p) method and scaled
with 0.9836 and 0.851 fab and@x, respectively®? The two OH bonds
in these water units are equivalehExperimental local mode param-
eters for the water monomét. ¢ The hydrogen donor unit of the water
dimer.®The hydrogen acceptor unit of the water dimer.

longer than the experimental value. For the other complexes,
the agreement is good, and for this reason, we have used the
QCISD/6-311#+G(2d,2p) calculated rotational constants

in the abundance calculations. Fop® and HO-H,0, the
QCISD/6-311#+G(2d,2p) calculated dipole moments of the
optimized structures agree well with the experimental values,
whereas for HO-CO,, there is some discrepancy.

The water dimer has the largest binding energy of the
complexes studied. The calculated binding energy of 5.1 kcal/
mol is in good agreement with the measured binding energies
of 4.9 and 5.4 kcal/mo?* The calculated binding energy of
H,O-Ar is 0.32 kcal/mol, which compares well with an
experimental value of 0.41 kcal/m@#Based on these results,
we estimate the uncertainty in the calculated binding energies
to be aboutt-0.2 kcal/mol.

Vibrational Spectra. The OH-stretching fundamental and
overtone frequencies and intensities were calculated with our
HCAO local mode modet?*! We have also calculated the
infrared vibrational frequencies and intensities of thgDHK
complexes with a harmonic oscillator (normal mode) linear
dipole moment (HOLD) approximation.

The local mode parameters are obtained from QCISD/
6-311++G(2d,2p) calculated OH-stretching potential energy
curves® and are given in Table 2. To compensate for inaccuracy
in the ab initio method, the parameters are multiplied by scaling
factors determined as the ratio of experimental to calculéated
(and@x) for H,0.2° The scaling factors are given in the footnote
to Table 2. Apart from the OH oscillator involved in the
hydrogen bonding (Of) of the water dimer, no significant
change is observed for the local mode frequency and anhar-
monicity compared to the water monomer.

In Figure 7, we show the simulated OH-stretching vibrational
spectra of the bD-X complexes in theAvoy = 4 region (4
guanta in the OH-stretching vibrations). Each OH-stretching
transition has been convolved with a Lorentzian line profile with
a full width at half-maximum (fwhm) of 40 cnt. For
comparison, we show a simulated water monomer spectrum,
generated from the experimental transitions convolved with
Gaussian line profiles with fwhm of 2 cmi2®8 The HO
spectrum contains rotational P and R branches of two bands:
the strong40] band and the weaker higher enefg¢ band.

We use the local mode notation, in whighDd represents the
pure local mode states with all the vibrational energy in one of
the OH bonds. The local mode combination stg&k] and

calculated and experimental binding energy, permanent dipole 3101 have energy in both the OH bonds. Theindicates the
moment, and the equilibrium distance from the O atom of the symmetry of the state. The OH-stretching bands of the

H,O unit to the nearest heavy atorRd..x) for each of the

complexes except the water dimer are not significantly shifted

complexes. The largest discrepancy in geometry is for the from the center of KO bands, and the relative intensities of

H,O-Ar complex, where the calculatd®b...x distance is 0.2 A

the two bands are similar to that observed foa©HThe much
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the intensity of the hydrogen bonded @stretching transition

l H,0-CO; in water dime*+39:41
A Significant frequency shifts and intensity changes have been
found for some of the fundamental vibrations of the water dimer
“ H,0-Ar compared to the water monontp425:3840\whereas only minor
changes have been found for the other complékes?!55.56
For the water dimer, the HCAO calculated OH-stretching
A H,0.0, vibrations are within 10 cm' of the transitions observed in
molecular beam experiments. The HCAO calculated fundamen-
tal frequencies of the OH-stretching transitions of all complexes
HON, agree well with ex_isting matrix_isolation observations if matrix
i A\ frequency red shifts are considered. FoiO-H,0 and HO-
N>, the HCAO calculated OH-stretching transitions are about
25 cnt?! higher in energy than those observed in the Ar
matrix 333457 The asymmetrias; (]100) vibration of HO-Ar
is somewhat surprisingly observdt 3782 cm?, which is 20
cm~1 higher than thevs vibration in HLO and 28 cm? higher
H,0 than the HCAO calculated asymmetric OH-stretching transition
in the complex. The HOLD calculated harmonic frequencies
are higher than the observed fundamental transitions as expected
13000 13;)00 14(')00 14;00 15000 yvith a QCIS_D/6-3131—+§3(2d,2p) calculation. 'I_'he OH-stretch-
slem ing harmonic frequencies are about 200 ¢€rhigher than the
Figure 7. Simulated spectra of 40Ny, H,0-O,, H,0-Ar, H;0-CO, observed fundamental transitions, which is close to the differ-
and HO-H;0 in the Avoy = 4 region. The OH-stretching vibrational ~ €nce expected from the neglect of anharmonicity. These

transitions were calculated with the QCISD/6-311G(2d,2p) method harmonic frequencies have been used in the statistical thermo-
and convolved with Lorentzian functions with a fwhm of 40 ©m dynamics calculation.

The experimental water spectrum was taken from the HITRAN database . S .
and was convolved with Gaussian functions with a fwhm of 2tm All HCAQ calculated OH-stretching transitions in,@ and

(H20)2

for illustrative purposes. H20-X are given in the Supporting Information in Tables-2S
7S, and the HOLD calculated fundamental frequencies and
5 05 intensities are given in Table 8S.
x 0.5

(H20)2 Atmospheric Abundances.We have used an equilibrium
statistical thermodynamics procedure and a simple atmospheric
model to calculate the equilibrium constants and atmospheric
partial pressures of the B-X complexes for altitudes up to

50 km?2 Calculated values d(T) for each of the complexes

at different altitudes are given in the Supporting Information in
Table 9S for a standard atmosph&#@&he variation with altitude

of the calculated(T) ranges from negligible for $D-O, and
H,O-Ar, to a factor of 10 for HO-H,O. For all complexes, apart
from H,O-O,, Ky(T) increases with decreasing temperature.

In Figure 9, we show the calculated variation in partial
pressure of the complexes with altitude, obtained using the
partial pressure of the monomeric species and the atmospheric
temperature given in Figure?t The general increase Ky(T)

f(H20-X)/f(H0)

v toward the tropopause does not compensate for the rapid
Figure 8. Ratio of calculated total OH-stretching oscillator strengths decrease in concentration of all monomeric species with increas-
of H,0-H,0, H,O'Ny, H,0-0Op, H0-Ar, and HO-CO; to that of ing altitude. Thus, the abundance of all complexes is largest at
H0 as a function oAvon. All calculated with the QCISD/6-3H+ ground level and decreases with increasing altitude. The patrtial
G(2d,2p) method. pressure of KHO-H,O decreases more rapidly with altitude

weaker|310] band is barely noticeable between the two stronger because of its dependence on the square of the partial pressure
bands. The rotational structure in the experiment® lpectrum  of H20. The HO-H,O complex has a largéf,(T) than HO-
is not expected to be present in the spectra of the complexesN2 and HO-O;; however, its abundance is lower due to the
because of their shorter lifetimes. significantly lower partial pressure of;@ compared to hand
Both fundamental and overtone transitions are important in Oz. The HO-N2 and HO-O, complexes are the most abundant
the total atmospheric absorption of solar radiation. In Figure 8, and are roughly a factor of 5 more abundant tha®#H,0
we show the ratio of total OH-stretching intensity of the and HO-Ar at ground level and about 2 orders of magnitude
complexes to that of yD. In the fundamental region, ,9- more abundant than #-CO,. Previously, the abundances of
H,O and BO-N,, and to a much lesser extent®tAr, H,O- H,0-N, and HO-O, have been estimated to be an order of
CO,, and HO-O,, show increased OH-stretching intensity magnitude larger than that of the water dir&t56in reasonable
relative to that of HO. In the overtone regions, the ratio is close agreement with the present calculation at ground level. The rapid
to unity for all complexes except the water dimer, for which decrease in abundance with altitude indicates that th@- Xl
the total intensity approaches roughly twice that gOHasvon complexes are unlikely to have any impact on the absorption
increases? For the first overtone, there is a significant drop in  of solar radiation above the tropopause.
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Figure 9. Calculated atmospheric pressures @OHN,, H,0-0,, H,0O-Ar, H,O-CO,, and HO-H,0 as a function of altitude.

; P _ TABLE 3: Total Absorption of Solar Radiation (Wm ~2) for
We have estimated the sensitivity of our calculated abun a Tropical Case with Overhead Sun as a Function of the

dances to the ab initio calculated input parameters. We estimateassigned Band Width and Shape
the uncertainty in calculated binding energies tottie2 kcal/
mol, and we have tested the effectl§g(T) of thls uncertainty. Lorentzian Gaussian Lorentzian
We also tested the effect of-a10% change in the harmonic - .

frequencies orKy(T). The +0.2 kcal/mol change in binding 20 4 25¢ 200 250 20 2¢

energy leads to changesKy(T) of less than about 50% for all ~ H20-Ar  0.11 021 115 0.016 0.043 0.080 0.016
complexes over the entire altitude range. BHED% change in ~~ H20-0. 056 1.02 542 0086 023 040 0085

. . . HO-N, 068 129 691 0.066 0.20 0.47 0.064
frequencies leads to a maximal change of about a factor of 21in | '5.~5 0’004 0007 0040 0.0005 0.0014 0.003 0.0005

truncated

Kp(T). H.O-H,O 044 085 476 0.019 0.14 0.28 0.019
Thermal conductivity measurements fos®H,0 at 373 K afwhm in cnT. b Far wings cut off at-1000 cn. < Far wings cut

lead to an experimentally determinkg of 0.011 atm*.54 Our off at £100 onTL.

calculated value at that temperature is 0.0034-atwhereas

that calculated by Kim et &f is 0.0025 atm®. Kim et al®® of solar radiation. Details of the radiative transfer model used

determined a free-energy lowering fop®tH>O of 0.53 kcal/ are described elsewhete3?

mol due to hindered internal rotation, which increases tKgir In this study, the atmosphere is divided into 35 homogeneous

1 )
to 0.0066 atm, closer to the experr]rl;lnentgl value. At 296 K, |vers with the lowest 20 layers 1 km thick, and the top 15
we Obt'?"n a|.<’? value of 0.011 atm, Wlff:t the est|matled layers 2 km thick. The surface temperature is assumed to be
uncertainty giving a range from 0.006 atfrto 0.026 atm, 298 K, and the lapse rate is 4.5 K/km for the lowest 18 km.

comp'are(.j to a rece.ntly calculatgd value of 0.1 &t Monomers included in the atmosphere asOHO,, and CQ.
Considering the previous comparisons, we suggest that ourthe 110 vertical profile is calculated assuming a constant
calculated abundances are reasonable estimates to within arﬂropospheric relative humidity of 57%, yielding a column

order of magnitude. abundance of 45 mm precipitable water (x.3.0? molecules/

As mentioned, the equilibrium statistical thermodynamics cnv), consistent with the July tropical averafeThe CQ
approach may be less appropriate as the energy of the complexegmixing ratio is taken to be 370 ppm. Absorption coefficients
approaches the dissociation energy, which for all these com-for the monomers are calculated considering both pressure and
plexes occurs even at IR energies. As Goldman éf pbint  temperature broadening using the HITRAN 2000 line list with
out, as the highly nonrigid water dimer accesses higher excitedthe updated water vapor lidt.For the HO-X complexes, we
rotational states, the values of the rotational constants will use our equilibrium constants at the relevant temperatures to
decrease, causing a corresponding increasg(if). Failure to estimate the abundances from the monomer concentrations. The
account for this effect will result in underestimating the value absorption spectra are obtained by convolving our calculated
of Ky(T). This may be one reason our calculai§qT) values OH-stretching transitions with a given line shape and width.
for water dimer are lower than the experimentally determined The absorption coefficients of each monomer considered are

equilibrium constants calculated every 0.01 cm and each complex every 0.1 cin
Radiative Transfer Simulations and Solar Absorption.An from 2000 cnt? (5.0 um) to 25000 cm? (400 nm)3” The
estimate of the atmospheric solar absorption of th®©-X multiple scattering calculations are performed every 0.01cm

complexes cannot accurately be made simply from the absorp-over the same wavelength range using a discrete ordinates
tion cross sections and abundances. Because of the strongormalism and considering 4 intensity streams. In these simula-
absorption of the water monomer in the NIR, it is important to tions of the tropical atmosphere, we assumed an overhead sun,
consider the amount of spectral overlap between the strong,no aerosols and a surface albedo of 0.15.

structured HO rovibrational absorption lines and the weaker  The total integrated absorption of sunlight for each of the
vibrational absorption bands of the complexes. We have usedcomplexes is given in Table 3 and is obtained by differencing
a line-by-line multiple scattering model to estimate the relative the calculated total absorption with and without the complex.
importance of the various complexes to atmospheric absorptionThe total absorption by #0-H,O has previously been found to
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be sensitive to the assigned bandwidth of the absorption Bands.
The actual bandwidth would depend on both the rotational
constants and the lifetime of the complex. Without dynamical
information, the line widths cannot accurately be obtained. As
an example, the observed electronic transitions in th€d9
collision induced complex are broad bands with fwhm of
approximately 350 cmt, without the rotationally resolved
structure observed in Ospectré® The fundamental OH-
stretching transitions of the J-H,O complex have been
observed to have a fwhm of about 15 c¢hwand the third
overtone OHR-stretching band in water dimer a fwhm of about
19 cn1.38 So although we expect unstructured bands in the
H,O-X complexes, the large uncertainty in the details of the

band shape leads us to consider several bandwidths and shape

We have tested Lorentzian band shapes with fwhm of 20, 40,
and 250 cmt, Gaussian band shapes with fwhm of 20 and 250
cm?, and truncated Lorentzian band shapes with a fwhm of
20 cntl, for which we have cut the absorption to zero in the
wings at eithee=1000 cnt! or =100 cn! from the band center
and renormalized the band intensities so there is no loss of
integrated absorption strength.

For all of the band shapes and widths considered in Table 3,
it is clear that HO-O, and HO-N; absorb the most, whereas
there is negligible absorption from,B-CO,, due primarily to
the small concentration of GOn the atmosphere. If the 20
cm~1 Lorentzian case is considered, for example, the amount
of absorption by HO-H,O (0.44 W/n?) is only about a third
of the total absorption by the other complexes (1.35 ¥/m
The calculated total absorption by>®&H,0 in the 40 crm?!
Lorentzian case is smaller than our previously published value,
partly because the HOH-bending transitions have not been

J. Phys. Chem. A, Vol. 107, No. 49, 200B0685

clusters by a factor of 2. With monomer overlap considered,

the dimer absorption is reduced by a factor of 3.3 and the other
clusters by approximately a factor of 1.7. Thus, the relative

impact of the complexes increases as the amount of water in
the atmosphere decreases.

Conclusion

We have calculated the frequencies and intensities of the OH-
stretching transitions up to 25 000 chfor H,O-X complexes
where X is HO, Ny, O, Ar, and CQ. Of the complexes
investigated, only bD-H,O has significantly frequency-shifted
OH-stretching transitions due to hydrogen bonding, making it
;She most likely candidate for identification in the atmosphere.

"We have used the calculated OH-stretching frequencies and
intensities and the estimated atmospheric abundances of these
complexes in line-by-line radiative transfer simulations of the
propagation of solar radiation through the atmosphere. Our
simulations indicate that of the complexes considere-B,
and HO-N, are the largest absorbers, with®Ar and HO-

H>O providing nonnegligible absorption. The calculated total
absorption for each of the complexes is highly dependent on
the assumed band shape and width. In particular, we note the
importance of the band shape far from band center.
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included in the present calculations, but also because a column

water vapor amount of 65 mm rather than the stated 45 mm
was inadvertently used in the previously calculated tropical

Supporting Information Available: One table with input
parameters foK(T) calculation. Six tables with calculated OH-

scenaridt! The water dimer equilibrium constants used in the stretching transitions in 0 and the HO-X complexes. One
present calculations are between the low and high estimates oftaple with calculated harmonic frequencies and intensities of

the previous study*

One of the most important points illustrated by Table 3 is
the significant effect of the band shape on the total complex
absorption. As the intensity is spread further away from the
band center to the wings, the absorption increases because th
overlap with water monomer absorption becomes less. The

Gaussian band shape simulations have substantially less total
atmospheric absorption because of the inherently smaller wings

compared to the Lorentzian band shape.

To further illustrate the importance of the far wings, the final
two columns of Table 3 show the total absorption for the 20
cm~1 Lorentzian band shape with wing cutoffs-a1000 cnt?!
and+100 cn1?, respectively. For each complex, it is apparent
that cutting off the wings at=1000 cnT?! reduces the total
absorption by less than 40%. In contrast, #H0 cnt! cutoff
reduces the absorption by -895%. Accurate knowledge of the

band shapes of the complexes far from the band center is likely

to be very difficult to obtain experimentally, just as it is for the
water vapor monomer line shapk.

Because of the large variation of water vapor in the

the monomers and complexes. One table with calcul&ted
values at different altitudes. This material is available free of
charge via the Internet at http://pubs.acs.org.
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