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New laboratory measurements are presented for the near-infrared and visible spectrum (8600—15000Dveater vapor.
Spectral line parameters, principally intensities and air-broadening coefficients, are derived from Fourier transform spectroscopic
measurements at high resolution (0.03¢jna range of optical path lengths (5-513 m), and temperatures of both 252 and 296 K.
Experimental line parameters are derived for 5034 assigned transitions and thorough error analysis shows parameter errors o
less than 2.5% for one-third and less than 5% for over half of the lines. Calculated spectra, derived using these line parameters,
reproduce the original spectra to within 2%. A comparison of the line intensities with those in the HITRAN-96 database identifies
large errors in the latter with random differences that exceed a factor of two for many lines, and systematic differences between
6 and 26% depending on the water band under consideration. The recent corrections to the HITRAN databasebglGiver
(J. Quant. Spectrosc. Radiat. Transt8, 101-1052000)) do not remove these discrepancies and the differences change to
6-38%. The new data are expected to substantially increase the calculated absorption of solar energy due to water vapor in
climate models. © 2001 Academic Press
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1. INTRODUCTION observations, by as much as 30% of the total atmospheric absc
tionin the case of clear skies. This anomaly limits our knowledg
Water is a superficially simple molecule that has a very consf the natural atmosphere and our ability to predict the climat
plex spectrum. It is one of a small number of atmospherjggical effect of anthropogenic perturbations on the atmosphe
molecules that absorb significant amounts of visible and nefuch research has been directed at identifying atmospheric ¢
infrared radiation—radiation at wavelengths near the maximugarbers additional to those already in the databases to make
of the solar emission spectrum. It thus has a major influence @ discrepancy, but no critical check of the existing databas
radiation transfer in the terrestrial atmosphere and understandé@ecially on water—the primary greenhouse gas and major :
its absorption properties is essential for climate studies. ModgJrber of solar radiation—has been performed.
calculations of the Earth’s climate rely on molecular databases;The water vapor spectrum has been studied, using both ¢
of which HITRAN-96 (1) is the most used, to provide informa-periment and theory, in far greater detail than that of any oth.
tion aboutthe spectral properties of molecules in the atmosphgfflecule and has, as a consequence, an extensive literature.
Recently, a problem has been identified in model calculatioffain sources of information on the near-infrared and visibl
of atmospheric absorption in both clear and cloudy sk®s (spectrum of B0 is the work underlying the HITRAN database,
Many climate models substantially underestimate the globaiphich is dominated by laboratory Fourier transform (FTS) mez
averaged short-wavelength absorption compared to atmosphgtifements made at the National Solar Observatory in Tucsc
Arizona, and analyzed by a number of investigat8rs/. Some
1 Deceased. of these data have been (re-)analyzed more reces#i and

2 permanent address: Institute of Applied Physics, Russian Academy of ggttuglly all unidentified lines have been C|a_35iﬁ_ed, thQ_Ugh n
ence, Uljanov Street 46, Nizhnii Novgorod, Russia 603024. significant changes have been made to the line intensities. N
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FTS data, covering the range 13 100-24 100tend predom- been characterized in the laboratory using the combination
inantly providing information on line positions only, have beef high-resolution Fourier transform spectrometer (FTS) and
analyzed with the help of ab initio theorg1) leading to the as- ther a long path (LPAC) or short path (SPAC) absorption ce
signment of a large number of new transitions. Recent measuaéthe Rutherford Appleton Laboratory (RAL) Molecular Spec
ments using tuneable, narrow-band, lasers and cavity ring-do@scopy Facility. The Bruker IFS 120HR FTS was configure
spectroscopyl2—17) have successfully achieved high signalwith a 150-W quartz tungsten halogen source, a dielectric-coat
to-noise ratios and long absorption path lengths, required qgartz beam splitter, and a silicon photodiode detector as ¢
measure weak lines, precise line positions, and broadening cdafied in Ref. 2). Optical bandpass filters (fitted with antire-
ficients. However, these are limited to a small wavelength ranfiection coated glass wedges) were used to limit the waveleng
of typically less than 100 nm, and quantitative intensity me&f photons arriving at the detector to the spectral range of tt
surements are still at the proof of principle level. Theoreticareasurement for minimization of photon noise. The LPAC, de
methods use two approaches, a pertubative method underlysggbed in detail previously2@), was configured with multi-
the early line assignment3<6) and a variational approachg layer coated high-reflectance mirrors and antireflection coat
19). The latter is a signficant improvement and allows the aglass windows for this work. Measurements of water vapc
signment of many previously unassigned lines as well as ti@nsmittance spectra were made at high spectrometer resc
prediction of weak unobserved lines. The calculation of line iion (8% = 1/L = 0.03 cnT?, L = maximum optical path dif-
tensities, however, is still on a level that cannot compare witrence) and over long optical path lengths(4.94-51275 m)
the experimental data, but is of immediate application to the dg-the spectral region 8500-15 800 ch(1180-633 nm). The
timation of intensities of unobserved lines. Similarly, althougifterferometer aperture diameter was set to match the spectrc
line-broadening theory has made progress, it is not yet ableg@r resolution for each experiment. The alignment of the inte
make accurate prediction®(), though it can suggest the trendgerometer was optimized and the photometric accuracy test
of broadening parameters with vibrational and rotational quabefore carrying out the measurements reported here. The F
tum numbers. was maintained at a pressure below 0.4 Pa by a turbomolecu
As part of a study of satellite-based atmospheric remote sepgmp to minimize the amount of air and water vapor in its opticz
ing applications, relatively high-resolution (0.03 thy long path. All other optical paths outside of the cells (i.e., the transf
path (up to 513 m) laboratory spectroscopy was used to mégtics between the spectrometer, LPAC or SPAC, and the det
sure the near-infrared and visible absorption by water vaportat vacuum tank) were evacuated to a pressure below 0.02 Pa
two temperatures (252 and 296 K). Comparison of our measugerotary and diffusion pump combination. The LPAC or SPAC
ments with data from the HITRAN-96 database and recent nd¥hite cell optics were adjusted to give the desired optical pat
measurements identified systematic errors in the existing wamgth and to optimize the alignment of the output image on tt
vapor intensity data. Recently, Givet al. (21) reported dif- detector. Empty-cell background spectra were recorded befc
ferences between line intensities from HITRAN-96 and thog#d after eachfilling of the LPAC. Interferograms were co-adde
given in the publications3-7) describing the original mea- for up to 12 hiin order to achieve signal-to-noise rati§g\) of
surements. These differences are reported to be due to erkrdo 1000 : 1. Boxcar apodization and Mertz phase correctic
made in the conversion of the original spectroscopic data to tWere applied to all of the measured interferograms.
HITRAN database format. Giveet al. (21) suggested that Details of the gauges used to measure gas temperature, p
HITRAN intensities should be increased or reduced deperfisre, and humidity within the cells are given in Table 1. Th
ing on the spectral region. The comparison of our new labor@latinum resistance thermometers (PRTs) used in the LP/
tory data with both HITRAN-96 and the update of Giral. during this work have been showR3) to give consistent and
shows that both databases contain significant errors. Here f@gresentative measurements of the temperature of gases
report new laboratory data for some 5000 of the strongest linééned withinthe LPAC inner vessel. Readings were logged eve
of the water spectrum in the spectral range 8600—15 000 cm30 min. Temperatures of the gas in the SPAC were measured
Theoretical computations of the water spectrum that supp&tg a set of 6 thermistors (logged every 15 min). The 10- ar
and extend the experimental data will be published in a corhQ00-Torr Baratron pressure gauges were used during sam
panion paper. Our new data provide a much improved and upeparation and throughout the measurements with either c
graded 650 database for applications in atmospheric remotdhe atmospheric pressure reading of the 1000-Torr Baratr
sensing. was compared with that of a precision aneroid barometer. T
low-pressure readings of the 10-Torr gauge were checked
measuring identical pressures with both Baratron gauges. R
ative humidity (RH) was measured with two humidity gauge:
positioned at opposite ends of the LPAC or by one sensor
the baseplate of the SPAC. The local vapor temperature at t
The near-infrared and visible absorption spectra of watbumidity gauges was recorded using PRTs integrated into t
vapor and mixtures of water vapor with synthetic air haveensor.

2. EXPERIMENTAL DETAILS

2.1. Measurements
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TABLE 1 2.2.1. Temperature
Details of Gas Temperature, Pressure, and Humidity Sensors

The temperature inhomogeneity of the LPAC at a given tim
Measurement Manufacturer and type ~ Stated-uncertainty ~ Was smaller thar0.2 K at 296 K and smaller thag-0.4 K
at T = 252 K. During an observation, the LPAC temperature

Ti'l‘,‘xg’m“c: drifted by typically less than 0.5K. The individual thermistor
Platinum Resistance Heracus/Nucleotrohms,  +0.3K r_eadings of the SPAC temperatures agregd towithin 0.7 K at a
Thermometers calibrated four-wire time and no measurable temperature drift was observed duri
(average of 14) . the experiments. A comparison of these readings with the tet
Data logger Philips, PM8237A 104K . . -

SPAC: perature readings provided by the humidity sensors showed |
Thermistors RS Components, 10k +0.2K latter to give systematically higher values. The discrepanci
(average of 6) n.tc. curve-matched : were less than 1K at room temperature, but at low temperatt

Prfslsg:fel,k’gge"PC Laplace Instruments +0-3K increased to 5 and 7K for the water—air and pure water me

Baratrons: surements, respectively. These differences can be explained
0-10hPa MKS, 390 (10 Torr) +0.08 % of reading  insufficient thermal isolation of the humidity sensors, thus cau:

81“1000“’3 MKS, 390 (1000Tom) ~ +0.08% ofreading  jng an increasing difference with decreasing cell temperatu
arometer: . . . . .
Atmospheric Negretti, M2236A +40Pa while the higher gas pressure of the Water—a_lr mlxture_relatl\

Humidity: to the pure water measurements caused a higher cooling eff
Relative humidity (RH)  Vaisala, HMP234 on the humidity sensors. Given the lower reliability of thest
f;z‘l)&‘;;%ﬂ iéz readings, only the PRT and thermistor readings were used
Temperature Vaisala, HMP234 +0.1% derive the mean gas temperatures for the observations.

The spatial and temporal mean temperature for given spe
trum measurement was calculated as the average of all obsel

The spectra were recorded for both pure water vapor and mins over the time ﬁf the measur.(;mgnt. :H;}e uncertainty (.)f ﬂl
tures of water vapor and synthetic air at two temperatures (2'%15‘3” temperaturg as two contri ut|.ons. t. c uncertainty in t
and 296 K) and at three LPAC path lengths (32.75, 128.75 aenperature reading and the uncertainty arising from the spat
512.75 m) as well as one SPAC path length (4.938 }n) Wate’r\?’éld temporal temperature variations. The effect of the latter

por samples were prepared from liquid water using a clean glg\ § Mean temperature can he approximated by the standard

vacuum line and purified to remove dissolved air using freez£2" Of the mean value, which is in all cases smaller than 0.1

pump-thaw cycles. Agreement between the humiditysensora-mfe t.emperature un.certaln'Fy is mainly dgtermmed by the u
rtainty in the reading, which can be estimated to be the st

pressure gauge readings (to within the humidity sensor acg?the guoted accuracies of the sensor and the data logging s
racy) confirmed the purity of the water vapor under study. Aft
) purity P 4 m. This yields an uncertainty of 0.7 K for the PRT reading

an initial period of approximately 30 min, sample pressures e X )
mained stable over the period of measurement, indicating i lthe LPAC and 0.5K fo.r the.thermlstor readings of the SPAC
adsorption processes at the cell walls had reached equilibriu N results are summarized in Table 2.

Purity certified “zero” grade synthetic air (Air Products Ltd,

21% oxygen, 79% nitrogen) was used to make water vapor m-2.2. Pressure

tures at a total pressure of approx. 1000hPa. Mixtures were mad
by rapidly flowing zero air into the LPAC/SPAC after filling it
with water vapor. Despite the turbulent flow of the air into th
absorption cell, the humidity gauges indicated that at room te

perature a stabilization period 8 h wasrequired to achieve air were determined from the relative humidity and the tabulate

uniform mixing of the water and air. At 252 K the Stab'l'zat'orgaturation vapor pressure of water at the temperature of the |

time was extendgq to between 8 and 12. h. The total pres.smi%lity sensor 24). The 10-Torr gauge provided a measure fo
and relative humidity were recorded at suitable intervals durlrﬂge initial pure water pressure. After air was added to mak

measurements. a total pressure of approx. 1000 hPa, the 1000-Torr gauge gs
the total pressure and the humidity sensors the actual water p
tial pressure in the mixture. In each case the mean of the st
The three experimental parameters, temperaiureample and end readings were calculated. For pure water measureme
pressurep, and absorption path lengthdescribe the conditions both types of sensors gave a measure for the water vapor pr
of an individual measurement and their uncertainties determisigre. The errors of the individual readings were estimated to |
to a large part the achievable precision of the spectral line ghe sum of the accuracy of the type of sensor as specified
rameters. Therefore, the measurements of the experimental abe-manufacturer and the temporal change in pressure. A full «
ditions are evaluated here. ror analysis using the monitored pressure values yielded typic

The pressure measurements for both the LPAC and SPAC c
servations made using MKS Baratron capacitance gauges w
thken at the beginning and the end of each measurement. Ac
deally, the water partial pressuresy,o, in the mixtures with

2.2. Experimental Conditions
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TABLE 2 water does not emerge from these places and a complete mix
Experimental Conditions of the Water Vapor Measurements: does not happen, even after several hours. Therefore, we hi
(Exp. A) 8500-15 000 cm~*, (Exp. B) 12 800-15 800 cm~* chosen to accept the humidity sensor readings, a decision s
ported by a comparison of the low- and high-pressure spect
# Sample Exp. {(m) T() py,o®Pa)  pio (RPa)* analyses
1 H,0 A 4.938(13) 204.9(5) 9.459(44)* 9.459 (44) The discrepancies were even worse for the SPAC me
2 HO/Air A 4938(13) 2953(5) 8.83(28)®  999.29(97) surements with water partial pressures of 3.18(15)hF
3 H0 A 32756 2944(7) 10017015  10017(15)  and 7.09(8)hPa compared to the initial water pressure
4 HO/Ar A 3275(6)  2962(7) 9.1023)°  1003.6(16) 9.39 (9) hPa in a 1000 hPa water—air mixture. In the case of
5 HpO/Air B 3275(6) 296.0(7) 9.25(14)° 1000.0(12) SPAC ts additional effect ¢ the bi
6 H,0 A 12875(18) 295.7(7) 10.008(11)*  10.008(11) measurements additional eflects must cause the Dig (
7 HoO/Air A 128.75(18) 296.4(7) 9.07(23)°  999.9(14) ferences, one of which may be the placement of the humidi
8 H20/Ar B 12875(18) 296.1(7) 9.18(15)° 1000.0(11) sensors inside the pipework of the cells base-plate rather t
9 H,0 A 51275(66) 295.6(7) 10.094(11)*  10.094(11) ; ; ; ;
10 HyO/Air A S1275(66) 2964¢) 9.08(21¢ 10013 (10) cell itself. _These readings were considered unreliable anq t
11 H,0 B 51275(66) 2958(7) 10003(11)* 10.003(11)  Water partial pressure was derived from the s_pect_ral analysis.
12 H20/Air B 512.75(66) 296.4(7) 8.96(42)° 1000.5(13) summary of the derived pressure values is given in Table 2.
13 Ha0 A 12875(18) 252.0(7) 0.809(2)° 0.809(2) )
14 HoO/Air A 128.75(18) 252.1(7) 0.717(10)° 998.7(10) 2.2.3. Absorption Path Length
15 Ho0 A 512.75(66) 251.0(7) 0.816(6)° 0.816(6) )
16 HyO/Air A 512.75(66) 25L.1(7) O.713(11) 998.9(11) The path through the multipath cells has two components:

main multireflection path between the cell mirrors and addition:
paths from the entrance window to the first focus and from tf

@ Pressure measurements using the MKS Baratron gauges.

b Pressure determined from the spectral analysis. final focus to the exit window. The main mirror separation for the

¢ Pressure measurements using the humidity sensors. LPAC is R = 8000 (10) mm and for the SPAR = 400 (1) mm.

Note The numbers in parentheses are the error estimates in units of the fapfe small additional component = 746 (20) mm for the
digit quoted. LPAC andd = 138 (1) mm for the SPAC. The total patis given

o byl = (2n + 2)R + d, where (21 + 2) is the number of traver-
uncertainties 0f0.010 hPa for the 10 Torr gauge a#td.0 hPa  sa|s of the light beam inside, the cell. This gives path lengtt
for the 1000 Torr gauge at full-scale reading. The errors of th¢ 32 75 (6) m, 128.75 (18) m, and 512.75 (66) m for the LPAC

partial pressures derived from the humidity readings were typheasurements and 4.938 (13) m for the SPAC observations.
cally 0.1-0.2 hPa.

Systematic differences between the Baratron readings and the
humidity sensors were observed with the latter always giving
smaller values. Several effects contribute to these discrepancies
depending on the sample type, pressure and temperature. For
measurements of pure water samples at room temperature thieourier transformation of each observation yields a single
pressure readings agreed within 0.5%, while discrepanciesbefam absorption spectrum with the absorption lines sitting «
up to 6% were observed at low temperature. The discrepanc@sunderlying background signal. This background signal w:
between the two sensors increased for the water—air measueeaoved, to a first approximation, by calculating the average
ments to 7.5-10.4% at room temperature and to up to 12%tla empty-cell spectra recorded before and after each sam
low temperature. Much effort has been expended in trying toeasurement and then taking the ratio of the full to empty ce
resolve this lack of agreement and the following explanatiosggnals to give the corresponding transmittance spectfyiy,
were found: Due to changes in the lamp output during the 12-hour obse

At low temperature, part of the problem is due to the invations and other small effects, the empty-cell spectra are r
sufficient thermal isolation of the humidity sensors. The largen exact match of the underlying background signal and sy
temperature differences observed cause an erroneous evaludéoratic departures of the baseline from its true value of 100
of the relative humidity by the sensor itself. This effect is legsansmittance still remain after ratioing. These discrepancies ¢
critical for the water—air mixtures as the higher gas pressure cavavenumber dependent and are typically of the order of up
tributes to additional cooling of the sensors. This explains why-2%. An example is shown in Fig. 1.
the low-temperature discrepancies are much closer to the roomin improved baseline was derived by cubic spline interpole
temperature discrepancies for the water—air mixtures than thimn through a set of carefully chosen points along the baselir
are for the pure water measurements at low pressure. These points were taken at points on the baseline where ther:

The most probable cause of the large discrepancies for tieobvious absorption by water lines. This is relatively straigh
water—air mixtures is that the admission of 1000 hPa air viaferward for the water vapor only spectra, where the lines al
single entry valve into a cell containing 10 hPa of water vapsharp and generally well separated. The task is far more dif
may sweep some of the water into the corners of the cell. Thelt for the spectra of water—air mixtures, where the lines al

3. DATA ANALYSIS AND RESULTS

3.1. Baseline Correction

Copyright © 2001 by Academic Press
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FIG. 2. Near-infrared and visible transmittance spectrum of a water—a

FIG.1. Expanded baseline region of a transmittance spectrum showing mﬁ(ture showing the different water polyads and the oxydehand in this
remaining wavenumber-dependent deviation from 100% transmittance aﬁer§§éctral region

tioing of the observed single-beam absorption spectrum with an empty-cell bac
ground spectrum. Additional baseline correction is necessary and was achieved
by interpolation from chosen datapoints along the spectral baseline where no
obvious absorption by water was found. fit were indistinguishable from the noise. This was usually pos

sible, except when a line was so strong that the peak absorbal
approached saturation, or when the wavenumber separation ¢

pressure-broadened and the spectrum contains a large nunBérof lines was so small that the least-squares routine could r
of blended lines. In regions of strong absorption there are larffed a stable two-line solution. Saturation was the more commc
intervals where no clear, unabsorbed windows can be seerdr@blem in the low-pressure spectra and blending was the pr
smoothly varying cubic spline function was used to give tHePal problem in the high-pressure spectra where simultanea
best estimate of the continuum level across these regions. Tiliéng of up to several tens of lines was necessary. A typic:
procedure of baseline correction was performed in several sté@sult is shown in Fig. 3.

to achieve the best possible spectral baseline for the observedhe molecular lineshape was assumed to be a Voigt ir
transmittance spectrum. Independent estimates of the baselifd@file, i.e., a convolution of Lorentzian (pressure-broadene:
two laboratories (Imperial College and RAL) show that the resi@d Gaussian (Doppler-broadened) contributions. Although t
is typically accurate to better than 10% of the peak-to-peak nofdeppler contribution to a Voigt profile caused by the motion o
level, which corresponds to less than 0.1% in transmittance. Tthe particles can generally be calculated and only the Lorentzi
final transmittance spectra were converted to absorbance sp&ing fitted, the effect of collisional narrowingZ, 13, 1§
tra according toA(Y) = —In[T (¥)] for input to the spectral line IS strong enough at atmospheric pressure to seriously dist
analysis. One of the observed near-infrared and visible water-air

transmittance spectra is shown in Fig. 2, the spectrum covers the

four water polyads 2+ 8, 3v, 3v + § and 4.2 Separate spec- e I L B L L L BN BB
tra were derived for the region 12 800-15 800¢pusing a o [l ?
narrower optical pass band to reduce the the noise level. 08 E
3.2. Line Parameter Retrieval g *°r R
] l —
The line parameters of the individual transitions were de-‘g 0.4 - E ‘;
termined from the absorbance spectra using an interactive lea-2 C 3 &
squares line-fitting procedure that s part of the GREMLIN spec ™~ ®? [ E
trum analysis software2f), which uses a point-by-point fit to 00 - _ 0.005
determine a four-parameter Voigt profile. The general aimwa 3 0.000
to fit Voigt line profiles to all lines, such that the residuals of the Ol b b e b e 1S

-0.005
10556 10558 10560 10562 10564 10566 10568 10570

3 A polyad, denoted asv, is a set of superposed bands for whick: v; +
v2/2 + v3, wherevs, vy, andvs are the vibrational quantum numbers of the FIG.3. Results of a spectral line-fit. The vertical markers indicate the fittet
excited state. 1, is odd,n is the integer part of the sum, and & added to the lines in the spectrum. The residuals of the fit are shown as the trace on
notation. expanded scale below.
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standard Voigt line profiles; se2®). Collisional narrowing has line parameters, where the indgindicates eitheryy,, FWHM
been observed for the water molecule for a small number @f A,. The above data sets are well representell;hy= 0.8,
lines (12, 13, 16 and found to vary between 0.005-0.015¢m krwnm = 2.5, andka, = 2.0.
atnT. Without exact knowledge of the latter for the majority As the initial aim of this study was to measure air-broadenin
of lines, the effect can, however, not generally be simulated acdkefficients, the analysis described here used only the water-
included in our line fits. Although there are more complex linspectra to derive the spectral line parameters for the four wa
profiles based on hard- and soft-collisional models that inclugelyads. Although the pure water spectra measured here cont
collisional narrowing, it has been shown that “generalized” Voigtaluable information, many of the spectral lines were saturate
profiles, profiles for which both Lorentzian and Gaussian contdr approaching saturation in these spectra even at the shor
butions are adjusted, fit observed lineshapes equally well [16ath length and were thus unusable. The pure water spectraw
Furthermore, “generalized” Voigt profiles are much faster tased to solve the problem of the determination of the water pe
compute and less prone to numerical correlations, making théal pressure in the water—air mixtures and to identify the numb
the preferred option for this study. These are factors of particulafrcomponents of blended lines in the air-broadened spectra.
importance for the fitting of a complex spectrum with thousandise observed integrated absorbance is a direct measure of
of lines and a large number of blends. This data reduction pro@enount of water in the optical path, this parameter was us
dure has been used successful to study the oxygen A-B&hd (to investigate the discrepancies in the pressure measureme
where further discussion can be found. Integrated absorbances for water only and water—air obsen

In order to achieve the best fit of the lineshapes and to dens, which were observed using the same initial cell filling
termine precise intensities, “generalized” Voigt profiles weref water, should give the same integrated absorbances, unl
used. This procedure has, however, a negative effect on the lihe amount of water in the path changed during the proce
broadening information. Whereas the Lorentzian and Gaussrfilling the cell with air. A direct comparison is complicated
contributions are clearly defined for a “standard” Voigt profilehy the large difference in peak absorbances between such t
with the Gaussian contribution given by the temperature and tfigectra—medium strong lines in the water—air spectrum are u
mass of the absorber molecule and the Lorentzian contributially saturated in the pure water spectrum, while medium stror
given by the pressure broadening, the use of the “generalizdides in the pure water spectrum are typically weak lines in th
Voigt profile degrades the physical meaning of the two contnivater—air spectrum. However, a subset of 130 well-resolved, u
butions. In such a case, a change in the damping parameter @hteirated lines in the 32-m room temperature spectra was fou
ratio of the Lorentzian contribution to the total line width) mayo provide a reliable comparison. The ratio between the int
include second order effects that change the line shape. Sgciited absorbances of high- and low-pressure spectra yielde
effects may have technical reasons like line blending or sma#llue of 093+ 0.07, which is consistent with the differences
baseline errors, but may also have a physical cause such as aanliserved between the Baratron gauges and the humidity s
strumental line shape contribution or collisonal narrowing. Theors. This added confidence in the choice of the humidity sens
effect of the instrumental line shape on the line fit of the aireadings for the determination of water partial pressures.
broadened water spectra was found to be negligibly small, butThe output from the fitting procedure and the error calcL
was included through filtered line fits for pure water spectrations were then used to derive the line parameters for ea
Details on how the Lorentzian contribution to the line widthgdividual spectrum and some aspects are discussed below
were retrieved are given in section 3.2.3. terms of the individual line parameters.

The set of line parameters retrieved for a given line consisted
of the line position,yym,* the peak absorbancé,,, the inte- . .. .
grated absorbance evaluated as the integral ovper the fitted |r'12e'1' Line Positions and Assignments
profile, A;, the full line width at half maximum, FWHM, and The line positions derived from the fits of the water—air spec
the damping parametdd,. The uncertainties in the spectral linetra recorded at 1000 hPa through this study are affected by t

parameters were estimated using the expressions [25] factors. First, although the Fourier transform spectrometer &
B lows an internal calibration through the use of a helium—nec
Abnm  AFWHM ~AA; Kp (1] laser, which determines the wavenumber limits of the measur

FWHM FWHM A (S/N)VNw' ! spectra, additional calibration is usually required for absolu

wavenumber accuracy due to second order effects (small m

where the signal-to-noise rati§(N) is given by the ratio of the gjignments, etc.). Second, pressure-induced line shifts usuz

peak absorbance to thesnoise at the line position andly is  cause the lines to shift to smaller wavenumber with increasir
the number of StatiStica”y independent pOintS in a line W|dﬂéamp|e pressure. Air-shifts for water have been fou]rm a_s]
which can be determined from the line width and the spectrg$) to be of the order of;,, = 0.010-0.025cm!atm ! and

resolution. The parametds, is a constant for a given set ofare dependent on the vibrational—rotational transition involve

As absolute line positions were not the primary aim of thi

4mindicates the lower level amithe upper energy level of a transition. ~ study and are available from previous work, the spectraremain
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uncalibrated and further evaluation was not pursued. Line posi-the Doppler width of order 0.005-0.015 cfatnr? is in-
tions derived from energy levels were used togetherahtimitio  cluded in the simulation, damping parametef= 0.96-1.0
molecular theory to make quantum number assignments for he calculated. This means that assuming FWHMbe equal
transitions. Details of the theoretical methods, the assignmengsthe total line width would give errors of up to 4% in the
and the calculation of weak unmeasured lines will be given fifoadening coefficients. Given that a large fraction of the ot

the companion paper to this studdry. served water lines have air-broadening coefficients around

mean value of,. = 0.080 cnT! atnm !, a mean damping param-

3.2.2. Integrated Line Intensities eterofD = 0.99is expected for an average collisional narrowin

Integrated line intensities were derived from the integrat&f 0.010 cnm* atn™. Thus, assuming a damping parameter ¢

absorbances according to D = 0.99, the Lorentzian contribution to the line profile was
estimated to be FWHM= 0.99 x FWHM with a mean uncer-

— T A tainty of 1%. This procedure should, however, be considered

= To Lo X Prol [2] interim solution until collisional narrowing parameters becom

available for the majority of the water lines.

where the Loschmidt numbép = 2.686 763 (23)x 10*9cm™ Derivation of air-broadening coefficients The total pressure
atn! gives the number of particles of an ideal gas at staproadeningy (tot) has two contributions, one from broadening
dard pressurgyp = 1 atm andTo = 27315 K. The intensities by air moleculesy, (air), and one from self-broadening from
are given in units of cm molecuté (HITRAN units). No dis- other water molecules (H,0):

tinction was made between the contributions from the different
isotopomers of the water molecule. The error estimates of the
line intensities were based on the uncertainties in the individual
parameters and calculated via standard error analysis.

yL(tot) x prot = ¥1.(H20) x pu,o + y(air) x pair.  [4]

The simple addition of the two terms is justified because bof
3.2.3. Air-Induced Pressure-Broadening Coefficients terms make the absorption Lorentzian. In order to determir
The derivation of air-induced pressure-broadening Coel‘hhe air-broadening coefficient from the total broadening, th

cients requires the evaluation of two effects: first the contrl> i-broadening coefiicient as well as the partial pressun

bution of pressure broadening to the line profile (the Lorentzi ﬁeds to be known. Although the HITRAN-96 databajegn-

contribution) and second the identification of air-induced ang' "> self-broadening coefficients for water, not all lines me
self-induced broadening components of the Lorentzian, sured in this study are listed and a large fraction of the coef

cients listed are from theoretical rather than experimental da
Calculation of the Lorentzian contribution.The total press- |n order to provide a consistent set of air-broadening coeff
ure-broadening coefficient (tot), independent of the type of cients, a procedure was adopted that applies an estimated m
broadening gas, is given by the Lorentzian contribution to thgtio between the air- and self-broadening coefficients for w:
line profile, FWHM_, and the total pressure in the sample celter. Two studies have been made to compare self-broaden
of water with nitrogen-broadenind g, 28, 29), giving a mean
FWHML_ [3] ratio of y (H20)/y.(N2) = 4.61(11). These and other stud-
2Prot ies (30-32) also measured the mean ratio between air- ar

nitrogen-broadening, which if combined yields a mean rati

As mentioned above, the damping parameter derived fronyf,, (air)/y, (N,) = 0.897(5). It follows that the mean ratio of
line fit loses its true physical meaning for a “generalized” Voigia . 3ng air-broadening can be calculateghd#i,0)/y. (air) =
profile and the Lorentzian contribution can only be extracted aB-14(13). Applying this relation together with the partial pres
proximately. Itfollows that we are left without directinformationg;res from Table 1, the air-broadening coefficients were deriv
onthe Lorentzian contribution to the line profile and have to Cofym the total broadening parameters. The uncertainties of t
sider collisional narrowing in some way in order to determine the, 5| results were calculated using standard error analysis.
best possible broadening coefficients from the total linewidth. As Using the two datasets recorded at the two temperatures,

collisional narrowing parameters have only been measured f@pperature dependence of the measured broadening was €
a small number of water lines, an empirical estimate was maggqq using the expression

for its contribution to the linewidth. Simulations show that for a

“standard” Voigt profile and pressure-broadening coefficients in n

the rangey (tot) = 0.050-0.100 cm? atnT ! damping param- n(T) = n(T) x (l) ’ 5]
etersD = 0.94-0.98 are expected for the water—air spectra of T

this study at room temperature. As the Doppler linewidth de-

creases with temperature, damping parameters even closewhereT, is the reference temperature (296 K)= 252 K, and
1.0 are expected at lower temperature. If collisional narrowingis the temperature exponent. Figure 4 shows a plot of t

. (tot) =
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considerable theoretical input (assignments, lower level ene
gies, partition function) and is discussed in the companion pag
(27). The line lists are available by file transfer from the author
;3  oronCD-ROM fromthe European Space Agency (under the re
.1 erence ESTEC Contract 13312/99/NL/SF). It should be note
1 that, in a spectrum with much line blending, the parameters |
0 10 200 250 many of the weak lines are strongly influenced by the line wing
57 (10 em molecule™) of very much stronger lines. Data on lines with intensities of les
than 5x 102 cm molecule® should be used with caution. It
FIG.4_. Air-b_roa(_jen_ing tempera_ture exponentas afunction of line intensitpé for this reason that the comparison with theory presented
The horizontal line indicates a weighted averagenef 0.72+ 0.15 derived . . .
from lines above a lower intensity limit of 50 10~24 cm molecule™®. the companion pa_peQ() uses only 4155 of the 5034 lines in
the experimental list.

) o . A statistical analysis of the parameter errors shows a dist
derived temperature exponents versus line intensity. The sc ion that is systematically dependent on the total absorpti

of the datapoints increases with decreasing intensity, indicg{Fength of a given polyad. If both the line intensity and the ai

ing a large effect of the signal-to-noise ratio on the derivatiqfyoadening coefficient for room temperature data are combine
of n. Due to the nonlinear relation, small errors in broadenlrme following systematic is found:

coefficients can have large effects on the derivedlue. An al-

most constant range ofvalues between = 0.02 and 1.3 was Error 248 3v 3v4s v
observed for intensities above 5010-24 cm molecule! and 550, 3505 A7%  24% 16%
indicates a dependence on the particular transition, although no 5 _ %  18% 20% 23%  21%
clear systematic was found. Using only values above this inten- 5-5% 0 0 0 0
sity limit, a weighted mean of = 0.72 with a standard deviation . , )
of +0.15 was derived. Given the large error of the mean terfr2CN Percentage value gives the proportion of the line param
perature exponent, a valuemf= 0.68 as used in HITRAN-96 ters for a given polyad which have errors smaller than 2.5%

(1) was adopted for our linelists until more precise data on ﬂl‘e@tween 2.5and 5%..In general, there is adecrease ",1 the P“?F
temperature exponent become available. tion of parameters with errors smaller than 2.5% for increasir

polyad, which follows the decrease of absorption strength

3.2.4. Compilation of a Combined Line Parameter List the polyads from the 2+ § to the 4 polyad. This coincides
with the fact that strong line errors are, to first order, determine

In the final step of the data reduction the line parametgy, the error in the pressure measurement which is smaller th
lists derived from each individual spectrum at a given tempej:5o, while weak line errors are determined by the signal-t
ature were merged. Transitions with the same assignment Wggse ratio of the lines. Therefore, the proportion of lines witl
matched and critically assessed for quality by visual compagi,ors between 2.5 and 5% increases with increasing polyz
son of the individual parameters. This process led to a significafe only exception is an increase of the proportion of lines wit
number of reassignments, identifications of blends, and lines prors pelow 2.5% for thei2+ § and 3 polyad. As the spectral
proaching saturation, and rejections of lines. Finally, aweight?gnge measured only covers the upper end of the 2 polyad,

average for each line parameter of a given transition was cal¢Usontains a higher proportion of weaker lines compared to tt
lated. The inverse square of the uncertainty of the parameter wWas,qya.

used as its weight. The final error of the parameter was given
by the square root of the sum of the weights of the parameters
contributing to the average. TABLE 3

A third and crucial check of the results was performed by Summary of the Number of Lines Fitted for a Given Spectrum
comparison of spectrum simulations with the observed spectra. ~ @nd Polyad and the Size of the Combined Line Lists
The water spectrum was modeled in each case for the experime
tal conditions of the observed spectrum. This process identifie

Temperature ~ Spectrum { (m) 2v+46 3v v+4 4v

a small number of remaining problems, principally weak line 2 494 100 348 - -
blends, which were rectified to produce the final line parame 4 3275 193 35 12 -
ter lists for the two temperatures of the experiments. The dat 296k ; gg;g 418 18_01 419 408
derived from the low-noise 12 800-15 500 chspectra (Exper- 10 $1275 592 1834 828 -
iments B) were also used to reconstruct the more noisy end of t 12 51275 - - - 1023
experiment A spectra. The agreement helps to confirm pressu 14 12875 288 305 9 67
measurements used in the analysis. A summary (of over 11 0C 252K 16 51275 334 920 151 126

line profile measurements) is given in Table 3. The combinatior
of the two final datasets at room and low temperature require

Combined 706 2447 899 982
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The fact that a large proportion of line parameters for al
polyads have errors exceeding 5% does not translate into Iar@
errors in absorption cross-sections, which can be derived froct
the parameters. The strong lines, which contribute more thi=
98% of the total intensity of a polyad, mainly determine the un:fiE
certainties in the cross-sections. These fall into the category wi*® N SN : # 2 T S AT
errors smaller than 2.5%, while weak lines make up the propa © 9000 10000 11000 12000 13000 14000
tion of line parameters with bigger errors. Therefore, absorptic o (cm™)
cross-sections derived from this data will meet an overall acci LN I I IR I
racy of better than 5%.

(Hit)

En
'm

obs) /S,

3.3. Discussion

Spectral line parameters, principally line intensities and aig#
broadening coefficients, for approximately 5000 lines in th
860015 000 cm* spectrum of water vapor were derived for
two temperatures] = 252 and 296 K. All lines were assigned
to form an improved and upgraded® database for applica- g, s, Comparison of the observed room-temperature integrated line i
tion in atmospheric remote sensing and climate studies. In thdssities with the HITRAN-96 database: (a) polyad-by-polyad as a function ¢
respect, it is important to compare the new results with the exavenumber, (b) as a function of the line intensity.
isting data, especially with HITRAN-961) as the most used
spectroscopic database in atmospheric science. in the early 1980’s%-7). The earlier data set concentrated or
long paths and so stronger lines were saturated. The simple
duction algorithms used at a time when computing speed w

A comparison of the observed line positions from this studyot sufficient to allow detailed line-by-line fitting were most
with the line positions in the HITRAN-96 database confirmBrone to error when treating saturated lines and strong blen
the points made in section 3.2.1. Systematic differences of He current work with spectroscopic data covering more the
much as—0.040 cn1?! for the majority of lines with a mean a factor of 100 in path length and the available computing re
value of—0.020 cnt! between the observed line positions fopources needed to fit line profiles to over 10,000 lines make f
the water-air mixtures of this study and the HITRAN-96 data considerably more robust analysis. Most significant, judgir
were observed. These differences are principally determin@y the uniformity of line intensity ratios for lines of moder-
by the pressure-induced line shifts. The line positions derivé¢e strength shown in Fig. 5, are systematic errors arising eitt
from the low-temperature spectra agreed in general to witHii®m the approximations of the line fitting procedure or from the
+0.010 cn1! with the corresponding room temperature valuegéetermination of the concentration of water vapor in the absor
suggesting that the pressure shifts are not strongly temperafi@g cell. The 1980’s measurements used precision manome

PR A B P P BRSNS I I SN I ST S A SR N R A
0 100 200 300 400 500 600 700 800 900

S (10'24 cm molecule—l)

3.3.1. Line Positions

dependent. to measure water vapor pressure and did not use mixed gas
The present work also used precise manometry until observ
3.3.2. Line Intensities discrepancies led to a review of technique. Lost, presumably r

. o
A comparison of the observed integrated line intensities fro%jsorbed water caused a decrease of approximately 10% in

this study with the line intensities listed in the HITRAN-96aCtuaI partial pressure of a nominal 10-hPa water (in 1000 h
database shows significant systematic differences. As Fig. 5a

shows, the dominant effect is a mean 25% offset for thard TABLE 4
3v + 4 polyads, an offset that decreases from about 30 t0 0%omparison of Three Sets of Water Band Intensities for the Four
within the 2 + § polyad, and only a very small offset for the 4 Polyads in the Spectral Region 8500-15 800 cm~!

polyad. The scattering within each polyad is quite large; more N - n - - -
than +50%. However, as Fig. 5b shows, this scatter is mainlyPevad  SplbsySpMi)  Sp(GivSp(Hit)  Sp(obsySp(Giv)
due to the weak lines. Similar results have been found for th.,

. " . +4 1.26 0.92 1.38
low temperature intensities. The ratios between the observed ai3, 121 1.14 1.06
HITRAN-96 values are similar for both low and room tempera-3v + ¢ 1.25 1.09 115
ture measurements. A summary of the results is given in Table 4 1.06 0.96 1.10

Attempts to explain the difference between the database and the . . . -

data lead back to the experimental observations upon whi ote.Each entry gives the ratio of band intensities Toe= 296 K, where
new . ) P . . P g?g obs) are the observed data from this stuiy(Hit) are the HITRAN-96
the database is built. These are an extensive series of measyi@- andss (Giver) are the corrections of Givet al. (21) to the HITRAN-96

ments made using the National Solar Observatory at Kitt Pedd¢abase.
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2.0 : TABLE 5

[ ® Chuetal o | © Pomsadinetal o f 7 Coenetal Comparison of the Observed Room Temperature Integrated

r T o T Line Intensities and Air-Broadenning Coefficients with Other
15 ° 4 4 oot 4 Data Sources for Three Polyads
@ oo, T 4.4 o 1
S - . T + A, -
o L o Ik 1oasp Ve Other Polyad ST raio  # - (air) ratio #
S L Ce & e T O T o % (This / Other) lines (This / Other) lines
ARV} SERIVE Y SUP . ¢ oLy
— - + + Dy VW
2 Lo * o] R L Chu eral. [33] 3 1.03(11) 45 0.88(8) 25
= i T i A Ponsardin et al. {16] 3v+4 1.03(4) 35 1.022) 28
g - L) + a At oA
v g5 q o 4 R a0 Grossmann et al. [12] 4v 1.02(6) 259 1.054) 123

- T Cahen et al. [34] 4v 1.20(18) 12 0.99(5) 12

I I I P P T Note. The ratios given are the intensity weighted means of the line-by-lin

0
10200 10400 10600 12200 12250 13600 13800 ratios using the number of lines as indicated. The number in parentheses are
1 1 ) standard deviations in units of the lost digit quoted.
ﬁnm (Cm ) Ijnm (Cm ) ﬁnm (Cm )

FIG. 6. Comparison of the observed room-temperature integrated line in-: . . . . .
tensities with other data sources for three parts of the spectral region cove%Ith Grossmanret al. yielded a mean line intensity ratio of

the 3, 3v + 5, and 4 polyads. rI1n.€)2(6). A comparison with a small dataset of 12 lines of Cahe
et al. (34) yields a mean ratio of 1.20(18) for the $olyad,
again with a large standard deviation.

air) in the LPAC. The use of pure water at low pressure should Ve believe that the new data, taken from a much wider ran
diminish pressure errors, but it much emphasizes any line fi- €xperimental conditions and buttressed by line-by-line pre
ting errors in treating strong or saturated lines. This conclusidif fitting and by sophisticated theoretical calculation, are 3
is very strongly supported by attempts to reconstruct the KifiProvementon the current HITRAN-96 listing.
Peak spectra using the published line-by-line data. These do E%;c
reproduce the observed spectra, in strong contrast to our new
data. A comparison of the air-broadening coefficients with the
Although the recent corrections to HITRAN-96 by Gietal. HITRAN-96 values is shown in Fig. 7. Although a wide scatte
(21) remove some of the errors made during compilation gimilar to that for the line intensities was observed, the gener
the database, systematic differences still remain. For instangend shows agreement between the observed and HITRAN-
although the intensities for thev3olyad were systematically values. As for the line intensities, the scattering is due to tt
increased by about 14%, a further increase of about 10%ni&ny weak lines, while the strong line broadening paramete
required to bring the update into reasonable agreement with tiee mostly ratios within 0 4 0.1. Similar results have been
new measurements. The corrections applied to the other polyads
are less systematic—intensities in the-265 and 4 polyads
were reduced by up to 20% and those for the+35 polyad
either remained unchanged or increased by 9%. In summa7;j
our new measurements suggest an overall increase above &
HITRAN-96 values (Table 4, column 2), while the update ot
Giveret al. (column 3) suggests both increases &d 3 + § \;/ .
polyads) and decreases (2 § and 4 polyads) in intensities. P P R T R B PR R
Comparisons of intensity data of this study with other dati 9000 10000 11000 12000 13000 14000
sources are given in Fig. 6 and Table 5. The 45 lines for th T (cm™)
3v polyad measured by Chet al. (33) are on average 3(11)% _
smaller with a large standard deviation. The 35 lines for thi
3v + § polyad of Ponsardin and Browell§) are also on average &
3(4)% smaller. Grossmaret al. (12) measured line intensities @
for 270 lines in the 4 polyad and found intensities that were% X ]
on average 9% larger than the corresponding data of Mand ~ gpFeiutess vttty enntey ey
et al. (4). Given the Giveeet al. corrections of the compilation 0 100 200 300 400 500 600 700 800 900
errors in HITRAN-96, which is based on the latter dataset ii 5 (10 cm molecule™)

this spectral region, the flndlngs of Grossmaal.are in very FIG. 7. Comparison of the observed air-broadening coefficients witl

good agreement with the band intensity ratio of 1.10 found pjtrAN-96 values: (a) polyad-by-polyad as a function of wavenumber, (b
this study. A line-by-line comparison of the results of this studys a function of the line intensity.

3. Air-Broadening Coefficients

b
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- I ® Chuetal -I - ¢ Ponsardinetal. | O Cahen et al. 2.
14 4 Grossmann et al. 3.
[ 1 I O
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£ I T RS
o) + ¢ o 1 .4 Ao add -
2 b T Sofioafe T “58M A1
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FIG.8. Comparison of the observed room-temperature air-broadening co-
efficients with other data sources for three parts of the spectral region cover#?y
the 3, 3v + 8, and 4 polyads. 13.

14.

SCHERMAUL ET AL.

A. Arking, J. Climate12,1589-1600, 1999.
C. Camy-Peyret, J.-M. Flaud, J.-Y. Mandin, J.-P. Chevillard, J. Brault
D. R. Ramsay, and M. Vervloel, Mol. Spectroscl13,208-228 (1985).

. J.-Y. Mandin, J.-P. Chevillard, C. Camy-Peyret, and J.-M. Flaud/ol.

Spectroscl16,167-190 (1986).

. J.-Y. Mandin, J.-P. Chevillard, J.-M. Flaud, and C. Camy-Pey@a.

J. Phys66,997—1011 (1988).

. J.-P. Chevillard, J.-Y. Mandin, J.-M. Flaud, and C. Camy-Pey@ai.

J. Phys67,1065-1084 (1989).

. R. A. Toth,J. Mol. Spectroscl66,176—-183 (1994).
. J.-M. Flaud, C. Camy-Peyret, A. Bykov, O. Naumenko, T. Petrova

A. Scherbakov, and L. Sinitsd, Mol. Spectroscl83,300-309 (1997).

. J.-M. Flaud, C. Camy-Peyret, A. Bykov, O. Naumenko, T. Petrova

A. Scherbakov, and L. Sinitsa, Mol. Spectroscl85,211-221 (1997).

O. L. Polyansky, N. F. Zobov, S. Viti, and J. TennysdnMol. Spectrosc.
189,291-300 (1998).

M. Carleer, A. Jenouvrier, A.-C. Vandaele, P. F. Bernath, M. Erikline,
R. Colin, N. F. Zobov, O. L. Polyansky, J. Tennyson, and A. V. Savin
J. Chem. Physl11,2444-2450 (1999).

B. E. Grossmann and E. V. Browell,Mol. Spectrosd 36,264—294 (1989).
B. E. Grossmann and E. V. Browell, Mol. Spectrosc138, 562—-595
(1989).

D. Liand J. G. BakerRev. Sci. Instrunt7,1686—1687 (1996).

found for the low-temperature broadening parameters. The rati@s B. A. Paldus, J. S. Harris, Jr,, J. Martin, J. Xie, and R. N. Zaréjppl.

between the observed and HITRAN-96 values agree for both
room- and low-temperature measurements to withih0%. -
A line-by-line comparison of the data of this study with air1g.
broadening coefficients derived in other studies is given in Fig. 8.
Mean ratios of 0.88(8) for the 25 lines in the Bolyad given by 19.
Chuet al. (33), of 1.02(2) relative to the 28 air-broadening co-
efficients of Ponsardin and Browell§) for the 3 + § polyad,
1.05(4) for the 4 polyad data of Grossmaret al. (13), and 5.
0.99(5) for the 12 4 band lines of Cahent al. (34) were de-
rived. The temperature exponentrof= 0.72(15) derived from 22.
this study also compares well with the exponent 0.67(13) 23
found by Grossmanet al. However, the systematic dependenc§4.
of n on air-broadening coefficients as seen by Grossretah
was not as clear from our data.
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