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Wavelengths of Rotational Lines in the Water-Vapor
Bands at 0.93 and 1.13 Microns

C. C. Kiesa
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1. Intreduction

Among the outstanding features in the neay infra-
red eplar spectrum are the bande due to absorption
lﬁy the water vapor in the earth’s atmosphere.

etween 0000 4 and the limit photographically
ntt?{innble ift 13500 ﬂf thl:]ere II;a.re: sevtzglh n:lﬁis that
meke up the proupsz of lines dasigna & By~

ls 5, #, r, and © on Langley's normal nF:mp nfy:ﬁle-
solar spectrum [1].' These, and other absorpiion
featurea, beyond the visible limit in tha red, have
been observed fragquently ever since the discovery
of the infrarad region of epectrum by Sir William
Herschel tn 1800 [2). However, it wne not until 70

ra later thai their telluric origin was estahlished
by Lamansky [3], who observed their Aluctuations in
intensity with altitude of the zun and bumidity of
the atmosphare, Subsaquently, this hehavior of
the bands was verifisd when Abney and his eocl-
lghorators made the firat phutoFmp 2 of the oear
infrared epectrum of the sun. In 1882 Abney and
Feating [4] raported that at & high altitude on a dry
day the banded absorption between 9420 and 9800
A nearly di=appeared from the sun’s spectrum. At
guch timoes, according te these authors, the atra-légt.hs
of the bands, as they were observed on humid days,
could be reetored to the zolar zpectrum hy placing
a water-eoll in front of the slit of the spectrograph.
Control observations of an artifieial spurce thrmﬁh
cells of water 3 and 12 inches thick revealed the
saine “‘water bands”. But thess chservers were
reluctant to atiribute them to the sbsorption of
water Tapor becauze the “Fraunhofer lines in the
band are irregularly distributed through the band . . .
osnd do not spread out as the darkness of the band
increases”. Howewer, it is known now that the
absorpiions of liquid water and its vapor are mot
the same, and therefore the general or continuous
darkness, observed in Abney and Festing's experi-
ments with the water—cells, is not to be confused
with the aelective absorption of the vapor.

Although the origin of the bands in the absorption
of water vapor was long suspected the fact was
eatablished beyond doubt only in 1918 by Hetiner
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[5], who oheerved the radiant energy from a Nernst
glow Iamp throuph a column of water vapor. He
placed the nglaﬁum of th:h:nnds at ﬂﬁ;p E‘nd l1.1%38]
i, TeEpectlv noting t pravion owle
had dgteetred 1_:_, depression 2t 1.13 4 in the ¥ band
of the aolar spectrum, Except for the photographic
method of Abney, which apparently was not success-
ful in the bande of later investigators, the oniy
way of studying the bands wae with radiometnic
davices of various kinds. Observations of this kind,
with the low dispersions employed, nsuslly delineate
the outline of tha bands without yielding much
information about their finar strocturs,

The first photographic recording of the p, o,
banda, since the days of Abney, was e IMore
than 30 years ago by M [7] With the plane
grating spectrograph of the Johns Hopkina Univer-
sity, Megpers photographed the sun's spectrum from
8800 to 960D A on ordinary platas sensitized with
dicyanin. A few years later Burns [8), and then
Brackstt [9], again by using plates sensitized with
dieyanin, were sble to extend the sun’s spectrum to
nearly 9900 A. Both these observers notad the
variable intemsity of some of the strong lines near
9300 A snd suppested that terrestrial water vapor
was very probably the cavse of their appearance
and Fior.

About 25 years ago, when new photosensitizers
hecame availahle, it was ible to record spectra
photogrephically with lhigh dizpersion; first out to
11000 A, later cut to 13000 A, with the same pre-
cimon a9 that used for tha shorter wavelength regions.
At the National Bureau of Btandards [10] the work
of extending ouvr knowledge of the infrared emission
gpecira was undertaken on about 50 chemical ale-
ments. One of the first fruits of these new investiga-
tione waa the ition of the water-vapor aheorp-
tion bands superimposed on the continuum that
usally accompenies the emimsion lines and bands in
the spectra of arcs between metallic electrodes.
Their nuizance value in a study of emissicn-line
specira was soon felt when it was reslized that errors
of wavelength nd intensity sfflicted all lines that
were hlended partia%ﬁecr almost completely with the
abasorption lines, refore, it became important

arr



tor deternane the “'Il‘rl'h'll}.[‘!i- il intensities of these
linges =0 thot their cffeet on ||4mr'|_'.' eotneldint gtonmie
und molecolar pmission lnes could be estimated.

I tecend, vears, however, the importance of (lgso
banids ligs been felt 1o other branches: of EALLH NS
copy. I the investigation with ifrared spoctrom
etors of catdons lemes conteining  hvdiogen
e L -"l’rl'l"i'lulll|||-'~_ thise honds and others, doe to
thee Hatd maolecale, appesr in emvission with intensities
proportional to the tempergture of the Qoo  In
prperinents on the absorption of hguds and vapors
they appear as sharp absorptaon’ lines in the con-
tiuwois speetruny OF the soures, i fhe Spectroiiwber s
filled with air eontsinmg mosture. These facts
hove led to the soggestion: by Plelee (18] that the
bunds Lo oeed s wtaoderds o the calibrotion of
infeared spectrometiors, particularly of grating spen-
trometers i which the shortwand regons of over-
||1[I|Jj:||!_' arlers FLE AT ||.-'|-LE {EV] |'1|]inl'||t|' il ]|1||;_';1.l.'|1r|[
first-order spoctrun, o whiclh reltable standards are
still Inecking, The wllocation of the lines (o tlhe
f i (L oand A hranehes of the bands e the vibiabion-
rotalion spectrom of the HO moleoule was first
carried  theouweh by Meeke and eolluborators |12,
wliik jllh-r‘j]!'tltvli he spectrim on the basis of the
npsvinmetrieal: rotator.  The wavelongths used by
them for the bonds st 00038 amd 108 g afe those
measured by Lioeg wred Hledfeld [13]. This sarlier
work an the analvsie of the bhonds was Inter revised
and extended by Bonediet [ 14],

2. Experimental Details

In order o seeure spectrogenrms of tlie wibor-vipor
bands nnudfected by atomie and moleonlar omission
Teatures, several exposares were made o o Point-o-
lite lamp, & very conveniend sonres of eoptinuons
radiation.  T'wo sets of observations were made, the

first enrly in Docembeor 1954 whon the air in the
liboratory was dey (Che recorded relative lamadits
being between 20 and 2555 ); the second i Joly ang
(935, when high relative hoansidities were
on Lhe doly date, 50 to 575 on the

A=
sopnrclod (5019

okl

nmigg —
20
500

Aygrust dotes),  To obtain the speetrogranms,  twi
f-in: coneave eratings of 21-ft. radius wore: usod:
ooe wns g Rowlaod groting with 200000 lines por
inely, theother a Wood grating with 150000 lines por
inch. Eneh grating was set np inoa Wadaworth
movnting, i which the total lieht path source-lo-
4'!|||it|'|.|1.uj'—[u-;."!'ull|1:,':-ll1--|1|||l.l' Wis u|l|lt’lr.‘~;llrlntl'!_'m L1
n.  The Rowland geating, withea dispersion of 3.4
Almun in the first order, was used only for the Daned
gt 0.0 w, whereps the Wood grating, digpersion 4.8
AJman, was used for both banda,  In juxtaposition
to bhe waber-vapor spectrunn, cacho plite feceivierd
vaposuris to tht dron are to supply standosds for te
wivelongth roductions.  The desired ordier of spee-
tram for esch exposore was securtd by inserting
appropripte coloped-glass Altees o e light path
batween: the souree and the slit,  For recording the
apectrn, plates eonted witl Joastoomn T-Moamd 14
erualsions were aed,  Tmedintely belore exposirg,
pach plate wis hvpersensitized in an ammone bath
aeeording to the procedure described By Borka [15],
The bands are lustroted in figure 1.

3. Discussion and Results

Visual mspeetion of the speotrograoms reveals only
dlight differenees amongz those tmlken on dey and
ill.l_[l'liil il“l"."- rI-\IIH' Il_l_lll.‘[ ‘-ilil“. n I-i"'l.\' e 'I.'i'l"_\ I-Ilill‘
lines than dio the plates taken when the air was
relatively dev; but theee i w0 fudieation of brosdens
ing and bloding of the bapd lines sueli os dediir on
the aolar spectrograms,  The wavelengths messured
ore thed dulferent plates for the individoal Bnes aee in
very olose agroemont.  Therefore, the values adopt-
eil Tor entry m the fiest columns of tables | and 2 are
the unwenzlibed  svernges of the differcot measare-
munts For ull I|l||' lines 11 bablo |I exeopl n [y l,llf
the faintest, the wavelengeths wre the means of foar
iegsirements,  Sunilorly, the values of oearly all
e linis of toble 2 wes he menns of three measire-
ments.  Inothe thivd eolumn of each table are given
e vt wave nocabers of the ines as mbecpolted

from Wavser's Tubelle der Sebingungezablen.  For
—
" e
_j a
I i i |
o
8 8 a
¥ = i

= - -
; : g
Fiovne 1. Jufrared Sipneds of weter T

ta) walévepipar: &) Feoare, 2d grder; (0] Fe arr,

600
8700

FI! priler,

378



Taerx 1. Wovelengths, indensifies, and ware numbers i ths bond & 115 0
Inten- Totaa- Inten- Iniem-

Warehngih B[;l‘]% gﬂ DE,_:& Wavebagih Hntmgd nﬂ& Warsangth _ulr.]r mgd n&ﬁ Warslenglh ’“Md nE:m

A =1 A =l A L A ML
11820, 265 1 [ BSO3 30 | 11448 42 12 | BT35. 81 || 11312 35 1 | BRE3T. 47 [| 11197 0% 10 BO2E. 44
116000 Dt 1 | BOLT. 50 | 11440, 47 5 | BF3E 5O (| 11298 3] 5| BB4B. 05 (| 11142 41 4 Boal. 40
11586, 66 4 | 8628 25 || 11434 83 10 | 8742 92 || 11204 42 Al | 2361 5C || 11190 85 7 BYEE 41
115745, 25 2| 8638, 76 || 11419 04 4 | 8754, 90 || 112900 11 2 | BES4. BE (| 11180, 12 5 Bde 7O
11562 19 1| 8da 51 (| 11418 27 1 | 8760, 03 || 112364 B 12 | 8857, 43 || 11157, 26 h 8036, 25
11554, 71 T | B652. 11 || 11405 53 30 | 8765 04 || 11282 14 12 | SH6L 13 (| 11124, 16 20 8937, 16
11540 T4 1°| 8638 08 || 11397 41 1| 8771. 52 || 11275. 75 40 | B866. 15 | LL1B0O. 75 25 941 49
11541. 64 1 Bedl M) || 12096 3¢ €| 87T g2 ] 112V 02 15 | 2249, 87 || 11172 16 107 8048 35
11537. 38 3 | 5665 13 || 11382 28 20 | 8783, 21 (| 11286 06 1 | 8874 68 [ 11169 73 15 2950, 3l
11623, 06 <1 | B66T. 8Y || 11373 &4 1] a7T80.60 || 11250 31 20 | 827000 || 11165, 80 3 ROB3.- 48
11524, 25 12 | 8874 97 || 11374 28 1] 8To) 13 (| viges 57 12 | BE22 g4 || 11165 02 1 2054 08
11523, 19 10 | 5675 77 || L1358 00 15 | 301, 85 (| 11263 13 4 | 8383 04 || 11163 7 2 BOSS. 0F
11617. 22 12 | =8E0. 27 || 13357, ™4 25 | 3802 13 | 11252 47 5 | BEE4. 50 || 11163 06 1 #06E. 85
11505, 06 2 [ 2836 76 || 11340 82 7| ER0R 4B || 11251, 15 40 | #6554 || 11162 20 [ BO5E. 27
1156045, 37 2| 8630, 21 || 11348 48 2 | 3800 33 || 112458 26 1 | 8887 82 || 11160 35 2 BOST, 82
11487, 87 <1 | 5806 26 || 11544 30 an [ BS1L 02 || 11242 04 1| 5862 74 || 11150 35 1 RUEE. 63
11405 13 | 2047 | 3006, 98 || 11846 04 5| Asil Of | 11240, 67 1 | AR08 82 (| 11156 34 <1 £06]. 22
11493, 140 3 | BADB. 40 |[ 11343 TB 15 | BB12. 958 || 11235 17 25 | 8895 1R || 11152 03 [ Ea6d 51
11492, 08 1 | #9090 28 || 11343 24 1| §A13 38 || 11253 08 5 | 8309 12 (| 11148 %91 DY R0E7. 03
11425, 52 T | 8704 28 || 11342 Bd 4 | 8818. 05 || 11238 20 7 | 8500, 88 (| 11147 97 1 8067, 78
11433, 78 « 1 | 8705 3% | 11338 13 15 | 8817 37 || 11224 92 25 | 8006, 30 || 11135 05 2 £077 38
11473, 12 156 | 8713 a4 || 11337 21 <1 | 8818 {1 || 11222 92 1 | 8907 BR || 11124 a7 b &O7R. T3
11471. 64 1| 2714 76 (| 11334 20 D | 8820, 36 || 11231, 40 6 | 8009, 00 f 11128 28 <1 BOB3. 65
11470, 20 T 8V1& 26 || 11333 31 & | 82321, 12 [ 11221 14 20 | 8900, 30 (| 11126 97 1 F054. 7O
11467, 50 10 | B717. 91 || 11332 30 6 | BE21 00 (| 11217 40 T 1 8012 &7 || 11120, 62 <1 BORO. B3
11463 6% 40 | 8720, &L || 11329, 64 2 | %2323 97 || 11216 54 20 | 3042 05 || 11142 03 2 8. T8
11458, 30 10 | 3728. 48 || 11324. 99 <1 | 232605 | 11210 62 18 | 3917. 68 || 11100, 40 1 2908, 92
11451 47 15 | 87300 11 || 11321 64 T | £330 & || 11201 12 15 | R026. 22 || 11106 00 1 L. 65
11200, £4 15 | BO2A 45 || 11102 =24 Z ML 20

TabLe 2. Wara Langths, frulenaftios, ond woes numbera in e band of 333
InjsnelEy Intenzliy Intankltiy )
Ware kbigth Ab  [WWAVESOMber || Wihve Jaogth | sod  (Were oumber ||Wava logth| sod  |[Weve number || Wers ength [T WATS DMy
Lk nrtea nakee boked

A e A cmmi A e A ot
O7R2 4h | o1 10215, 60 || D5GS D6 1 10447, 59 || 9461, 33 G 10566, 44 || 9357, 543 4 10523 66
OT5T. 65 1 10246, 65 || 9566 &3 7 JI4h0L 14 || 94600 01 il 10687, 42 || fa5d 2D 20 10687, 35
o9 32 [ <1 10254, 31 | 9565 Q7 a 10451, 84 || 9456 18 10 10672, 22 || 9353, 38 1 10688, 16
4743 56 1 10260, 38 | 9md RO 1 10453, 13 || D454 67 1 10573 8% || bdsd. 04 | <1 10638 78
OT16. 32 [ <1 100, 30 j 982 75 | <147 10254 £8 || 9464 05 1 10574 5d || 9345 48 16 10697, 43
0L 41 [ <1 10304, 95 [ 95537, 31 3 10460, 33 || 9445 93 1 10583, 61 | 2344 16 5 10698 04
Gaan. 37 1 10327 36 ff 9650, 11 | <1 104687, 64 || D4dd, 47 | =71 105845, 30 i 2343 52 2 10690, 67
PBT0. 86 [ =1 10387, 72 || 0668, 43 4 164 558 || 9443, 33 b 10686, 6O f| 2342, 61 20 10704, 72
. BOad. 3D 1 10348 67 || 9548 T4 | =71 10462 71 || 9441, (& 10 10589, 13 |; &30, A7 3 10704 48
BG5S 821 | <71 10342 33 2 Hi4T4 63 || D44 66 10 INAKEO. &Y [} 9333 44 gl 10705, 40
PB4 s, B2 1 10334, 55 | 9643 02 T | 10474 00 | D437 73 7 10592 87 || D33T. 12 1 10707, 00
Gt 73 [ <7 lep | 10360, Bl || 9540, 90 1 10478, 32 || 0430, 62 5 10600, 85 |[ 0338 0 | <1 10703 26
D637, 50 1w | 1D3TE 20 || 95305 94 D | 10433 77 || 2R 22 | 20 HG)E 64 || 9334 51 3 10710, 00
B536, 42 1 10385, 2% | 9528 43 1 104902 03 J Q426 8T | 18 10605 Q8 || 9333, 55 10 19711, 1)
Sa22, T2 1 103480, 22 || 9525, 00 1 10405, 74 || 9421, 81 1 IR0, 77 || 9331 E1 1 10713 44
8621 25 1 10390, B1 j| 9622 27 15 | 10493 B2 | 9417 66 3 L0615, 44 || 9327, 74 2 WPLE 5y
B0 BT [ <71 10342, 15 || 9510, 31 2 105802, 09 || 9410, 42 4 10623, 61 || %325 46 5d? 10720, 39
9618, 17 1 102684 14 || 9516 ¥3 & | 10504 &5 (| 0308 97 1 10830, o6 || 8324 19 1 10721, BS
BG1S B0 [ <71 10397 03 || 9501, 73 ] 10621, 2 || G387, 02 1 10650, 09 || 9323, 19 1 10723, 00
BE15 93 1 10387, 53 || D800, g2 12 105822, 42 || 9386, 65 i 10650, 51 || 431407 b 10727. 74
9614, 95 1 10402, 82 || 9497 44 & 10526, 27 || 9341 14 15 | 10866, 78 || 2316, 54 5 10730, 31
PG 12 lw | 10408 26 || 9404 21 10 10629, 74 || 9379, 60 | <1 10658, 51 || 9316 24 a 19731 00
0502 58 1 421 92 || 407, 44 1 10530 70 || 9377 67 12 10860 71 || 9316, 88 <1 10731. 33
9591, 23 1 104235, 84 || 9481 a7 15 10644 78 || 937L 46 | 20 10687, 758 || 9315 L5 1 10758, 20
¢ U500 14 1 10424, 52 || G430, 27 a5 10545, 33 || 93609, 3D B 10670 13 || 9300, 44 ] 10735, 84
95589, 04 i 10425, 69 | 9479, 19 [ <71 1546 53 || D30H, 41 4 10873, hZ || 9302 09 dd? 10740, 40
0581, 12 3 10434, 33 || 24TL 47 1 10551, 79 || 2384 83 B | 10675, 32 || 9303. 76 1 10745, 0%
570, 04 Tw | 10435 62 | D460, 30 2 LOASY. 45 | D35E 65 5 10652, 37 || D300 88 | <1 10748 72
O5TL 31 | <71 10445, 03 | D483 44 1 10558 20 || 9357 81 B 10623, 53 ;| 2300. 25 | <1 10745, 33
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the band at 0.93 n, they were read directly from the
f.a.bla for the 1.15-2 band, were inter l;ed by
roredure described hj" . ). Baheock [16]

T o second columns of tables 1 and 2 cuntain the
intensities of the band linee as based on vizual esti-
mates. A compsarison of these estimates for the
fainter linea with those made by Babeock and Moore
[17] for the same lines in the solar apectrum shows that
on the average those marked <1, i, and 2 correspond,
respectively, to the solar cstimates 25, 40, and 50,
For the stronger lines, no reliable sorrelation with the
solar intensities is feasible because of blending; bat it
iz evident. from the above comparizon that the fainter
membars of the bands cannot be cted to appear
in the laboratory spectra. The letters w and 4
after the intensities of eome of the lines indicate that
the-y are wide, probably unresolved pairs or pairs
on the verge of resolution.

In the solar epectrum, the water-vapor lines are
groatly widened owing to the long light path in the
earth’s atmosphere, so that most of them are affected
b:,r blending with other lines of terresirisl or solar

in. However, for some of the fainter lines the
effel:-ta of blsndmg sre very alight or absent. The
wavelen%b&s mesaattred for such lines in the solar and
in the ls spect.m ﬂﬂ gwen in tables 1 and 2,
are il very goo On the other hand, a
eomparison of tha wnve]en hsa recorded in this pnper
with those published by Lueg and Hedfeld show
marked diferences. These investipators followed an
exparimentsl procedure essentially the earne ns that

described in this paper, However, their wavelengths
for the stronger lines in the 1.13-g band are, on the
average, 0.16 A shorter thaa those of table 1, wheraas
those they zive for the 0.93-z band are lnngar than
the wevelengths of table 2 by (.16 A. The cause of

the discrepancy batween the two sets of messurement
iz not apparent.
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