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The new laboratory measurements of R. Scherratal. (J. Mol. Spectros208), for the near-infrared and visible spectrum
of water vapor, covering thev2t §, 3v, 3v + 8, and 4 polyads, are combined with accurate calculations of weaker lines to
provide a new, comprehensive linelist of water transitions for the spectral region 8600—15 00T beresulting ESA-WVR
linelist reproduces the raw laboratory observations to a high level of agreement at all but the longest wavelengths. This linelist
has been made available in a standard format for general usuo Academic Press
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1. INTRODUCTION make an excellent starting point for a new database on wa
transitions in this region; however, Learretral. (10) showed

Reliable models of radiative transfer through water vapor afigat lines weaker than those readily measured in the laboratc
crucial for many applications, particularly models of the Earthisan make a significant difference to the Earth’s energy budget.
atmosphere. For this reason reliable spectroscopic data on Waelist of sufficient completeness cannot, therefore, be compil
ter is considered vital for any database compilation. Standadfgm experimental data alone, and a dual approach, in which t
databases such as HITRAN) @nd GEISA @) rely heavily on  strong line data are derived from experiment and the weak lin
long pathlength Fourier transform spectra recorded in the 198fsm theory is essential. For this reason we augment the list
(3-6). Arecent combined experimental and theoretical analysigonger measured lines with theoretical estimates of the il
of the near-infrared and visible spectrum of water showed that fesrameters for the weaker lines. The result is a comprehens
the important 2 + 4, 3v, 3v + §, and 4 polyads, covering the database of over 36 000 water transitions which can be validat
spectral region 8600—15 000 cfy the line intensities obtained against the raw laboratory spectra. As will be shown, this val
in earlier work and used in essentially all database Comp"@ation process supports our strong line—weak line approach
tions systematically underestimate the overall absorption of tfifs problem.
polyads {). This conclusion is unaltered by the recent correc-
tions @) to the water data used in HITRAN. Although Belmiloud
etal.(7) gave overall scale factors for each polyad analyzed, they
recognized that the proper solution required a remeasurement of
the intensity of each line.

In the previous paper9}, henceforth known as I, we per-

2. LINE PARAMETERS FROM THEORETICALLY
DERIVED DATA

From a theoretical point of view the determination of line

f q : 4 th h  th g_arameters for water divides into two parts: parameters whi
ormed a systematic and thorough remeasurement of the aifa o, jntrinsic property of the molecule, i.e., line positions an

brogde_negl water spectrum in the range 8600._.15 000 are- _ transition intensities, and those which depend on the molec
sulting in line parameters for some 4200 transitions. These I'Qﬁ? environment, i.e., line profiles and pressure shifts. While tt
1 Deceased. theory for calculating the molecular properties has made gre

2 permanent address: Institute of Applied Physics, Russian Academy of Sf0gress, the theory of pressure effects is mUCh_ less secure. -
ence, Uljanov Street 46, Nizhnii Novgorod, Russia 603024. present study therefore made use of computed line positions ¢
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44 SCHERMAUL ET AL.

intensities for weak transitions, parameters for strong transitiof®se transitions with an intensity greater tham 10-22 cm
being determined from the experimental measurements of |. Emielecule * at 296 K were retained in the final list. This intensity
pirical procedures were used to characterize the line profilesgefi-off is three orders of magnitude weaker than the weake
all transitions. This approximation is unlikely to limit practi-line measured in | and therefore resulted in a large number
cal applications as only the weak lines are treated in this fashigxtra lines.
and line profiles are only of critical importance when a transition Before discussing the details of our strong line—weak lin
approaches saturation. strategy it is interesting to analyze the accuracy of the stror
There are three considerations which determine the accur#igg intensities predicted by PS. Figure 1 compares intensiti
of the theoretical linelists used in the present study: the accuraytained at 296 K for thei2+ 8, 3v + 8, and 4 polyads; a
of the potential energy surface used (including any allowanggnilar comparison for thei8polyad has been given elsewhere
made for the failure of the Born—-Oppenheimer approximation)). For the 2 + 8 polyad, for which the PS linelist is the most
the accuracy of the dipole surface used, and the accuracydfable, PS’s predictions strongly suggest that HITRAN systen
which the nuclear motion calculations can be solved. In thgically underestimates the water transition intensities. In this !
present study, the error introduced by the nuclear motion proges results are in close agreement with the measurements of |.
dures is insignificant and will not be considered further. the higher polyads the predictions of PS agree less well with ti
At present it is not possible to calculate a spectroscopicaliyeasurements of | but still, on average support the view that
accurate Born—Oppenheimer potential energy surface for watgtAN underestimates the water transition intensities. Howeve
from first principles quantum mechanics. For the spectral regi@st these higher polyads, the PS linelist displays clear systema
of interest here, the best available potential energy surface is @ufors which correlate with the vibrational state being excitet
to Partridge and Schwenke (P31}, who used known spectro- This effect has recently been analysed by B \who found that
scopic data to improve their high-accuraaty initio surface. it was caused by the analytic fit of tta initio dipole points.
Itis possible to fit a dipole surface to experimental da@;( It should be noted that in this work the data for these (stron
however, systematic tests of this procedur8) (strongly sug- transitions is taken from our measurements and not PS.
gest that dipole surfaces constructed in this fashion are less reassignment of both rigorous and approximate quantum nun
liable than those computeab initio. This behavior is at least bers to the experimental lines measured in | is not straightfc
in part associated with the relatively large errors in experimeward (16) but is a necessary step in compiling the database -
tally determined intensities. The systematic errors discoverediiat, for example, temperatures other than those used in | can
the HITRAN intensities and described in | make the use of thiiodeled. Assignments were made using a combination of tl
data to construct dipole surfaces even more dubious. Therefp® empirically corrected linelist and thb initio ZVPT linelist
this work used PS’s linelisti@), which employed theiab initio  (17) using procedures developed for analyzing long-pathleng
dipole surfaces. Concerns over the analytical representatiorspéctra {6-18).
this surface15), which we were only aware of after completing In the absence of a reliable theory for predicting parame

this work, will be discussed below. ters which depend on pressure effects, these parameters w
Atheoretically calculated linelists such as PS’s yields followdetermined empirically using data from I. As shown in |, the
ing information: measured air broadening parameteigair), agree well with

previous experimental values as tabulated in HITRAN. Figure
shows how these air broadening parameters behave as a fu
tion of the rotational and vibrational excitation. Although there
Gig considerable scatter in the results, on average the parame
are found to be independent of the vibrational state excited a
to depend approximately linearly on the rotational excitation ¢
the lower state]”.

Air broadening parameters for the experimental lines wel
This set of parameters is sufficient to calculate the intensity &€t at the measured values reported in |. To obtain broadeni
a given transition as a function of temperature. The quantymarameters for the theoretical lines it was necessary to mak
numbersJ, p andg are the only rigorous quantum numbersiumber of assumptions. It was assumed {hhir) values are
associated with a particular energy level. In practice PS’s linelisidependent of the vibrational states involved in the transition
labels each energy level with an approximate set of vibratioretle dependent on the lower rotational state via a formula deriv
guantum numbersu{, vy, v3) and rotational guantum numbersfrom fits to the experimental data, and have a fixed temperatt
(J, Ka, K¢). However, these full assignments have to be treatdeépendence. Furthermore, pressure shifts were assumed tc
with caution as they are sometimes incorrect. zero; in any case the measurements reported in | show these

The PS linelist was used to give line parameters for thee small, between 0.01 and 0.04chatn 1. These assumptions
weak transitions not measurable experimentally in . In practieee necessary to be able to compile the linelist but it should |
there are a very large number of possible transitions and oeiynphasized that they are only applied to weak lines, for whic

1. The line positionysm in cm™L.

2. Line intensity, S}, in cm molecule?.

3. Energy of lower state involved in the transition inTm

4. Total rotational quantum number of upper and lower stat
J andJ”.

5. Rotational parity of upper and lower stapé,and p”.

6. Nuclear spin statistical weighd,
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FIG.1. The ratio of integrated line intensitieSyn, from PS (1) to the corrected HITRAN data of Givet al. (8) for H160 lines with intensities of more
than 1022 cm molecule™. The level of the unit ratio is indicated by the continous line, the dashed line gives the best fit to the present data, the dot—dash lir
the corresponding ratio for the uncorrected HITRAN-96 data, and the thin solid line gives the recommended scaling of Balalil6d(a) 2 + § polyad, (b)
3v polyad, and (c) 4 polyad.

pressure broadening effects are much less important. We ugg(H,0)/y, (air) = 5.14, and this ratio was used to generats
the following formula for the air broadening coefficient as & _(H,O) for both strong and weak lines.
function of rotational state,
3. CONSTRUCTION OF THE DATABASE

yL(air) = (296/T)"(a — bJ(J + 1)), @ The ESA-WVR linelist was formed by merging theoreti-
cal lines with the lines measured in I. In most cases, line
whered is given by the minimum o8” and 12, and the temper-for which measured data were available were removed fro
ature dependence was fixed at the HITRAN value ef 0.68. the theoretical linelist. In practice, for reasons given belov
The parameters and b were taken as 0.0916 crh atnt? some of the weaker measured lines were removed inste
and 0.00043 cm® atnT!, respectively, by fitting to the)” The final linelist is available in HITRAN 1996 format from
dependence of the lines in Fig. 2. The air broadening ddttp://www.badc.rl.ac.uk/data/esa-wv. For lines which alreac
in 1 were derived assuming the self- to air-broadening rateppear in the 1996 version of HITRAN, line positions were
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FIG. 2. Measured air-broadening paramatesgiair), as function of lower
rotational state]”. (a) All results, (b) Average values for a givéfi and upper
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present study covered four polyads and it was convenient
process the data for each polyad in turn. The summary

Table 1 shows that thev3polyad contains approximately the
same number of transitions as the others combined. This poly
thus proved the most demanding.

When the experimental and theoretical linelists were con
bined a number of points had to be considered.

Not all the lines measured in | were assigned. Assignments ¢
essential to determine the correct temperature dependence of
line parameters. We assigned most of the previously unassigr
measured lines. In making these assignments we concentre
on getting the correct lower state energy and rotational quantt
numbers as these parameters are crucial for determining absc
tion cross-sections as function of temperature. A full systemat
assignment analysis of the new data based on long path-len
spectra of pure water vapor recorded in the near infrared and v
ible, has been performed independently. This dataset has m:
more weak, unassigned lines and our new assignments will be
ported as part of this worklg). Weak measured lines that could
not be assigned were removed from the linelist and replaced

shifted to the HITRAN values as the HITRAN line positiongheir theoretical counterparts.

were measured to higher accuracy than those reported in | andsome of the lines measured in | proved to be unresolve

more importantly, have the pressure shifts eliminated.
The spectrum of water has a pronounced band structure basieahtified during the measurement procedure and appropri

on the underlying polyad structure of the energy levels. Thmumbers of line parameters characterized. However, it w

blends of two or three lines. In many cases this problem w:

3v polyad: comparison of room and low temperature line intensities

Smn(296K)/Smn(252K->296K)

300

400 500 600 700

Smn (10* ¢m molecule™)

FIG. 3. Comparison of room-temperatur€ & 296 K) and low-temperaturel (= 252 K) intensity measurements for the Bolyad as a function of line

intensity, Syn.
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TABLE 1 same temperature dependence. The experimental data for th
Summary of Lines Included in the Linelist by Polyad lines was retained in the linelist as a single line and labeled &
Polyad Range  Number of strong lines  Newly Total number cordlng to the ;tronger line. Both Imgs were removed from th
em-1 measured  retained  assigned ofines  theoretical linelist. In the few remaining cases we found rathe
broad weak lines which actually proved to have two or thre
w+4  8592-9488 706 633 30 6040 components. These lines were removed from the experime
9488-9651  No  strong lines 439 tal linelist as it was assumed that they were better modeled

3v 9651-11414 2447 1897 192 12430 y

11414-11589 No stwong lines 397 theory.

3v+4& 1158912752 889 715 134 6380 A number of the transitions measured in | corresponded
w igzgg‘}iggg No P '““’951 o . ;ggg the Hi®0 isotopomer of water, which is present in natural abur
14537-15000 No stong lines 1297 d_ance at 0.02%. Experimental trans_itions which could be a
signed to HO have been labeled using the HITRAN conven
Total  8592-15000 5034 4155 587 36600 tion for denoting isotopomers. Some care was needed in doi

this as it became apparent during the course of the study the
number of transitions assigned g% in HITRAN were actu-
gy weak H®O transitions. These transitions were reassigne

apparent from comparison with the theoretical linelists that sor% . "
bp P ith the appropriate &fo guantum numbers. In addition some

blended transitions had been fitted with a single set of line . . .
rameters. Some blended lines have a dominant component o ’1%5 InHITRAN have competing assignments to bo_@‘ﬁ@iand
O. For these the 0 assignment was assumed; in nearly al

the case of pairs of quasi-degenerate ortho/para transitions, tie . ; .
P d 9 P cases this assumption could be shown to be correct on intens

grounds. The resulting number of remaining®& measured

TABLE 2 lines is therefore fairly small: only 23 transitions, all in the 3
Integrated Band Intensities at 296 K for the Region polyad. Indeed, analysis of air-broadened natural water spec
8600-15 000 cm—! is not a reliable way to extract data or}%. Isotopically en-
Band Experimentl Toal % theory riched, long pathlen.gth FTS spectra off@ are availableZ0)
Number of Intensity Number of Intensity and are currently being analyzed for the 12 400- to 15 000icm
Lives  cm molecule™ Lines  cmmolecule™! range. No attempt was made to use a theoreti¢2DHinelist to
130 0 213(-22) 401 247(=22) 4o Supplement the experimental one.
031 29 157(-22) 545 233(-22) 327 For the stronger lines present in both the 296 K and 252
210 75 1.68(=21) 965 1.88(-21) 10.7 . . L. .
i 319 457(=20) 999 472(~120) 31 Spectra, the measured line intensities showed systematic ¢
012 195 7.16(-22) 1051 8.67(—22) 175 ferences of up to 5%. This shift was found to be independe
060 3 1.43(-22) 743 1.51(=22) 5.6 . .
140 4 253(—25 854 9.08(24) 97, Of wavenumber, with the higher temperature measuremer
041 144 4.60(~23) 1037 6.57(—23) 30.0
220 125 6.26(—23) 1129 8.85(—23) 29.2
121 324 262-2D) 1467 2.69(~21) 24 1 : .
022 79 7.62(—23) 1352 1.02(-22) 254 d
300 268 1.67(-21) 2296 1.73(-21) 33 ,’
201 437 2.01(-20) 1748 2.02(-20) 0.5 i !
102 240 6.08(—22) 295 6.09(-22) 0.1 i T =296 K
003 278 2.31(-21) 1245 2.35(-21) 18 0.8 i B
070 4 1.24(—24) 446 7.12(—24) 82.5
051 3 3.21(—24) 836 7.04(—24) 54.3
230 17 2.92(-24) 757 1.16(—23) 749
131 98 423(-23) 1085 497(-23) 150
032 3 6.91(—25) 777 6.28(—24) g9.0 06 i 1
310 95 6.42(—23) 1762 8.06(—23) 20.4 i “?1
211 270 1.53(=21) 1273 1.54(-21) 0.8 i !
112 116 5.11(-23) 126 5.11(-23) 0.0 i
013 124 1.02(-22) 879 1.06(—-22) 4.0 |
240 4 5.41(-25) 619 3.70(-24) 854
141 9 1.47(-24) 574 3.68(—24) 60.1
042 5 2.51(=24) 535 4.81(—24) 47.8
320 27 8.07(—24) 1488 1.97(-23) 59.0
221 170 1.69(—22) 982 1.76(-22) 42 i
122 15 1.48(—24) 19 1.48(—24) 0.1
023 28 5.58(—24) 734 7.22(-24) 227
400 118 3.99(-23) 1170 4.96(—23) 19.6 A j\ﬁ
301 248 1.19(=21) 1662 1.21(=21) 1.5 N g
202 128 8.13(—23) 128 8.13(—23) 0.0 9] ! . L L
103 157 196(-22) 169 1.96(-22) 00 8700 8702 8704 8706 8708 8710
004 3 1.12(—24) 515 3.85(—24) 70.9 Wavenumber /cm- .
Other 0 0.0 3937 1.55(-23) 100.0

FIG. 4. Observed water—air spectrum in the 2 § region with a 512-m
Total 4171 7.96(—20) 36600 8.20(—20) 29 pathlength andl’ = 296 K, solid line. Simulated spectra using ESA-WVR
linelist, long—dashed line, and HITRAN, short-dashed line.
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FIG. 5. Observed water—air spectrum in the 2 § region with a 512-m

pathlength, solid line. Simulated spectra using ESA-WVR linelist, long-dashe

line, and HITRAN, short-dashed line. Uppdr:= 252 K; lower:T = 296 K.

centage errors. This had the effect of giving values intermedia
between those from the two measurements. In practice, the a
aged intensity parameters are closer to those measured at 29
as these were determined with a smaller percentage error.
Table 1 summarizesthe linelist by polyad and includes dataf
the interpolyad regions, for which there are still weak transition:
Using the ESA-WVR linelist it is possible to estimate integrate
bandintensity at 296 K for the vibrational states which contribut
significantly to each of the polyads. Results of this analysis a
given in Table 2, which gives results for both the measuremer
of | and the total contribution. The percentage given by theol
to the latter is also tabulated. The results in Table 2 only cov
lines which lie in the frequency range 860015 000 &nbut

T=252K
08 - N

0.6
04

02 -

10474 10476
Wavenumber / cm™" .

10470 10472 10480

1 S
VT

i

0.8

0.6

systematically giving slightly weaker transitions (see Fig. 3 fol
an example). This problem is almost certainly a result of dif-

ficulties associated with determining the water partial pres;suno'4 I

in the water-air mixture, as discussed in I. In considering tem
perature effects, the high-accuracy partition function of Vidlel

and Tennyson21) was used. In practice, for the temperature<’? |

considered here, this gave good agreement with other report
values (, 11J).

In combining line values of parameters recorded at differer £,,-5

temperatures, weighted averages were used. The combined
tensity parameter was determined shifting the individual line

FIG. 6.

10472

10474
Wavenumber / cmi" .

10476

10478

10480

Observed water—air spectrum in the i2gion with a 512-m path-

intensities measured at 252 |§(25?), to 296 K Usmg.the length, solid line. Simulated spectra using ESA-WVR linelist, long-dashed lin
Boltzmann factors and then weighting the average using peiid HITRAN, short-dashed line. Uppdf:= 252 K; lower:T = 296 K.
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HITRAN 96 data (). For this we have used the uncorrected dat:
forreasons discussed elsewhétk (ise of the recent corrections
dueto Givergtal.(8) does not significantly alter the conclusions
made below.

It can be seen from the figures that the agreement betwe
observed and synthesized spectra is generally good and that
ESA-WVR linelist gives significantly better results than HlI-
TRAN. In some regions, see Fig. 8 for example, the effect ¢
shifting our measured frequencies to HITRAN values can &
clearly seen. The only region where systematic differences k
tween our measurements and the synthetic spectra genere
using ESA-WVR were identified was 8700-8750 ¢imsee
Fig. 5. Here it appears that there were problems in correct
determining the spectral baseline during the experimental me
surements. This is probably due to the large number of strol
or saturated lines in this region and the detector cut-off.

The second, more quantitative, method of assessing the d
was to compare the integrated absorption intensities of the me
sured and synthetic spectra region by region as a function
path-length and temperature. For this purpose integration w
performed over the approximate center of each polyad althou
regions in which other species might corrupt the measured sp
tra, in particular 14 000-14 500 crh were excluded. Results
are given in Table 3, from which it can be seen that measured a
synthetic spectra are in close agreement. The only region whe
the disagreement is greater than 5% is thedlyad at 252 K.
This is the weakest spectrum analyzed and, as can be seen fi
Fig. 9, the signal-to-noise of the measurements in this region
lower, even afl = 296 K. At 252 K much of the spectrum is
dominated by noise; integrating over this noise is the main cau
of this error.

0.8

FIG. 7. Observed water—air spectrum in the -8 § region with a 512-m
pathlength, solid line. Simulated spectra using ESA-WVR linelist, long-dashec
line, and HITRAN, short-dashed line. Uppdr:= 252 K; lower:T = 296 K.

this should not be an important approximation for nearly all the®4
bands considered.

4. VALIDATION
0.2

The linelists were validated by showing that they could be
used to regenerate the experimental data as a function of ter
perature and path-length. For this purpose the RFM softwar

0.6

package??2) was used to generate synthetic spectra.

Two methods were used to assess the data. Detailed observ

13822

0
13818

Wavenumber /cm™ .

and calculated spectra were plotted over the entire frequencylG' 8. Observed water—air spectrum in the segion with a 512-m path-

range considered. Samples comparisons are given in Figs. 4g@th andT = 296 K, solid line. Simulated spectra using ESA-WVR linelist,
For comparison the figures also give spectra generated using-dashed line, and HITRAN, short-dashed line.
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0.055 ' spheric calculations now under wad3j lend strong support to
206K this conclusion.
0.045 | R
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