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Infrared water vapor continuum absorption at atmospheric temperatures
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We have used a continuous-wave carbon dioxide laser in a single-mode realization of cavity
ring-down spectroscopy to measure absorption coefficients of water vapor at 944ocrseveral
temperatures in the range 270-315 K. The conventional description of water vapor infrared
absorption is applied, in which the absorption is modeled in two parts consisting of local line
absorption and the remaining residual absorption, which has become known as the water vapor
continuum. This water vapor continuum consists of distinct water-water, water-nitrogen, and
water-oxygen continua. The water-water continuum absorption coefficient is found to have a
magnitude of C4(296 K)=(1.82+0.02 X 10722 cn® molecule*atmi®, and the water-nitrogen
coefficient has a magnitude 0fC, (296 K)=(7.3+0.4 X 10?° cn? moleculetatnil. The
temperature dependences of both the water-water and the water-nitrogen continua are shown to be
well represented by a model describing the expected behavior of weakly bound binary complexes.
Using this model, our data yield dissociation energiePgf (-15.9+0.3 kJ/mole for the water

dimer andD.=(-3.2+1.% kJ/mole for the water-nitrogen complex. These values are in excellent
agreement with recent theoretical predictions BE=-15.7 kJ/mole (water dimey and
D.=-2.9 kd/mole(water-nitrogen complex as well as the experimentally determined value of
D.=(-15.3+2.1 kJ/mole for the water dimer obtained by investigators employing a thermal
conductivity technique. Although there is reasonably good agreement with the magnitude of the
continuum absorption coefficients, the agreement on temperature dependence is less satisfactory.
While our results are suggestive of the role played by water dimers and water complexes in
producing the infrared continuum, the uncertain spectroscopy of the water dimer in this spectral
region prevents us from making a firm conclusion. In the meantime, empirical models of water
vapor continuum absorption, essential for atmospheric radiative transfer calculations, should be
refined to give better agreement with our low-uncertainty continuum absorption da2@0®
American Institute of PhysicDOI: 10.1063/1.1862623

I. INTRODUCTION niques have suffered from low signal-to-noise ratios,
_ ] _ . instrumental baseline uncertainties, small absorption coeffi-
In experimental studies of the infrared absorption of wa-

cients, and low sample concentrations due to the saturation

ter vapor, a significant excess of apsorption is observed ovﬁfapor pressure of water. Thus, despite more than 60 years of
that which could be reasonably attributed to the nearby rov'investigation, there remains a paucity of high-quality experi-

brational transitions of water vapor. This residual absorptior],nental data for the mid-infrared water vapor continuum

consists of “wet continuum” and “dry continuum” compo- : L .
C . The generally poor quality of the existing continuum
nents that, for historical reasons, are collectively known as
LU . data has frustrated attempts to develop a generally accepted
the water vapor continuum. Most observations of water

vapor continuum absorption have been made in the atmot_heoretlcal framework to explain the residual absorption. A

spheric infrared window from 8 to 1gm, where the con- possible mechanism for the water vapor continuum is the
tinuum produces significant absorption over long atmo-cumulative absorp_ti_on of the far wings_ of distant yet strong
spheric paths and thereby plays a critical role in atmospheri/atér vapor transitions at atmospheric pressures. Conven-
radiative transfe?-® However, it is difficult to characterize tional collisional line shapeg.g., Lorentz are based on the
continuum absorption from atmospheric spectra because #fpact approximation, valid only for small detunings from
uncertainties in the state variables over long atmospherithe resonance wave numbjrs-ve| =30 cnT?, and so cannot
paths, the effects of interfering species, and calibration isbe applied to the problem of water vapor continuum absorp-
sues. Meanwhile, attempts to measure water vapor coriion in which detunings from resonance of 500 érar more
tinuum absorption in the laboratory using traditional tech-must be considered. While there has been much recent
progress in the development of far wing line shapes based on

dpresent address: Synodon Inc., 6916 Roper Road, Edmonton AB, T6HIe quasistatic and binary apprommaﬂ@ﬁ@, It remalr_ls to
3H9, Canada. Electronic mail: john.cormier@synodon.com be seen whether the accumulated far wing absorption of all
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the spectral lines from neighboring absorption bands is sufeonstrain the magnitude of the water-water and water-
ficient to produce an absorption spectrum with the samaitrogen continuum absorption coefficients to +1% and +6%
magnitude and characteristics as the observed water vapogspectively, and yield different insights into the temperature
continuum. dependence of both components of continuum absorption.
Alternatively, it has been proposed that the infrared wa-
ter vapor continuum may arise from bound pairs of waten|. EXPERIMENT
molecules(i.e., water dimers'®'’ There is a solid thermo- _ o N
dynamic basis to support the existence of water dimers at V& expect that CRDS is by now sufficiently familiar that
atmospheric conditions, although a comparison of predicte} IS N0 longer necessary to explain in detail the underlying
values suggests there is still considerable uncertainty in thBfinciples, valuable discussions of which may be found in
mole fraction of water molecules that may be present in th&€veral pgbhgaﬂon%g. Briefly, a CRDS experiment oper-
bound state® Confounding matters, theoretical dimer ab- ates by_ '”JeC“”Q laser energy into a h|gh-flqesse stable opti-
sorption spectra do not predict sufficient absorption in theCal cavity (the ring-down cavity and measuring the rate of ,
infrared window regiorJr.g The evidence that is most often decay of.stored energy after the excitation is abruptly term|.-
cited to support the dimer mechanism of continuum absorp[‘ated' It is well known that stable transverse electromagnetic

tion is the apparent dependence on the square of the Wath_';{l) f'gd pallttetr_ns,l or “?t‘?des' a_rt'e for:jned |_rt1§|de optical
vapor partial pressure in atmospheric spectra, implying tha{l")"]‘vI Ies. by selectively exciling cavity mogdes with a narrow-

pairs of water molecules produce the absorpffbHowever, and laser source, we have observed t_hat different cavity
this is not a unique signature of dimer absorption since Col-mOd('}S exhibit different decay rates. This probably occurs

lisional broadening theories predict large self-broadening al pecause different transverse modes sample different regions

sorption cross sections for water vapor in the far wings, als@ f the_ mirror su.rfgce, Wh.'Ch may not h"?“’e per_chtly uniform
%ﬁectlve reflectivity. To circumvent the imprecision in decay

producing a quadratic dependence of the absorption on tht : o
water vapor partial pressure. ime mgasurements generated by multlplle mode excitation,
Meanwhile, the formulation of water vapor continuum V%i;;%ﬁhoenIr)i/nth.%é?,vvﬁeig\(,)i:de;;—elzgﬂegwﬁ ’etsgnltEal:?)t?
absorption in radiative transfer models has been identified as =~~~ 9 Y- Y

: . . L our single-mode CRDS experiment may be expressed as
an important source of uncertainty in radiative transfer
calculationg® A particular concern is the lack of water va- o) = L
por continuum absorption 'data for low temperatutes., v)= c[(1 = Reg) + kyg(v)L + k(v)L]’
below 296 K that are typical of the Earth’s atmosphere. . ) . ) o
Although attempts have been made to measure water vapyflereL is the cavity lengthRe is the effective reflectivity
continuum absorption at low temperatufé€ the data are ©f the mirrors,k,g accounts for any "_’555(3-9-’ scattering
primarily characterized by a lack of agreement. Water vapofat may be due to the buffer gasote: kgl < (1-Req) and
continuum absorption coefficients in radiative transfer modmay be treated as a constant in this experitentdk(v) is
els are commonly represented at low temperatures by efhe absorption coefficient of the absorber gas at wave num-

trapolating data from higher temperatuf&dhis has the po- berv. When the absorber gas is removed from the system,

tential to produce significant errors in radiative transferEd- (1) reduces to

calculations, as there is evidence suggesting the continuum L

temperature dependence may be markedly different for the 7o(v) = _ . (2)

. ; . (1 —Ref) + Kog(v)L]

high and low temperature regm%thlso problematic is the

representation of the dry continuum, which consists primaBY algebraic manipulation of Eqél) and(2), we obtain the

rily of water-nitrogen interactions but may also have a sig-following expression for the absorption coefficient:

nificant water-oxygen component. Our survey of the litera- 7o(v) = 7(v)

ture suggests that the water-nitrogen continuum has been Kk(@)=——"—"—. )

rather more difficult than the water-water continuum to mea- Cro(v) v)

sure reliably, and little agreement is to be found among ex- From Eq.(3) we see that the absorption coefficient is

isting data. As a result, this important component of waterobtained solely through measurements of decay times, quan-

vapor continuum absorption is either underestimated in ratities which are relatively easy to measure with high preci-

diative transfer calculatiof$or else ignored altogethét. sion. Significantly, one is not required to measure the cavity
Recently, experimental continuum data have been relength and mirror reflectivity to determine the absorption co-

ported in the millimeter wave region at 350 GHz spanningefficient in CRDS. Another advantage of CRDS is that the

the temperature range 306—356 KProgress has also been decay time constant is insensitive to the laser amplitude fluc-

reported in measuring the far-infrared continuum from 12 totuations that often limits the precision of transmission-based

55 cnit at a temperature of 297 #.To ameliorate the situ- techniques. Further, the availability of high-reflectivity mir-

ation in the mid-infrared region, we have designed arors enables measurements with long effective path lengths,

temperature-controlled cavity ring-down spectroscopylL.s=L/(1-Rs). The consequent inherent sensitivity of

(CRDS apparatus utilizing a continuous-wave £@ser CRDS to weak absorption is especially important in mea-

source along with a high precision chilled mirror hygrometersurements of the infrared water vapor continuum, where the

in order to produce low-uncertainty continuum absorptionsmall absorption cross section and saturation vapor pressure

data over the temperature range 270 to 315 K. Our dataf water severely limit the absorption signal. In the present

(1)
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FIG. 2. Cross-section schematic view of the ring-down ¢edit to scalg
FIG. 1. Schematic layout of the infrared cavity ring-down spectroscopyThe length-stabilized ring-down cavity rests inside a 110 cm long, 10 cm
experiment. diameter temperature-controlled cell with a gas volume of 6 I.

work, CRDS possesses yet another important advantage and effective reflectivityR.=0.997 at the probe wavelength
that one may design a compact sample cell, enabling one tof A=10.6 um. The dielectric mirrors are separated a dis-
precisely control the cell temperature over a range represeitance of 102.5 cm by a cavity assembly that is length stabi-
tative of atmospheric conditions. This is in contrast to thelized with three zero-expansion ceramic rods having a speci-
large conventional multipass celise., White celld) that fied linear thermal expansion coefficiet<2x 1078 K1
have been used in several previous studies of water vapaver the range 273-323 K. One of the mirror mounts incor-
continuum absorptio?r?7‘39FinaIIy, our measurements dem- porates a piezoelectric transducer to permit cavity length tun-
onstrate(cf., Fig. 4 that CRDS does not exhibit the instru- ing up to 6um, corresponding to slightly more than one free
mental baseline variations of other infrared techniques, aspectral rangé~150 MH2) of the cavity. The cavity assem-
evidenced by the high precision and repeatability of our zerdly rests on a three-point kinematic mount inside the cell.
absorption(i.e., 7p) decay time constant measurements. The ring-down cell, illustrated in Fig. 2, is constructed from
Since we reported room-temperature measurements @ 10 cm diameter tube of electropolished 316L stainless steel
water vapor continuum absorpti8hye relocated the appa- that is 110 cm long and has an internal gas volume-6fL.
ratus from the University of Toronto to NIST and made aThe cell is sealed at the ends with knife-edge seals and cop-
number of important improvements that warrant discussionper gaskets. Infrared radiation enters and exits the cell
A schematic of our CRDS apparatus is shown in Fig. 1. Thehrough antireflection coated ZnSe windows which are tilted
laser source for these experiments is a continuous-wawe C@ff-normal with respect to the optical axis in order to sup-
laser that is line tunable from 920 to 1090 ¢nvia an int-  press potential etaloning effects* The pressure inside the
racavity diffraction grating. At the output of the laser, beamcell was measured using a 133 kPa MKS Baratron 390HA
splitters redirect a portion of the beam to a laser power metecapacitance manometer calibrated in our laboratory using a
and a diffraction grating spectrum analyzer to measure theiston gauge. We consider our pressure measurements to
CO, laser oscillating transition. The main portion of the laserhave a standard relative uncertainty=60.1%.
beam is directed at an external acousto-optic modulator Our CRDS apparatus operates as a continuous-flow ex-
(AOM) operated as a first-order Bragg deflector. A functionperiment with high-purity nitrogen as the buffer gas. The
generator is used to generate electronic pulses that drive tleever gas of a Dewar of liquid nitrogen is siphoned off with
AOM, resulting in well-defined pulses of laser radiation. Thea two-stage stainless steel gas regulator before passing
undeflected portion of the laser beam is not used in the exthrough an Aeronex model CE-500KF-1-4R inline gas puri-
periment and is dissipated into a beam dump. The pulsetier to reduce C®, H,O, and other potential contaminants to
laser beam created by the AOM is mode matched to théelow 1 nmol/mof*® To quantify the dryness of our buffer
TEMgo mode of the ring-down cavity. Infrared radiation ex- gas, we used a precision chilled-mirror hygrome(de-
iting the ring-down cavity is sensed with a liquid nitrogen— scribed belowand determined the frost-point temperature of
cooled photovoltaic HQCdTe detector that has a rise/fall timehe output stream to be&—-90 °C, corresponding to water
of 20 ns. The signal from the dc-coupled output of the devapor mole fractions less than 100 nmol/mol. The flow is
tector is sampled at a rate of 50 MSamples/s using a 12-baplit into two streams using a pair of 1 L/min MKS 179A
analog-to-digital convertgiGage CS12100Ref. 4))]. Indi-  all-metal mass flow controllers. One of the streams was then
vidual ring-down decay events, which in the present workpassed over a body of distilled water in a temperature-
have peak signal-to-noise ratios greater than 800:1, areontrolled vessel, entraining water vapor and thereby becom-
stored on a computer for later analysis. ing humidified. The dry and humidified gas streams are then
The ring-down cavity is formed using two 2.54 cm di- recombined and preconditioned to the cell temperature be-
ameter concave ZnSe mirrors with 1.0 m radius of curvaturdore entering the ring-down cell. Humidified gas enters the
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. . FIG. 4. Response of the infrared CRDS experiment to humidity. From left to
FIG. 3. Typical ring-down decay event. The background-subtracted dat‘ﬁi‘ight, the figure illustrates a sequence of three states of the system. The

('?DC cqunrt]s) and best fit arle presented in the upper panel. The residuals arg,gnonse of the system to each state is measured by 2000 decay events. In
plotted in the bottom panel. the first state, 101 kPa of nitrogen is flowing through the system, and we
obtain the zero-absorption response corresponding to a time constant of

Sy : : (1150.57+£0.5Dns. In the second state, we introduce 0.94 kPa of water
fing-down cell via two inlet gas ports near the ends of thevapor to the flow, and the decay time constant drop&l i26.19+0.52ns.

Ce_” and exits the cell via a single outlet port located in theFinaIIy, we restore the system to its original state of 101 kPa of nitrogen and
middle of the cell. Throughout the system, we use 1/4 inmeasure a time constant (£150.59+0.52ns.

electropolished 316L stainless steel tubing designed for high-

purity applications, while gas line connections are made Witr}acy of the hygrometer used in the present study have re-
all-metal face-seal fittings. A nominal total flow rate of gyced standard relative uncertainties in water vapor partial
1 L/min was used throughout the measurements, and OUkressure to much less than 0.5%, making this a negligible
gassing from components in the cell contributed no moregyrce of error in our determination of the combined uncer-
than 1 umol/mol of background humidity, as evidenced by tainty in the absorption coefficients reported below.
chilled-mirror hygrometer measurements. In order to achieve temperature control, closely spaced
The humidity in the gas stream is measured at the outpWoynterpropagating loops of 1/4 in. copper tubing were sol-
of the ring-down cavity using a high-precision chilled mirror gereq along the exterior length of the ring-down cell, and a
hygrometerRH Systems Model 373L)Xthat is traceable 10 temperature-controlled chiller bath was used to circulate pro-
NIST primary methods of humidity generatidh®The tem-  pviene glycol in the cooling loops. The temperature inside
perature of the hygrometer chilled mirror is obtained from aihe cell was monitored using two NIST-calibrated PRTs. One
four-wire resistance measurement of a NIST-calibrated platiprT was positioned near one of the ring-down cavity mirrors
num resistance thermometéPRT), and is considered t0 and the other near the optical axis in the middle of the ring-
have a standard uncertainty less than 0.1 K with a reprodugiown cavity, so that they measured as closely as possible the
ibility better than +0.05 K over the device operating rangetemperature of the gas actually interacting with the infrared
from 178 K to ambient temperatures. Our procedure is tQagiation. To maximize the efficiency of the cooling loop and
convert the hygrometer mirror temperature into an effectivgpg uniformity of the cell temperature, all gas and coolant
water vapor partial pressure using the vapor pressure formiines were carefully insulated along with the entire ring-
lations e,(T) given by Wexler for liquid watéf and ice’’  gown cell, Nevertheless, small differences in the PRT tem-
We use Hyland's correlations for the enhancement factor Operatures were observed that increased as the cell tempera-
air/water vapor mixtures given b§(T,P).”""In these cor-  yre diverged from the ambient temperature. At the lowest
relations,T andP are the temperature and total gas pressureemperature considered in this study, 276 K, we observed a
respectively, of the mixture. Wexler’s correlations are mOdi'temperature difference &fT=0.5 K between the two PRTSs,
fied using the appropriate conversion from the Internationalyhjle for all other temperatures the temperature difference
Temperature Scale of 1968TS-68 to the International  jas significantly less. We obtain the cell temperature by av-
Temperature Scale of 1990rS-90).”" We calculate the par- - eraging the values from the two PRTs, and estimate that the

tial pressure of water vapor in the gas mixture using th&emperature uncertainty in this study did not exceed +0.2 K.
relatione(T)=1(T,P) X g,(T). Note thatf(T, P) accounts for

no'nldeal gas effepts and for small' plepartures from ideal SOii| DATA ANALYSIS AND RESULTS

lution behavior(with regard to equilibrium between the gas

mixture and condensed phase located at the sensing surface In this paper, we report on measurements that were ob-
of the chilled-mirror hygrometer At the conditions of this tained while the laser was operating on the @@Ptransition
experiment,f~1.004, a factor constituting a small system- at a wave number of 944.19 cfaWe trigger the AOM with
atic correction to the determination of water vapor partialpulses of duration 1Qs, while the pc-based control program
pressure. The improved gas handling procedures and accarchived ring-down waveforms onto the hard disk for later
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FIG. 5. Measurements of water vapor continuum absorption as a function of the water vapor partial pressure for cell temperatures from 296 K down to 276
K. The data for colder temperatures are successively offset on the vertical axis (by10-9cm™) for greater clarity. The solid curves represent the
least-squares fits of the data to the empirical model given by(@qg.

analysis at an approximate rate of 40 Hz. In the presengstingly, the relative imprecision of the decay time constant

work, we have chosen fit windows at=8 us that begin 0.5 measurementy,/ 7=4.4x 1074, is much less than the shot-

us after the AOM is switched off. The effective optical path to-shot laser pulse amplitude fluctuations of about 2% that

length isLg;=~350 m. Each decay event is fitted using anwe have observed, confirming the immunity of CRDS ex-

unweighted Levenberg—Marquardt least-squares minimizgperiments to laser amplitude fluctuations.

tion algorithm to the following exponential function: Water vapor absorption is treated as the sum of contri-
_ butions from the local lines of water vapor and the excess

1O = loexp(= ) + 1, ) absorption known as the water vapor continutim,
wherely, |, and r are free fit parameters. A typical ring- _
down event is shown in Fig. 3, for which we obtain K(v) =ki() +ke(v). ®)
=(1149.87+0.1pns. From the logarithmic plot, we see that In practice there are two reasons why researchers have dis-
the signal is exponential over more than three decades. THi#guished between local lindg(v) and excess absorption
residuals to the fit, plotted in the bottom panel, are normallyk:(v). (1) Conventional line shapds.g., Lorentz, \Voigt, etg.
distributed and exhibit no discernible pattern indicative ofare not applicable in the far wings and distinct theories can
mode-beating or other systematic effects. be applied in the two regime&) It has been historical prac-

In order to illustrate the response of our CRDS apparatugice to truncate line absorption calculations at some point in
to the presence of water vapor in the gas stream, we preseiiite line wings to improve computational efficiency, and the
the results of a short experiment in Fig. 4. Shown left to rightexcess absorption term is described separately.
are three separate ensembles of decay times, each ensemble In this study, we define local line absorption of water
consisting of 2000 decay time measurements. The first envapor as that which falls within 25 ch of the transition
semble of decay times was obtained when only 101 kPa ovave number, and compute it using the Lorentz line shape
dry nitrogen was present in the cell for which we find a mearand the spectroscopic parameters found in the HITRAN
and standard deviation of,=(1150.57+0.5pns. We then 2000 databas¥ However this truncation, although common
adjusted the mass flow controllers to introduce 0.94 kPa oih the literature, has no firm theoretical foundation. The for-
water vapor to the stream and repeated the experiment, thigalism we have adopted to represent water vapor continuum
time measuringr=(1126.19+0.52ns, corresponding to an absorption 8"
absorption coefficienk=6.27x 107" cm™. In the final en- 1
semble of measurements, we return the apparatus to the kc(UaT):<ﬁ
original conditions of 101 kPa of dry nitrogen. For this en- B
semble, we findy=(1150.59+0.52ns, in excellent agree- wherekg is the Boltzmann constant,is the temperature is
ment with the original dry cell decay time constants. Inter-the water vapor partial pressure, aRd is the foreign gas

)[CS(U,T) X €+ Ci(v,T) X eP], (6)
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TABLE I. Summary of measured water vapor continuum absorption coefficients as a function of cell tempera-
ture. C, values denote the water-water continuum absorption coefficients, Whiléata refer to the water-
nitrogen continuum absorption coefficients. To be consistent with the reported values of other investigators, our
measurements o€, and C; are reported in units of chmoleculeatni® (note: 1 cm molecule? atmi®

=9.869 cnd molecule® MPal). Uncertainties in the coefficients are the standard deviations of the least-squares
fits of the absorption data to E¢B). For each value of water vapor partial pressure, an ensemble of ring-down
data is collected, producing a single data point.

Data Cs C,

T(K) points (10722 cnm? molecule® atnT™?) (10725 cn? molecule* atn™®)
275.8+0.3 25 2.86+0.24 8.3+1.3
281.0+0.2 25 2.50+0.10 7.6+0.9
286.1+0.1 28 2.26+0.11 8.3+1.3

291.01+0.03 26 1.99+0.04 6.6+£0.6
296.06+0.03 32 1.82+£0.02 7.3+x0.4
301.1+0.1 36 1.62+0.02 6.3+0.4
305.2+0.2 31 1.46+0.02 6.0+0.6
310.0+0.2 29 1.37+£0.02 6.6+0.5

partial pressure. In Eq6), k. is in units of cm?, kgT in pressure are shown in Fig. 5. For greater clarity, the data are
atm molecule! cn®, and P; ande in atm. There is no well-  offset by increments of 0(k 106 cm™) on the vertical axis

established physical meaning f@ and C;, which have di- for each successively colder data set. Each data point in Fig.
mensions of area/pressure/molecule and in this paper are rg-corresponds to the mean value of an ensemble of 500 de-
ported in units of crhatm ! molecule®. When they are cay time constants, with error bars equal to the standard de-
interpreted in terms of collisional broadening theories, thewiation of the ensemble. From these data, it is readily seen
are often referred to as coefficients of self-broadening anéhat the maximum observable absorption signal becomes
foreign broadening, respectively. However, they couldprogressively weaker as the temperature is lowered. Never-
equally well be interpreted as the product of the absorptionheless, we do not appear to have reached the sensitivity limit

cross section and equilibrium constant fop@+H,O and  of our apparatus, and measurements at even lower tempera-
H>,O-N, complexes, respectively. In this paper, we havetyres should be possible.

tried to adopt neutral language by referringdgandC, as | Fig. 6, we present water-water continuum absorption
water-water and water-nitrogen continuum absorption coefficoefficients over the range of temperatures in the present
cients, respectively. study. Where available, the data of other investigators have

Our low-temperature measurements of infrared conyeen plotted for comparison. In one case, the data were ob-
tinuum absorption as a function of the water vapor partiakgined from an aircraft radiomet&rwhile the data from the
other two were obtained using photoacoustic
. N spectroscop§”?® In all cases, we have represented the un-
> bresentwork spectroscopy - Ref. 23 | certainties as they were reported by the authors. Given the
4 Photoacoustic spectroscopy - Ref. 22 level of disagreement apparent between the data from previ-
o Aircraft radiometer - Ref. 21 . . . .
7t 1 ous studies, it seems likely the uncertainties have been un-
derestimated. By contrast, our data, summarized in Table I,
are consistent and well behaved, and seem to be adequately
described by a simple model: they are reasonably well mod-
eled by a power law expression from which we find that the
temperature dependence is -2.3% K
The water-nitrogen continuum absorption coefficients
are plotted in Fig. 7. Our data stand alone, as we have found
no comparable data sets in the literature. The uncertainties
are much higher than in the case of the water-water con-
tinuum because the water-nitrogen continuum absorption co-
970 275 280 285 290 205 300 305 310 315 efficients are two orders of magnitude weaker. Again, our
Temperature [K] data seem to be reasonably well modeled by a power law
) ) o . expression, from which we find that the temperature depen-
FIG. 6. The water-water continuum absorption coefficients as a function o

f . . .

— 0 KL _
temperature. Results from the present study are shown as solid circles. TI%erlce Is —0.9% K In Fig. 8_' we plOt the r?tlo of W‘_'ﬂ_er
squares are absorption coefficients derived from aircraft radiometer meadater to water-nitrogen continuum absorption coefficients,

surementgRef. 21). Left- and right-facing triangles are used for the results = C,/C,,. The value of this dimensionless parameter varies

from two previous studies in which photoacoustic spectroscopy was use — -
(Refs. 22,23 In all cases, the error bars are those reported by the author ﬂnearly from =200 at 310 K toy=350 for our data at 276

Our data were fit to a power law expression to quantify the magnitude of thj(v W_ith a value ofy=270+£15 afTy= 296. K. Our survey of
temperature dependence and help guide the eye. the literature suggests that values of this parameter at 296 K

9 T T v .

c N1 0722 ¢m? molecule™! atm'1]

S
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10 ' ' ' ' ' ' ' ' nitrogen complex is obtained from a recently proposed
95| model of weakly bound binary complex%ﬁsThis model pre-
dicts that the temperature dependence of the infrared con-
= i bsorpti fiicients as defined by our B
e 85\ tlﬂuulrg fa”sorﬁ)hlor]: coefficients as defined by ou .
®85r should follow the form:
5
P Cy(», ) = CAw)
é 75t De
E 4L T\ eXF(—De/kBT)—<1—E>
g 0 B
2 os| X( T) De | |
x e
< exp(—- DJkgTp) =1 -
P A
55 0
5 1 1 1 1 1 1 1 1 Cn(V’T):Cn(V)
270 275 280 285 290 295 300 305 310 315

Temperature [K]

X(E)n_l exp(— Dy/kgT) - (1—%)

T D, \ |
=

(7)

hereD, and D*e are the dissociation energies of the water
imer and water-nitrogen complex, respectively. Note that a

sonet al,* also obtained using photoacoustic spectroscopy,Slight typographical error ir;;hef dr(]afinitt)ion of .th((ejtemiera;grﬁ
but that is probably a coincidence. exponentn, appears on p. 32 of the above-cited work, whic

Because there is only an incomplete body of experimen—ShOUId reach=>5/2—~(m+y). In the present work, we have

; L ; hosen values afi corresponding to the harmonic oscillator
te_llldata, atmospherlc.smenUSts havg hgd to !m_plement eng_pproximation i e.n=1 for water-water and=1 for water-
pirical models of continuum absorption in radiative transfer®! P ESIT2

algorithms. Perhaps the most widely used of these has bed}rogen. _ _ _ .
Meanwhile, the continuum absorption coefficients de-

the “CKD 2.4” empirical model of continuum absorptich. > cor _

The CKD 2.4 values of the self- and foreign-broadened Ccmpved from the far wing line shape theory must be determined

tinuum coefficients atp=944 cni! and T=296 K are numerically, which would suggest there is no simple analyti-

CJ(CKD 2.4)=2.33x 1022 cr® molecule® atni'? and cal form that could be used to represent the temperature de-

CS(CKD 2.4):4.08>< 107" cr? molecule® atni?,  produc- pendence. Nevertheless, we have found that to an excellent
! ' ' ’ approximation, the temperature dependence of the far wing

ing a value ofy=57 100 that is 210 times larger than our ) . - .
value. In the recently revised CKD model, dubbeg continuum absorption coefficients can be modeled using the

“MT_CKD,” the continuum coefficients ar€(MT_CKD) following exponential fornf:
=2.21x 10?2 cn? molecule*atmi*  and C{MT_CKD) 1 1
Cd»,T)=Cv)exp - T )
0

FIG. 7. The water-nitrogen continuum absorption coefficients as a function
of temperature.

exp(— Dy/kgTo) - (1 -

vary by an order of magnitude, including values;of97,53
y=540%? and y=7102® all of which were obtained using
photoacoustic spectroscopy. Finally, our results appear to b
in exact agreement with the=270 value reported by Peter-

=8.69x 10726 cn? molecule® atn?, producing a value of
vy=2540 that is almost 10 times larger than our measured
value>® Unfortunately, these comparisons suggest that there
may be significant errors in the modeling of continuum ab-
sorption in atmospheric radiative transfer calculations due to

the use of empirical models such as the CKD md&adgl.

IV. DISCUSSION

The nature and origin of the water vapor continuum hasQZ
been the subject of considerable speculation and controvers9

since the existence of this continuous absorption spectrun™
was first proposed in 1938Although a variety of hypoth-
eses have been advanced, most of the attention and develo
ment has centered around the far wing and the water dime
hypotheses. To test the consistency of our infrared continuun
measurements with these two prevailing hypotheses, we
compare the measured temperature dependenCgaidC,

to their respective model temperature dependences.

400

350

250

200

150
270

275

280

290 295 300 305 310
Temperature [K]

285 315

The functional form of the temperature dependences of g g. Ratio of the water-water and water-nitrogen continuum absorption

the water-water complefi.e., water dimer and the water-

coefficients as a function of temperature.
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— present work
---- water-nitrogen complex model
141 - |- far wing model I

— present work
---- water dimer model
18+ -=-- far wing model

Water-Water Temperature Dependence [f(T)/f(296)]

Water-Nitrogen Temperature Dependence [f(T)/f(296)]

'6 L 1 1 L 1 L 1 1 0.7 1 1 1 1 1 1 1 1
270 275 280 285 290 295 300 305 310 315 270 275 280 285 290 295 300 305 310 315
Temperature [K] Temperature [K]

FIG. 9. The temperature dependence of the water-water continuum, normaklG. 10. The temperature dependence of the water-nitrogen continuum, nor-
ized to 296 K. Experimental data from the present work are represented witmalized to 296 K. Experimental data from the present work are represented
appropriate error bars and a solid line best fit. The dashed line represents théth appropriate error bars and a solid line best fit. The dashed line repre-
weakly bound complex model, using the value0.5 (harmonic oscillator sents the weakly bound complex model, using the valed (harmonic
andD,=-15.7 kJ/mole, while the dotted line represents continuum absorposcillaton and D,=-2.9 kJ/mole, while the dotted line represents con-

tion coefficients derived from the far wing theory. tinuum absorption coefficients derived from the far wing theory.
0 L1 1 tinuum results from the formation of water dimers and water-
(v,T)=C(vexp —To| = — =— (8) . .
T T nitrogen complexes. Although such a conclusion appears to

have been recently reached by investigators with less con-

whereT, and T, are characteristic temperatures of the expo-Vincing data at their disposél,we hesitate to concur. First,
nential temperature dependence for self-broadening and nibeoretical calculations of far wing continuum absorption
trogen broadening, respectively. From our least squares fit§ay be significantly determined by the choice of intermo-

to the Ma and T|pp|ng far W|ng continuum absorption Coef-lecular potential, and given the calculational Challenges it is
ficients for water- Waté? and Water.nitroger’lﬁ1 we obtain unclear whether the most accurate potentials have been em-

T,=1350 K andT =300 K. ployed. Second, there are no reliable cross sections for water
Our water-water continuum data, normalized to 296 K,dimer absorption in the 1000 cthspectral region, making it
is presented in Fig. 9 along with curves representing thdlifficult to validate the predicted magnitude of dimer absorp-
water dimer temperature dependeridashed ling and the tion. Nevertheless, it must be said that the present results are
far wing temperature dependen@otted ling. To represent Nnot incompatible with the notion of water dimer and water-
the dissociation energy of the water dimer in E@), we  nhitrogen complex absorption in the atmosphere, and more-
used the value ob,=-15.7 kJ/mole that was recently ob- over we believe that the present results are sufficiently com-
tained from the VRTASP-W)IIl water dimer intermolecular pelling to warrant a closer examination of continuum
potential energy surfac&.In Fig. 10, we present the water- absorption in this and other regions of the spectrum.
nitrogen continuum datégain, normalized to 296 )Kalong We conclude this section with some thoughts on the per-
with curves representing the water dimer temperaturdormance of the apparatus. From the data, we estimate the
dependencédashed ling and the far wing temperature de- minimum detectable absorption coefficient of our CRDS ap-
pendencedotted ling. For this case, we represent the disso-paratus to bé,,=1.2x 10" cm™™. We have not found in the
ciation energy of the water-nitrogen complex using the valuditerature accounts of any spectroscopic experiments operat-
of D,=-2.9 kJ/mole derived fromab initio calculations ing in the mid-infrared region with better sensitivity. Al-
and tuned with experimental rotational and quadrupolghough photoacoustic spectroscdpAS) has the potential to
coupling constantd’ When our data are fitted to the weakly be a sensitive techniqu experimentalists have found that
bound complex model, we obtain dissociation energies ofhe real detection limits of PAS are usually two orders of
D.=(-15.9+£0.3 kJ/mole for the water dimer, andD*e magnitude above the theoretical detection limits, i.e., above
=(-3.2+1.79 kJ/mole for the water-nitrogen complex. 107 cm™2® In addition to sensitivity-limiting acoustical
What is most striking to us, indeed rather surprising, |sbackgr0und noise, the accuracy of PAS data may be compro-
the extraordinary agreement that is demonstrated betweanised by systematic effects such as calibration uncertainties.
our water-water and the water-nitrogen data sets and the terurveys of the published values of ethylene absorption coef-
perature dependence of the weakly bound binary compleficients used for PAS calibration have revealed discrepancies
model. Based on the observed temperature dependence amal the order of +109%>>
the clear quadratic dependence on the water vapor partial By comparison, the experiment we have presently de-
pressure demonstrated in the data presented in Fig. 5, it &cribed, based on the principles of CRDS and a flowing gas
tempting to conclude that the infrared water vapor con-methodology, does not require the use of a calibration gas.
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Low-uncertainty water vapor absorption coefficients are di-absorption coefficients. By choosing to measure the con-
rectly obtained from measurements of decay time constantinuum at a wavelength where the contribution from local
when water vapor is added and then removed from the gaies is very small, uncertainties arising from errors in the
stream. Meanwhile, the compact design allows us to mainspectroscopic database should be minimized. To test this as-
tain good control over the gas conditions in the cell, and tesumption, we reanalyzed our data after applying a shift of
adjust the temperature over the range 270-315 K. Equall0% in the calculated local line absorption, representative of
important, the flowing gas methodology permits us to make dine strength and broadening parameter uncertainties in this
rapid and accurate measurement of humidity using a higlspectral regiofi* We find that the water-water continuum
precision chilled-mirror hygrometer. The combination of absorption coefficients were unaffected, although the water-
relatively low-uncertainty measurements of both the absorpritrogen continuum coefficients were shifted by 5%. Given
tion coefficient and the water vapor partial pressure in thghe uncertainties of £10% in our water-nitrogen continuum
system has produced a low-uncertainty water vapor conabsorption coefficient§Table |), it seems unlikely that future
tinuum data set that could be used to validate theoreticaevisions to the spectroscopic line databases would cause the
models of continuum absorption. C, values to shift beyond their present uncertainties.
Although chilled-mirror hygrometers are considered to
be the most accurate method of humidity measurement, ¥ SUMMARY
potential source of uncertainty arises for mirror temperatures

in the range between 0 °C are-20 °C. Because either dew . : . .
or frost may form on the mirror surface in this temperaturemlts water vapor continuum absorption to be measured with
low uncertainty in the important 900-1100 thinfrared

range, this can lead to errors as high as 15% in the reporting. . : —
of humidity in the gas stream. To avoid this, we took advan—\%IndOW region. This apparatus was developed at the Univer

tage of the “force frost” feature of the RH Systems hygrom-Slty of Toronto and subsequently improved at NIST \.N.h.ere
. : . . the present measurements were performed. The sensitivity of
eter, which quickly drives the mirror temperature down to

. . . the apparatus is equivalent to a minimum detectable absorp-
-40 °C forcing the formation of a frost layer before the in- P d P

. . o ~ " tion coefficientky,=4.1x 1079 cm ™t Hz Y2, In the present
strument reacquires the frost point. Additionally, experience min b

e . work, we report on measurements made at 944'@wer the
has taught us to approach humidities in this range from th b

| ide furth ing that a frost | i emperature range 270-315 K, temperatures that are repre-
ow side, further ensunng that a Trost layer was present 0y yiative of nearly all atmospheric conditions of interest. Our
the mirror surface.

) . . ._measurements of water-water continuum absorption con-
We believe that improvements in our procedures and in

) . strain the magnitude to an uncertainty of +1% near room
strumentation account for most of the dlscrepancy betwee mperature, confirm the existence of a water-nitrogen con-
our present res_ults and those _f£°”_‘ our previous study of W&jnuum and constrain the water-nitrogen continuum absorp-
ter vapor continuum absorptloﬂ,ln which we found Cg tion coefficients to an uncertainty of 6%
=(2.02+0.13x 1022 cm? molecule* atn? at T=294 K. In .

i K loved hilled-mi h For atmospheric modeling, the water-water continuum
our earlier work, we employed a chilled-mirror hygrometer 4 tq water-nitrogen continuum are probably the most im-

that could not discriminate between dew and frost on the,qiant of such interactions, although the possibility of a
mirror. More importantly, we have since discovered that iny ater_oxygen continuum that is significantly different from
our earlier work a small systematic error was introduced inyase should be investigated furth2iGiven the advances

the reported water vapor partial pressures because we failedyoteq herein in measurement capabilities, we think it is

to properly account for the difference in total pressure bey,, possible to quantify the effect of different gases on con-

tween the hygrometer chamber and the ring-down cell undeg, ,,m absorption with reasonable accuracy.
gas flow conditions. Even though the corrections to our pre- 114 temperature dependence of the water-water and

viously measured water vapor partial pressures increase thjfaier_nitrogen continua are shown to be in excellent agree-
values by less than 3%, the result is nevertheless a SiQﬁent with the weakly bound binary complex model. This

nificant reduction in the refitted value of the water-waterpopayior along with the quadratic partial pressure depen-
contlnzlzjum absorth?n _cloe-ff|C|en.t _toCs:(1..8810.13 dence, is strongly suggestive of the important role played by
X 10722 cn? molecule™ atn™, i.e., within experimental un-  4ymospheric water dimers and water complexes. We are pre-
certainties of our present result o€,=(1.82£0.02  \enteq from reaching a firm conclusion because there are

22 <1 =1
X102 cn? molecule”atm . We therefore conclude that |grge yncertainties in the spectroscopy of water dimers near
small errors in the measurement of humidity significantly1500 cmi2 and also because we think that further refine-

influence the determination of the water-water continuum abments to the far wing may produce better agreement than is

sorption coefficients. In fact, small errors in the measuremer}gresenﬂy demonstrated. Nevertheless, it is hoped that our

of k(l)umidigy might account for the major part éc%:‘?gthe results will stimulate further theoretical and experimental ad-
+20%-30% scatter in observed continuum coefficients. . ances into the nature and origins of continuum absorption.

Finally, we note that a potentially significant model-
d_e_pendent error arises from the_ fz_ict thgt the e_mpmcal def'ACKNOWLEDGMENTS
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