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Complexes of atmospheric molecules and atoms with water, H2O‚X, where X is H2O, N2, O2, Ar, and CO2,
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 O2 and N2 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

The Earth’s temperature, climate, and chemistry are influ-
enced by the absorption of solar radiation in the atmosphere.
In this context, we discuss the role of weakly bound molecular
complexes. Intermolecular interactions responsible for com-
plexation alter the spectroscopy of the monomeric constituents.1-5

The shifting and broadening of monomer spectral features, the
appearance of new absorption bands, and the intensity enhance-
ment of weak electronic transitions upon complexation could
all have a significant atmospheric impact.6-12

The discrepancy between observed and modeled atmospheric
absorption of solar radiation is a long-standing problem in
atmospheric science.13-15 Weakly bound van der Waals com-
plexes, especially those containing water, have been suggested
as possible contributors to the absorption of solar radiation9,11,16-19

and might be associated16 with the water vapor continuum.20,21

The four most abundant species in a dry atmosphere are N2,
O2, Ar, and CO2. The next most abundant species, Ne, is about
20 times less abundant than CO2.22 Thus, we have considered
the H2O‚X complexes, where X is H2O, N2, O2, Ar, and CO2.
Atmospheric abundances and absorption spectra in the relevant
spectral regions are needed to quantify the effect of these
complexes on absorption of solar radiation. The atmospheric
abundance of a complex scales with the partial pressures of the
individual monomers and with its equilibrium constant.11,12The

abundance of H2O decreases rapidly with increasing altitude,
due to both the pressure and temperature decrease, as illustrated
in Figure 1.22 The abundance of the water dimer, H2O‚H2O,
depends on the square of the H2O concentration and decreases
more rapidly with altitude compared to the other H2O‚X
complexes.11,12

Water vapor is a significant absorber of solar radiation in
the near-infrared (NIR) and visible spectral regions. In these
regions, absorption by H2O is dominated by OH-stretching
overtone transitions. These vibrations can be described in terms
of local modes23,24 and the harmonically coupled anharmonic
oscillator (HCAO) local mode model.25,26Calculations on H2O
have shown that the simple HCAO local mode model provides
intensities that are in good agreement with experiment.27,28
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Figure 1. Atmospheric pressure of N2, O2, Ar, CO2, and H2O and the
atmospheric temperature as a function of altitude.
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Previous investigations of the vibrational spectra of H2O‚X
have found that complexation causes only small perturbations
to the fundamental frequencies of the monomer species for all
complexes but the water dimer.29-35 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
radiation outside the monomer absorption bands. Earlier field
studies have failed to identify structured absorptions from H2O‚
X complexes in the atmosphere.36,37 However, very recently a
single band observed in atmospheric near-infrared spectra was
attributed to an OH-stretching overtone transition in water
dimer.38

In this article, we report HCAO calculated fundamental and
overtone OH-stretching band positions and intensities for the
H2O‚X complexes and estimate the abundance of these com-
plexes using equilibrium statistical thermodynamics. We have
obtained all input parameters from ab initio calculations in order
to provide a consistent comparison between the complexes
investigated. Radiative transfer calculations are used to ascertain
the relative impact of the H2O‚X complexes to atmospheric
absorption of solar radiation.

Calculation of Absorption Spectra and Atmospheric
Abundances

Recently, the HCAO local mode method has been used to
calculate the OH-stretching vibrational band positions and
intensities for the water dimer.39 These calculations used dipole
moment functions calculated with the quadratic configuration
interaction including singles and doubles level of theory with a
6-311++G(2d,2p) basis set (QCISD/6-311++G(2d,2p)). The
calculated OH-stretching transitions were in good agreement
with those observed experimentally.30,31,34,40We have used the
same ab initio method for the H2O‚X complexes investigated
here. We refer to our previous papers for details on the
calculation of fundamental and overtone OH-stretching transi-
tions.39,41

We calculate the oscillator strengthf of a transition from the
ground vibrational stateg to an excited vibrational statee
from26,42

whereν̃eg is the wavenumber of the transition andµbeg ) 〈e|µb|g〉
is the transition dipole moment matrix element in Debye (D).

We use the HCAO local mode model to obtain the vibrational
energies and wave functions required in eq 1. The water units
of the H2O‚X complexes are either symmetric (two equivalent
OH bonds) or asymmetric. The HCAO local mode equations
for symmetric and asymmetric H2O units are given else-
where.39,41The local mode frequencyω̃ and anharmonicityω̃x
for each of the OH bonds, and the parameter for the effective
coupling between theseγ, are obtained from ab initio calcula-
tions as detailed elsewhere.39 The dipole moment function
required in eq 1 is approximated by a series expansion in the
internal OH displacement coordinates, with the expansion
coefficients determined by ab initio calculations.39,43

The ab initio calculations were performed with the use of
Gaussian 94.44 Geometries were optimized with “tight” con-
vergence limits and confirmed as minima by frequency calcula-
tions resulting in no imaginary frequencies. The electronic
ground state of O2 and H2O‚O2 is a triplet, and unrestricted
wave functions have been used.

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

is estimated using equilibrium statistical thermodynamics.11,12,45

The partial pressure of the complex can be calculated fromK(T)
by

whereKp(T) is the equilibrium constant (in atm-1), PX andPH2O

are the monomer partial pressures, andPo is the standard
reference pressure of 1 atm. The equilibrium constant can be
determined from the standard enthalpy∆H° and entropy∆S°
of the reaction by

where∆Go is the standard Gibb’s free energy change for the
reaction. The details for calculation of∆Ho and∆So are given
elsewhere.12

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-
plex.19,46 These motions can greatly perturb the structure,
stability, and internal energy of the complex so that the
equilibrium geometry is no longer an accurate description for
the complex. This becomes a particular problem for the
description of vibrational energy levels at and above the
dissociation limit of the complexes. Recently, progress has been
made toward a more complete statistical mechanics description
for weakly bound complexes.47-49 The abundance estimates for
H2O‚X given here do not consider the problem of excited
vibrational levels at and above dissociation and can only be
taken as an approximate treatment of the thermodynamics of
weakly bound complexes.

The vibrational frequencies, rotational constants, rotational
symmetry numbers, electronic energies, and degeneracy of the
electronic states of both monomers and complexes are required
in the statistical thermodynamics calculation. These parameters
were obtained from QCISD/6-311++G(2d,2p) ab initio calcula-
tions and are given as supporting information Table 1S.

Results and Discussion

Structures of the Complexes. The QCISD/6-311++
G(2d,2p) optimized structures for the five complexes H2O‚X
are shown in Figures 2-6. The structures of the complexes,

feg ) 4.702× 10-7[cm D-2]ν̃eg|µbeg|2 (1)

Figure 2. QCISD/6-311++G(2d,2p) optimized geometry of the H2O‚
H2O complex.
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except H2O‚O2 have also been determined experimentally.50-53

All structures haveCs symmetry. The structures of the H2O‚X
complexes, except X) CO2, have an H atom of the H2O unit
involved in an O-H‚‚‚X bond. In Table 1, we compare the
calculated and experimental binding energy, permanent dipole
moment, and the equilibrium distance from the O atom of the
H2O unit to the nearest heavy atom (RO‚‚‚X) for each of the
complexes. The largest discrepancy in geometry is for the
H2O‚Ar complex, where the calculatedRO‚‚‚X distance is 0.2 Å

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. For H2O and H2O‚H2O, the
QCISD/6-311++G(2d,2p) calculated dipole moments of the
optimized structures agree well with the experimental values,
whereas for H2O‚CO2, 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 4.947 and 5.4 kcal/mol.54 The calculated binding energy of
H2O‚Ar is 0.32 kcal/mol, which compares well with an
experimental value of 0.41 kcal/mol.52 Based on these results,
we estimate the uncertainty in the calculated binding energies
to be about(0.2 kcal/mol.

Vibrational Spectra. The OH-stretching fundamental and
overtone frequencies and intensities were calculated with our
HCAO local mode model.39,41 We have also calculated the
infrared vibrational frequencies and intensities of the H2O‚X
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
curves39 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 calculatedω̃
(andω̃x) for H2O.39 The scaling factors are given in the footnote
to Table 2. Apart from the OH oscillator involved in the
hydrogen bonding (OHb) 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 H2O‚X complexes in the∆VOH ) 4 region (4
quanta 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 cm-1. For
comparison, we show a simulated water monomer spectrum,
generated from the experimental transitions convolved with
Gaussian line profiles with fwhm of 2 cm-1.28 The H2O
spectrum contains rotational P and R branches of two bands:
the strong|40〉( band and the weaker higher energy|31〉- band.
We use the local mode notation, in which|40〉( represents the
pure local mode states with all the vibrational energy in one of
the OH bonds. The local mode combination states|31〉+ and
|31〉- have energy in both the OH bonds. The( indicates the
symmetry of the state. The OH-stretching bands of the
complexes except the water dimer are not significantly shifted
from the center of H2O bands, and the relative intensities of
the two bands are similar to that observed for H2O. The much

Figure 3. QCISD/6-311++G(2d,2p) optimized geometry of the H2O‚
N2 complex.

Figure 4. QCISD/6-311++G(2d,2p) optimized geometry of the H2O‚
O2 complex.

Figure 5. QCISD/6-311++G(2d,2p) optimized geometry of the H2O‚
Ar complex.

Figure 6. QCISD/6-311++G(2d,2p) optimized geometry of the H2O‚
CO2 complex.

TABLE 1: Calculated and Observed Binding Energy,
Permanent Dipole Moment, and O‚‚‚X Distance

Eb (kcal/mol) µb (D) RO‚‚‚X (Å)b

calc.a expt. calc.a expt. calc.a expt.

H2O 1.96 1.850e

H2O‚Ar 0.32 0.41c 1.98 3.895 3.636c

H2O‚O2 0.72 1.80 3.226 -
H2O‚N2 1.29 2.08 3.350 3.37h

H2O‚CO2 2.73 2.24 1.852f 2.816 2.836f

H2O‚H2O 5.09 4.91d 2.68 2.643g 2.942 2.98g

a Calculated with the QCISD/6-311++G(2d,2p) method.b Distance
from the O atom of the water unit to the nearest heavy atom.c Cohen
and Saykally.52 d Goldman et al.47 e Dyke and Muenter.62 f Peterson
and Klemperer.51 g Dyke et al.63 h Leung et al.53

TABLE 2: Local Mode Parameters (cm-1)a

OHb OH

ω̃ ω̃x ω̃ ω̃x γ

H2Ob,c 3869.9 82.06 49.44
H2O‚Ar 3869 82.1 3871 81.8 47.1
H2O‚O2 3869 82.1 3870 81.8 48.3
H2O‚N2 3872 82.2 3873 81.0 47.2
H2O‚CO2

b 3869 81.9 48.1
H2O‚H2Od 3781 85.4 3878 82.2 43.8
H2O‚H2Ob,e 3863 81.7 46.1

a Calculated with the QCISD/6-311++G(2d,2p) method and scaled
with 0.9836 and 0.851 forω̃ andω̃x, respectively.b The two OH bonds
in these water units are equivalent.c Experimental local mode param-
eters for the water monomer.27 d The hydrogen donor unit of the water
dimer. e The hydrogen acceptor unit of the water dimer.
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weaker|31〉+ band is barely noticeable between the two stronger
bands. The rotational structure in the experimental H2O spectrum
is not expected to be present in the spectra of the complexes,
because of their shorter lifetimes.

Both fundamental and overtone transitions are important in
the total atmospheric absorption of solar radiation. In Figure 8,
we show the ratio of total OH-stretching intensity of the
complexes to that of H2O. In the fundamental region, H2O‚
H2O and H2O‚N2, and to a much lesser extent H2O‚Ar, H2O‚
CO2, and H2O‚O2, show increased OH-stretching intensity
relative to that of H2O. In the overtone regions, the ratio is close
to unity for all complexes except the water dimer, for which
the total intensity approaches roughly twice that of H2O asVOH

increases.39 For the first overtone, there is a significant drop in

the intensity of the hydrogen bonded OHb-stretching transition
in water dimer.34,39,41

Significant frequency shifts and intensity changes have been
found for some of the fundamental vibrations of the water dimer
compared to the water monomer,31,34,35,38-40 whereas only minor
changes have been found for the other complexes.29,33,41,55,56

For the water dimer, the HCAO calculated OH-stretching
vibrations are within 10 cm-1 of the transitions observed in
molecular beam experiments. The HCAO calculated fundamen-
tal frequencies of the OH-stretching transitions of all complexes
agree well with existing matrix isolation observations if matrix
frequency red shifts are considered. For H2O‚H2O and H2O‚
N2, the HCAO calculated OH-stretching transitions are about
25 cm-1 higher in energy than those observed in the Ar
matrix.33,34,57The asymmetricV3 (|10〉-) vibration of H2O‚Ar
is somewhat surprisingly observed32 at 3782 cm-1, which is 20
cm-1 higher than theV3 vibration in H2O and 28 cm-1 higher
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
with a QCISD/6-311++G(2d,2p) calculation. The OH-stretch-
ing harmonic frequencies are about 200 cm-1 higher than the
observed fundamental transitions, which is close to the differ-
ence expected from the neglect of anharmonicity. These
harmonic frequencies have been used in the statistical thermo-
dynamics calculation.

All HCAO calculated OH-stretching transitions in H2O and
H2O‚X are given in the Supporting Information in Tables 2S-
7S, and the HOLD calculated fundamental frequencies and
intensities are given in Table 8S.

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 H2O‚X complexes for altitudes up to
50 km.12 Calculated values ofKp(T) for each of the complexes
at different altitudes are given in the Supporting Information in
Table 9S for a standard atmosphere.22 The variation with altitude
of the calculatedKp(T) ranges from negligible for H2O‚O2 and
H2O‚Ar, to a factor of 10 for H2O‚H2O. For all complexes, apart
from H2O‚O2, Kp(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 1.22 The general increase inKp(T)
toward the tropopause does not compensate for the rapid
decrease in concentration of all monomeric species with increas-
ing altitude. Thus, the abundance of all complexes is largest at
ground level and decreases with increasing altitude. The partial
pressure of H2O‚H2O decreases more rapidly with altitude
because of its dependence on the square of the partial pressure
of H2O. The H2O‚H2O complex has a largerKp(T) than H2O‚
N2 and H2O‚O2; however, its abundance is lower due to the
significantly lower partial pressure of H2O compared to N2 and
O2. The H2O‚N2 and H2O‚O2 complexes are the most abundant
and are roughly a factor of 5 more abundant than H2O‚H2O
and H2O‚Ar at ground level and about 2 orders of magnitude
more abundant than H2O‚CO2. Previously, the abundances of
H2O‚N2 and H2O‚O2 have been estimated to be an order of
magnitude larger than that of the water dimer,9,12,56in reasonable
agreement with the present calculation at ground level. The rapid
decrease in abundance with altitude indicates that the H2O‚X
complexes are unlikely to have any impact on the absorption
of solar radiation above the tropopause.

Figure 7. Simulated spectra of H2O‚N2, H2O‚O2, H2O‚Ar, H2O‚CO2,
and H2O‚H2O in the∆VOH ) 4 region. The OH-stretching vibrational
transitions were calculated with the QCISD/6-311++G(2d,2p) method
and convolved with Lorentzian functions with a fwhm of 40 cm-1.
The experimental water spectrum was taken from the HITRAN database
and was convolved with Gaussian functions with a fwhm of 2 cm-1

for illustrative purposes.

Figure 8. Ratio of calculated total OH-stretching oscillator strengths
of H2O‚H2O, H2O‚N2, H2O‚O2, H2O‚Ar, and H2O‚CO2 to that of
H2O as a function of∆VOH. All calculated with the QCISD/6-311++
G(2d,2p) method.
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We have estimated the sensitivity of our calculated abun-
dances to the ab initio calculated input parameters. We estimate
the uncertainty in calculated binding energies to be(0.2 kcal/
mol, and we have tested the effect onKp(T) of this uncertainty.
We also tested the effect of a(10% change in the harmonic
frequencies onKp(T). The (0.2 kcal/mol change in binding
energy leads to changes inKp(T) of less than about 50% for all
complexes over the entire altitude range. The(10% change in
frequencies leads to a maximal change of about a factor of 2 in
Kp(T).

Thermal conductivity measurements for H2O‚H2O at 373 K
lead to an experimentally determinedKp of 0.011 atm-1.54 Our
calculated value at that temperature is 0.0034 atm-1, whereas
that calculated by Kim et al.58 is 0.0025 atm-1. Kim et al.58

determined a free-energy lowering for H2O‚H2O of 0.53 kcal/
mol due to hindered internal rotation, which increases theirKp

to 0.0066 atm-1, closer to the experimental value. At 296 K,
we obtain aKp value of 0.011 atm-1, with the estimated
uncertainty giving a range from 0.006 atm-1 to 0.026 atm-1,
compared to a recently calculated value of 0.1 atm-1.47

Considering the previous comparisons, we suggest that our
calculated abundances are reasonable estimates to within an
order of magnitude.

As mentioned, the equilibrium statistical thermodynamics
approach may be less appropriate as the energy of the complexes
approaches the dissociation energy, which for all these com-
plexes occurs even at IR energies. As Goldman et al.47 point
out, as the highly nonrigid water dimer accesses higher excited
rotational states, the values of the rotational constants will
decrease, causing a corresponding increase inKp(T). Failure to
account for this effect will result in underestimating the value
of Kp(T). This may be one reason our calculatedKp(T) values
for water dimer are lower than the experimentally determined
equilibrium constants.54

Radiative Transfer Simulations and Solar Absorption.An
estimate of the atmospheric solar absorption of the H2O‚X
complexes cannot accurately be made simply from the absorp-
tion cross sections and abundances. Because of the strong
absorption of the water monomer in the NIR, it is important to
consider the amount of spectral overlap between the strong,
structured H2O rovibrational absorption lines and the weaker
vibrational absorption bands of the complexes. We have used
a line-by-line multiple scattering model to estimate the relative
importance of the various complexes to atmospheric absorption

of solar radiation. Details of the radiative transfer model used
are described elsewhere.11,37

In this study, the atmosphere is divided into 35 homogeneous
layers, with the lowest 20 layers 1 km thick, and the top 15
layers 2 km thick. The surface temperature is assumed to be
298 K, and the lapse rate is 4.5 K/km for the lowest 18 km.
Monomers included in the atmosphere are H2O, O2, and CO2.
The H2O vertical profile is calculated assuming a constant
tropospheric relative humidity of 57%, yielding a column
abundance of 45 mm precipitable water (1.5× 1023 molecules/
cm2), consistent with the July tropical average.59 The CO2

mixing ratio is taken to be 370 ppm. Absorption coefficients
for the monomers are calculated considering both pressure and
temperature broadening using the HITRAN 2000 line list with
the updated water vapor list.28 For the H2O‚X complexes, we
use our equilibrium constants at the relevant temperatures to
estimate the abundances from the monomer concentrations. The
absorption spectra are obtained by convolving our calculated
OH-stretching transitions with a given line shape and width.
The absorption coefficients of each monomer considered are
calculated every 0.01 cm-1 and each complex every 0.1 cm-1

from 2000 cm-1 (5.0 µm) to 25 000 cm-1 (400 nm).37 The
multiple scattering calculations are performed every 0.01 cm-1

over the same wavelength range using a discrete ordinates
formalism and considering 4 intensity streams. In these simula-
tions of the tropical atmosphere, we assumed an overhead sun,
no aerosols and a surface albedo of 0.15.

The total integrated absorption of sunlight for each of the
complexes is given in Table 3 and is obtained by differencing
the calculated total absorption with and without the complex.
The total absorption by H2O‚H2O has previously been found to

Figure 9. Calculated atmospheric pressures of H2O‚N2, H2O‚O2, H2O‚Ar, H2O‚CO2, and H2O‚H2O as a function of altitude.

TABLE 3: Total Absorption of Solar Radiation (Wm -2) for
a Tropical Case with Overhead Sun as a Function of the
Assigned Band Width and Shape

Lorentzian Gaussian
truncated

Lorentzian

20a 40a 250a 20a 250a 20a,b 20a,c

H2O‚Ar 0.11 0.21 1.15 0.016 0.043 0.080 0.016
H2O‚O2 0.56 1.02 5.42 0.086 0.23 0.40 0.085
H2O‚N2 0.68 1.29 6.91 0.066 0.20 0.47 0.064
H2O‚CO2 0.004 0.007 0.040 0.0005 0.0014 0.003 0.0005
H2O‚H2O 0.44 0.85 4.76 0.019 0.14 0.28 0.019

a fwhm in cm-1. b Far wings cut off at(1000 cm-1. c Far wings cut
off at (100 cm-1.
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be sensitive to the assigned bandwidth of the absorption bands.11

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 the O2‚O2

collision induced complex are broad bands with fwhm of
approximately 350 cm-1, without the rotationally resolved
structure observed in O2 spectra.60 The fundamental OH-
stretching transitions of the H2O‚H2O complex have been
observed to have a fwhm of about 15 cm-1 and the third
overtone OHb-stretching band in water dimer a fwhm of about
19 cm-1.38 So although we expect unstructured bands in the
H2O‚X complexes, the large uncertainty in the details of the
band shape leads us to consider several bandwidths and shapes.
We have tested Lorentzian band shapes with fwhm of 20, 40,
and 250 cm-1, Gaussian band shapes with fwhm of 20 and 250
cm-1, and truncated Lorentzian band shapes with a fwhm of
20 cm-1, for which we have cut the absorption to zero in the
wings at either(1000 cm-1 or (100 cm-1 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 H2O‚O2 and H2O‚N2 absorb the most, whereas
there is negligible absorption from H2O‚CO2, due primarily to
the small concentration of CO2 in the atmosphere. If the 20
cm-1 Lorentzian case is considered, for example, the amount
of absorption by H2O‚H2O (0.44 W/m2) is only about a third
of the total absorption by the other complexes (1.35 W/m2).
The calculated total absorption by H2O‚H2O in the 40 cm-1

Lorentzian case is smaller than our previously published value,
partly because the HOH-bending transitions have not been
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
scenario.11 The water dimer equilibrium constants used in the
present calculations are between the low and high estimates of
the previous study.11

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 the
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 at(1000 cm-1

and(100 cm-1, respectively. For each complex, it is apparent
that cutting off the wings at(1000 cm-1 reduces the total
absorption by less than 40%. In contrast, the(100 cm-1 cutoff
reduces the absorption by 85-95%. 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 shape.61

Because of the large variation of water vapor in the
atmosphere, it is also important to understand how the values
in Table 3 change for various atmospheric water vapor amounts.
Absorption calculations have been made for a water vapor
column half as large as that assumed for the estimates sum-
marized in Table 3 by reducing the relative humidity by a factor
of 2 at all altitudes. In the absence of the spectral overlap with
the water monomer absorption, the absorption by the water
dimer would be reduced by a factor of 4 and for the other

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 cm-1 for H2O‚X complexes
where X is H2O, N2, O2, Ar, and CO2. Of the complexes
investigated, only H2O‚H2O has significantly frequency-shifted
OH-stretching transitions due to hydrogen bonding, making it
the 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 considered, H2O‚O2

and H2O‚N2 are the largest absorbers, with H2O‚Ar and H2O‚
H2O 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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