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SUMMARY

This report contains the first ambient temperature measurements of the
pressure dependence of the water vapor continuum absorption in the 3.5—
to 4.0—micrometer spectral region. In particular , an extensive set of
measurements at 25°C has resulted in a measured value of the foreign—
to—self—broadening coefficient of 0.011. This value was found to be
frequency dependent and is an order of magnitude smaller than the value
of 0.12 measured by Burch et al. at higher temperatures. This self—
contribution to the water vapor continuum was nearly an order of magni-
tude lar ger than pred icted by the Burch ex trapola tion scheme based on
his higher temperature measurements. These results were used to formu-
late a new model for the water vapor continuum in the 3— to 5—micrometer
window. The continuum appears to have contributions from both far wing
type and aggregate—water—molecule type absorption , the latter having
little or no foreign broadening dependence. Calculations are presented
for the absorption due to the water vapor continuum as a function of
relative humidity at ambient temperature and standard pressure using
the new model based on the new 25°C data and previous measurements at
23 C. The temperature dependence of this model will soon be determined
by measurements in progress at the Atmospheric Sciences Laboratory (ASL)
and will be reported at a later data.

The results presented in this report will increase the accuracy of
modeling results used for the performance prediction and evaluation of
Army and DoD electro—optical and high energy laser systems.
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and t~ is the pathlength in kilometers.

Si nce the water vapor continuum is a residual absorption in spec t ra l
regions between strongly absorbing bands (i.e., atmospheric windows),
the absorption is relatively weak (a few percent/kilometers) vet important
to the operation o f many EO including HEL systems (3]. To understand
what causes this absorption and hence accurately model it , extensive
measurements of the pressure and temperature dependencies of the cc i n t in—
u uln must be made. The physical  mechanism responsible for  the water  vapor
continuum absorption in the infrared atmospheric windows still remains
in Question . Several recent measurements of the continuum in the 8— to
12—micrometer window imply, in part, the existence of an aggregate—water—
molecule type of absorption (perhaps water dimers) [4,5] with strong tent—
perature and weak foreign gas broadening dependencies. Measurements of
Burch et al [2] at elevated temperatures imply a far wing type continuum
in the 3— to 5—micrometer window with weaker temperature and strong .’r t’or—
eign gas broadening dependencies. (However , the Burch measurements do not
extrapolate well to ambient tempc ’ t a t t i re s , as i s  e v td ~ uoed by the’ f a ct o r  of
2 difference between predictions and previous ASL measurements

A deta i led  dis cussion of the func t iona l  f o r m  of the far wing type water
vapor cont inuum has already been given elsewhere and will not be re-
iterated here [1]. The absorpt ion coe fdci ent  was g iven as:

k ( v , T)  — n [ C s ( v~ 1) Ps + C1 (v , 1) (1)

where n is the number of water vapor molecules per cm 3, C and Cf have

units cm2(atm molecule)’ ’ and are frequency (v) and te~parature (T’
)

dependent empirical parameters which qualify , respectively , self— and
foreign—broadening contributions. p~ and p1 are , respectively , self
(i.e., water vapor) and foreign gas par t i a l  p r essure in atmospheres.
In the following discussions the pressure w i l l  be given in tort  instead
of atmospheres with a corresponding change in the uni ts  of C5 and C~~.
An important quantity needed to accurately model this absorption as a
function of pressure is the ratio of the foreign—to—self—broadening
c o e f f i c i e n t s  Cf /C 5 . In the 8— to 12—micrometer window , the ratio of

Cf/C8 is measured to be at most 0.005, with a lower bound of C1/C 5
approaching zero [6], which is &~vp ic*l of far wing type absorption .
The elevated temperature measurements of Butch give a value of Cf /C of

0.12 in the 3— to 5—micrometer window which is consistent with the far
wing explanation of the water vapor continuum. Increased absorption in
the wings of water lines (or “super”—Lorentz line shapes) has been
measured for water vapor on either side of the 3— to 5—micrometer window
[7 ,81, lending further support to the far wing explanation for a portion
of the continuum absorption observed in water vapor.

5
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AN ALYTICAL AND EXPERIMENTAL APPROACH

As a f i r s t  a t tempt  to exp lai n the  f a c t o r o t’ 2 discrepancy between the
Burch predictions for  the ambien t t empera tu re  water  vapor con t i nuum
absorption and the ASL measur&.~en t s , the pressure dependence of the
absorption needs to be investigated . This investigation entails measur-
ing the se l f—broadening c o n t r i b u t i on  C as well  as the f o r e i g n — t o — s e l f —

broadening ratio C1/C 8 at ambient  t empera tures .  For the present  measure-
ments , midlatitude summer (?fl.S) type conditions were used : 14. ~ torr  of
water vapor at 25°C w i t h  va:’v ing  pa r t i a l  pressures of air (80/2 0  mix ture
of N 2 /02 ) .  If the Burch elevated tempera ture  va lue  fo r  c 1 /c , ot 0.12 is

correct , t hen the self—ter ii i  n5C5P 5 (no foreign b r o a d e n i n g ’) would con-

t r ibute about one—seventh of the t o t a l  (self— and foreign—broadened ’)
absorption at standard pressure (7bt) torr ’l , while th e’ t o t a l  a b s o r p t i o n
would be increased by 50 pe rcent I t  the  t o t a l  p ressure  is a i r  broadened
to 1—2/3  atmospheres (about  l 2 t 0  t or r ’) . Acco r d i n g l y  the  measure m ent
scheme was to measure the ’ ab so rpt i on  of 14 . 1 tor r  of w at e r  vap or  air
broadened in 250—tort  in te rva ls  f r o m  0 t o  1250 t o r r .  Fr om thes e’ measure--
ments the se l f—con t r ibu t ion  C . as we l l as the t’ o r e i g n— t o — s e l f— l ’ r c a d e n in g

ra t io  Cf /C 8 can be deduced.

The wa te r vapo r cont inuum a b s o r p t ion  mt ’asut’ e~”e’n t S we ’r e ’ p e r t  ormed by
using an experimental  setup described e’l s e wh er e  [ l ,’),lO J. A h u t’ tunah ’le
3.5— to 4 .0—micrometer  DV i a s er  i s  used in  con j un c t  io~ w i  t i ~ •t .‘ l— m l on C—
path absorption cell w i t h  conven t iona l  W h i t e — t y p e  o p t i c s . .\ t u I l v
automa ted path differencing techn ique” i ll) w as used t o  p e r t  c t r ~ these
measurements — the pa th d i f f e r e n c e  be ing l~il.~ I” . ilie ci: t~.is m a i n —
tam ed at the summer t ime laboratory n~’if 1 n.tl t e m p o  r a t  n rc  ol 2 S”i’.

These measurements are no t easy to perf orm f or sev e ra l  rea sons.  The
absorption of air broadened water v a por  at  each laser l i ne  is due not
only to the water vapor continuum but also to line absorptions from H,,O

and HDO molecules and , near 4 . 0  m i c r o m e ter s , s u b s tan t i a l  abso rp t ion
arises from the ni trogen cont inuum especially at  the higher buftering
pressures. The problem ol ’ r e l a t i v e ly  s t rong 11110 l ine absorption is
somewhat al leviated by using (as in previous experiments) (1 ,12] a
deuterium depleted water  samp le with one—fiftieth the normal 111)0 ‘on-
centrat ion.  Even with  deuter ium dep leted water , predic tions must be
obtained for  the line absc.rpt ions at each laser l ine  for  each b u f f e r i n g
pressure and subtracted from the total absorption to obtain the contin-
uum contr ibut ion . These ca lcula t ions  are pet formed by using the AFOL
line para~ eter comp ilat ion (13 ] ,  and details 01 the pr ocedures  are
given elsewhere [1]. The problem of the nitrogen cont inuum absorption
was essentially el iminated through the usual procedure  ol r a t l o i ng  the
transmission through an atmosphere with the deuterium dep leted water
vapor present to an atmosphere without the water vapor. One sa l ien t
feature remained , however , in that the weak laser signals at the ends
of a series, in p ar t i c u l a r  the 

~ 
. i laser l ine  se r i es near .

~ .0

(1 
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mb rontt’tt rs , we’re s t ibs t  ~u I l t  i . t h l  V at  t e ’n t l . I  t e d  h~’ the ’  nit ro~ en a h s or p  t i on
rt’sul t in g  in moi’e data Scatter.

A second and even more comp licating fac tor is the magni tude  of the
water vapor continuum between 3.5 and 4.0 micrometers. The relatively
weak c o n t i n u u m  absorp t ion  does not have spec t ra l  f i ne  s t ruc tu re’ ; hence ,
hi gh r esolu ti on and spec tral scanning are not required , bu t high—
sensi tivity absorption measurements are . The measurement of ambien t
tempe r a t u r e  water  vapo r continuum canno t be simp lif ied by significantl y
in ct e a s i n g  the w a t e r  vapor con ten t  (and hence the magni tude  of t he  weak
ab s o r p t i o n )  because condensat ion w i l l  r e s u l t .  Thi s condensa t ion  r u s t
be strictly avoided to perform accurate long—path absorption cell mea-
surements. Bearing in mind these factors , the meas urem en ts perf ormed
during this study were difficult to obtain even with the sophisticated
long—pa th absorption cell used . Without the automated path differ—
encing technique used [11), it may not have been possible to perform
t h i s  s tud y at a l l .

1) 1 SCt’SS I ON OF E X P E R I M E N I’A 1. R l - S V I , T S

The ab s o r b i n g  and nonabs or b  ill absolute ~‘e11 transmit t ,mo es re ’pr t ’se n t e d
by (a s d i scussed  i n  r e f  I’~ 1 [N . i] and T [N, I], re ’speoti ~’el~’, t~’er ~’
r.icasured at 25°C for a 37—spo t (i.e., N = 37) mu l t l path in a f u l l y  i~u t c —
mated 21—m. long—path  absocpt ion  cell (i.e., L = 21 m) fo r  26 DF laser
l ines rang ing in frequencies from P1_0(2) at 2862.646 cm~~’ to P1_~~(ll)

at 2471.243 cr.’~~~. For the absorbing case , a pressure of l~~.3 torr of
deu terium depleted water vapor was used and replaced by 14 .3 tcrr of 02

for the nonabsorbing case. Six absorbing and nonabsorbing cases were
investigated with foreign gas (80/20 mIxture of N~~/0~,) b u f f e r  p ressu res
vary ing in 2 50—tor r  i n t e rval s  f rom 0 to 1250 torr. The cell total
pressures  were thus 14.3, 264.3, 514.3, 764.3, 1014.3, and 1264 .3 tc’rr.
The water vapor continuum absorption coefficients for each cell pressure
are fundamentall y ob tained by app ly ing the I,ambt’rt—lieer e’xprossi on
T exp (—k’a) to the absolute transmittance of the water vapor with a
‘ t ’ path difference using ‘I’ = I [3 7 , l~ / 1’ [37,1] and then subtracting

the water line absorption predictions [1] obtained by using the AFGL
tape [13].

In these measurements the nonabsorbing absolute cell transmittance
In [37 ,1) was not truly nonabsorbing because of the presence ci the

n i t rogen  continuum near 4 .0  micrometers .  Measurements  of the n i t rogen
cont inuum have alr eauy been made by Burch [2] and can be used to obtain
a correctlo~i fa ctor ( ‘ ) , to make the I~ [37,1) values truly nonabsorhing

t ransmit tances T11 
[37 , 1) for  each cell pressure .  The same fac tor of

cour se must a lso be used on th e abso r bi ng I
~ 

[37 , 1] values corr esponding
to each cell pressure so as not to a l te r  the value of the absolute
transmittance of the water vapor 1’ — I [37 , l] ’/ i ’  [ 3 7 , 1]’ . Befo re ’

- ~~~ —
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such a correc t ion was per formed , the nitrogen continuum absorption was
checked b y comparing the absolute cell transmittance for a 1512—rn path
difference with 1250 torr of N9 to 1250 torr of an O7_A r mixture (a pure

02 atmosphere was not used) against tile Burch measurements. Three laser

lines were used P~~~2 ( l 1 ) ,  P3 9(l0), and P
3 9(9). The results were about

10 percent below Burch but with overlapp ing error bounds. Hence Burch ’s
values were used to co r rec t  t u e  abso lu te  cell  t r a n s m i t t a n c e  va lues .

The reason for the above d i s cus s ion  of correcting for the nitrogen con-
tinuum absocption will now he made c lear .  The measured value of the
water  vapor t r an sm ’t t ance  ‘I’ wh~’n ob tai ned by us ing pa th  d i i  f e r e n c i n g
e x h i b i t s  a lmost  Le o l ong—term d r i f t  e r ror  commonly assoc ia ted t~i t h  long—
path absorption cell measurements and hence is nearly time independent
[1 4]. The values of 1 [ 3 7 , 1]  and T~ [;i , i]  at  each cel l  t o t a l  p res su re
should also remain time independent  b a r r i n g  a m a j o r  e x p e r i m e n t a l  se tup
c h a n g e .  ‘I’h i s  i~ roved to be’ t h e  ~ a St d u n  n~ t lii s expe  u- i  ‘ ant  .

the r e ’  in no ,i  p r i o r i  r~ ’ , i s o n  w h y  t l i e  n i t r o g e n  t’O f lt  in t i u m  ~‘o rr e ~’t t ’d 1

[ 37 , 1]’ values should not change with total cell pressure. Increased
cel l  pressure , though nonabsorbing, does spread the laser beam and has
t he  net e f f e c t  of r e d u c i n g  the  cell ou tpu t  s ignal . Typ Ica l ly  5 to  10
percent signal losses were experienced by the laser line f r e q u e n c i e s  in
a monotonic fashion as the nonabso rb ing  gas p ressure  was changed f rom
14 .3 torr  to 1264 .3  t or r .  Tile loss experienced was not cons i s t en t  f r o m
laser l ine to laser l ine  (pe rhaps  beam geometry  r e l a t e d )  but  d id  v a ry
e s s e n t i a l ly  l inear ly f o r  each line w i t h  t o t a l  ce l l  p r e s s u r e .  Hence , a
least squares linear fit was used on all of the ‘I’

~~[37 ,l ] ’  values for
the six different cell pressures to obtain more accurate yalues for
T [37 , l ) ’  for each cell pressure. There was some ind ica t ion tha t the
l3urch n i t rogen  con t inuum a b s o r p t i o n  values  were s l i g h tly  h igh  s ince  the
T (37,1] values fo r  laser l ines  near 4 .0  m ic r om e t e r s  e x h i b i t e d
essent ia l ly  no loss w i t h  increas ing cell pressure  i n d i c a t i n g  that  the
N-,—corrections overcorrected and eliminated these effects. Examp les
with and without the nitrogen continuum present , P3 2(9) and

respect ively ,  are given in the upper p lots of I’ igur e s  1 and 2 .

Before  the absorbing absolute cell transmittance values I [37 ,lJ could

be analyzed , they had to be corrected for  n i t rogen  con t inuum absorpt ion
plus 1120 and HDO l ine absorpt ions  so as to reflect only a transmittance
loss due to the water vapor continuum before ratioing them to the

co rr espond ing T [37 , 1) ’ values. These transmittance values are de-

noted as T [37 , ],) ” . However , using the sane kind of l inear  smoothing
on the absorbing absolute cell t r ansmi t t ance  values 1 [37 , 1]” as was

used on the T [37 , 1] ’  values is not strictly valid , since if equa t ion
(1) is correct , the absorption coefficient , not absolute cell trans-
mit tance, is linear wi th foreign broadening pressure. Fortunately,

B
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since the abso rpt ion coe ff i c i en t s  are small (a few pe rcen t/k i lomete r ) ,
t he absolute  t ransmi ttance  values are very nearl y equal to 1 mi nus the
absorption coefficient so that a linear fit could be applied to the ab—
sorbing absolute cell t r an s m i t t a n c e  values T [37 ,1]” as wel l , to in-

c rease  the a c c u r a cy  of tile va lues  at each cell pressure (see middle plots
of f igures 1 and 2 ) .

Taking the r a t i o  of the l inear curve fit values of 1 [37 ,1]” to

1 [37, i]’ for a given cc. i i  p ressure  y i e ld s  the absol u t e  t r a n s m i t t a n c e

due to the water  vapor c o n t i n u u m  absorp t ion  over t h e  1 .512—km p ath  d i f -
f e r ence .  The cor respond ing  per kilometer absorption coefficients can
then he cal cu lii ted for each of the six c e l l  pressures u sed by d i v i d i n g
— I n [ T ]  by the  p at h  difference’ of I • 51 2  km. A l i nea r f i t  w i t h  respect to
f o r e i g n  broadening pressure  was again aPP I ied to these va lues  fo r  eat -il
l aser  11110 to o b ta i n  more ac c u r a t e  v;u I ties (set ’ lower s o l i d  l i n e  p lo t s  of
f i g u re s  1 and 2 ) .  The e l a b o rat e  scheme of da t a  r e d u c t i o n  is designed to
obt a  in tile best possible ’ vii i (108 f o r  the weak so i f — c o n t r i b u t i o n  to the
w a t e r  v ap o r  e’ont i n u u m  a b s o rp t i o n  and hence  an a c c u rat e  fo rt ’  i gn — t o — s e  I f—
broadening cue II it ’ ient • The a b s o r p t i o n  cot’ f l i c  l e n t  s for a l l  26 lase r
lines are listed in t ab l e  I and arc p l o t  ted In f i g u r e s  ‘3 and 8 fe)r each
cc’ 11 pressure used and art ’  compared  to t h e  R u r t ’h cx t rapo 1 a t  ions ( s ol i d
curves) , ,  The’ sd 1 — c o n t r i b u i t  ion shown in I’ I gu n e  3 is  weak (ii few p e r c e n t!
k i l o m e t e r )  but, not near l y as weak as the extrapolated vii i ties obtained
f r o m  the elevated temperature data of B u i r c h , ,  in  f a c t , tlit’ ~ib sorp t  ion
is strong in comparison • Al SO , note that the’ at ’ t or of 2 di f f e ren ce
observed previousl y at 23 °C [1] was still p r e s e n t  In the  25 °C d a t a  a t
764 ,, 3 to r t  t o t a l  pressures  !~ comparison between the Present work at 25 °C
and the previous measurement of the  waler vapor cont inunni absorption at
23°C is shown In figure 9 • The p resent  d~i t ii are in gene’ n ;l I about 1 5 per-
cent l ower hu t  well within the meastirenielit uncertaint y ot about 0.01 km~~
F i n a l  ly ,  compar ison of t i i t ’  14 • 1 torr d a t a  and 1264 . 3 t or r  da t  a i n di c a t e s
much weaker  dependence  of the water vapor con t inu i u n i  on tort ’ go broadening
pressure than liurch measured ~ t 1 55 O (.

Before the actual value of the foreign—to—self—broadening is obtained ,
f u rther data reduction is necessary . At each foreign broadening pres-
sure a quadratic least squares f i t  of the absorption coefficient versus
frequency was performed by using the da ta at all 26 laser frequencies.
These f i t s  are represented by the dashed l ines in f igures  3 to 8 and
all have very similar shapes , inc luding minimums near the same fre-
quency. The values at each laser frequency are listed in parentheses
in table 1 and shown as a dash~’d line linear fit for laser lines
P1_0(4) and P3_2 (9) , respectively, in the lower plots of figures 1 and

2. An iterative process could have been used to make the curves at
each pressure have exactly the same shape by performing a linear least
squares fit to the quadratic curve fit values at each laser frequency
for the six foreign broadening pressures.

q

7 ~~~~~~~~~~~~~ - -
~ -— Z~~~~~~~~~~~~~~~~1’~ ~~~~~~~~~~~~~~ -



_ _ _ _ _ _ _ _ _ _ _ _ _  ‘~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

Th.se VN I UP S e’ e C l I  i.e1 t hi’t~ iii’ IIMi ’CI  to oht it in a new quadt’st Ic (I t ot abse*ip —

t I on % ‘et $ t t s  I t ’PqUI ’Ue ’V tot (Ite six I ole I~~It bl’oadet%i tl8 ~ilP5NLi t’P$, and fit.
pi ecess I •pPa t i’eI . lit Is ~C I  t ’t’t ’MM ws~ i tot  put  stied l’~~i~au~ p (it.  ( l i s t
I t ~ t’*t I Ot t pt e’elue’ ed O f t  V tit t it Inta I c hMtt 8eS I rem t he cut -v e I II s shown i t t
f t  gut t’a I t o  8. Noti ’ t h at  t he  qunelI’a( I C ’ t It s used en lte elat a wci ~‘ net
pet I ce t shape i •‘ I’ l e  sen t i l t  lens ~ t t he c e nt  I i t t it it s  abst’* p t ton . The ends ot
1 lt~ e ’ I I IV CN appeit I t o  I ( M i ~ t o t ’ t ’8p l i t  i v  t ’$%it ~~’ tal iv at t he hI giter bread—-
en I tig 

~~ 
,‘SMul’.’s • ~\s a t e s u  It , e xt  I i tpu ’ 1st t O l l  out sIde I hi’ • ~ I 0 6 •

mlc ’iemet et  tt’gion wilt I’i t’lel C ’nl V a p p i o x i ma t i’ v~~ iup s  l et  t h e  w a t e l
I,*~’Ot ’ e’eC fl ( tnuum itliSot Pt len.

The I o h ’  t SI t—  to—set I “-hi OltelPil lug c O t ’ t i l e ’ I cut 1t~ cat i  now he c ’s I e’u tat ed lot
each I lISP I I l’Pqttt’Ue’t’ , but ( 1 1 1 4 1  i t  sheet i C i  tC~ t’t’t ( p1’ eli’t I ned . %i q

11* — 
~~~ 

‘ t ’ , i’quat ion I, 1 ‘I e ~nt ho t cvi I tt en I ‘‘I a g I vt’n 1 asci i t t IE’ at

•‘‘~~ Su et 1 A .  I ( C C I I  of vat ei t’apot us

— it ‘ t, 1’. . I 4 i~~ 
‘I .

S I nee I he C I I I  Vi’ I It \‘a I ucs et k 
~ ~ 

p ~~~ I I’ I I tteni I v w it it t e ’i ~
‘ i git lu oact

I’It I 118 P I i ’$ $ t t I ’ e MI ’i ’ hot I Out clitliltOtI I I III’ Pt 01 14 i t t  I I ~ I II  014 1 i tt tut .‘ ~ , 011 1 1’
v a t iii ’s et k , i,ifl antI .‘“~~~~ ni~i’tt i’t’ etseel I o e ’bt a In  ( itt’ ~‘a i t i c s  of iI~
l i i i ’  ip seil t tug cxt i i  I ’ R M I C ’It t o t  iI~ Is

k ,~~ I ‘‘ c t ’i  — 
- 

t i l t / i .e . It i, I .‘ ‘ct l) - It
- --— -—-•J

~

O.

~

1l .4 ’4 ‘ - — • - - - - — — - - — — - ‘— - -.----

It • ( fl \ 1.’’Cf t !  It t t f l
e C

Va lues t o t  t Itt ’ I C C t e 1~~f l - - t  C ’ sel l t~t C ’~ % C t C ’ t t I n g  , - oc l  I I C  t c ’t t t  l i e ’ e’, 1~~,’ii I* i I . t I ’ t c ’
.‘ Snet I I gtui’t’ 10 I 01 it i t  .‘ I’ 1 aM P I i t  l I t’s  • t ’e’ 1 1111111 •‘ I t’pI it SPit t 1* I1~ I’S tue s
ot’t at uteil 1w U S I t i g  I he &ti’$e’ I p 1 t o n  ~‘~‘c I t  I c  I cut  s a l i t ’  t ihi-’ quadt’at  le ~ e’ltI 10

I I t  W A S app I t eel t 0 t ite set s C~ t tia ( a  at p 0 and I ‘ ‘0 t C ’l t • ‘l’iie Ii’  1

M C ’tfl’( itt t tg pt ’e’ti  i t ill  *be ’tt I t itt’si’ i~ ~ V~ I~it’* 01 l O t , ’  I ~,tt ’- I C~ ‘ii i’ i t l i I C C SC II’ t t I i tp .
wit Ii ’ It e’ SnilO I hi ’ C XI’ tat neil p~’i’n whett I it ,’ 0. 01 km measu i et’tettt ui t t
C ’ e l I  S I i t t  ~ ‘ 01 t itt’ S 1 I M C ’ t p I  b i t  c O t ’ 11 I C ’ I t’tlt P1 114 1 sket t  Into i% t ’e’t ’t I l t t  . 1” t t’nt
I I 8~II  i’ I 0 , II~ appei t t  14 t 0 ICt ’ I t  t’ I l U t ’ t l C  V tIPI’t’ttCtt’tlI • 1*110W I t I g  M it tS i i i ’  I I’S h IPS

i t e s t  , 8 i t t l  Ciii t bait  a t  •‘t ’OO c -rn , 1011111111 I t i ’ % ’t  t ’ senl  $ ~ alues  C~~t it~
bet ot t’ cut-v p I Itt l t t g ,  t l te lit ’ ,’ I .1 go t a  t ue I C ’h  t he I It sI l~e I lIg 1 1 .0% 5 ~~cI
( itt’ second ii . 010. ‘lit , ’  I t ’ I s it i’tei’ torn wI t it I skt t ug a III tsp it ’ iv,’ t age h.’ —
cul tIst’ t itt ’ vs l ut es ot  it * a t  1 .1  M PI II Itt’ w i t e t  ‘ 

~ C ~‘ 1* sitta i i  ltave I sigi’

title ’ i ’h t itt tt( I PM e l t t 6 ~ to t itt’ i / k  0 Clt ~~C P t t t I P l t C ’t’ C~ I ii~ • IIi ’ite’e ii WP 1811 t t’d
ave I age wou id he I I IC ’I t ’ I I 1 C I C I  C ’pI t s t t ’ , 0%

F ~,(‘

• 2  I C ’
b — i

— - -‘ - -  - — 104 ’t

— ~~~~- 
(, I1 ’I 

~b — I

10

~

- - -

~

‘- —- — - -,-- - --—---‘—-- - -=

~

- - - - - _ --—-— - -‘ — ,- —

~

- -‘- _ -
~~~~ -~~~~~~~~~~~~~ -~~~~~~~~

. - ‘- -- ~~~~ --



where the index represents the 1th laser line . The B* va lues  for  bo th
sets of B* values in columns 2 and 3 o f table 2 gave the same weigh ted
average value of 0.011 which is an order of m a g n it u d e  smaller than the
elevated temperature Burch value of 0.12.

One can conclude that the 3.5— to 4.0—micrometer water vapor continuum
exhibits similar behavior to the 8— to 12—micrometer region where th e
continuum is thought to be due to aggregate—water—molecule  abso rp t i on .
One should not j u m p  to the conclusion tha t there is no far wing type
absorption however. Note that 65°C foreign gas broadened water vapo r
continuum absorption data measured at ASL supports the 0.12 value of
foreign—to—self—broadening ratio rather than the 0.011 measured here
at 25°C.

AMBIEN T TEMPERAT u RE CONTINUUM MODELING

On~ could stop the discussion at this point and allow the readers to
model for  themselves the measured values of self—contribution to the
water vapor continuum and the foreign—to—self—broadening ratio at
ambient temperature. A method will , however, be conjectured herein
which should be taken as preliminary since , though it is consistent
w i t h  the results obtained thus far , it requires verification by the
extensive temperature dependent study of the water  vapor continuum ab—

- 
, sorption between 25°C and 65° C now being pursued at the ASL. The

reason for presenting the method of course is that the authors feel that
it will yield more accurate predictions than any of the presently
existing models.

First the authors feel that the water vapor continuum has at least three
significant terms instead of the two shown In equation (1). There should
be an additional term representing a possible aggregate—water—molecule

absorption (perhaps with ionic bonding) [15] of the form n8C~p6 which
results in a new expression for k

~ 
(v , 1) of

k
~ 
(~ , T) 

— n5 [c~ (v , T) p8 + C~ (v , 1) p
1 
+ C~ (v , 1) (5)

where the superscripts W and A represent , respectively , far wing and
aggregate contribution to the continuum absorption . The temperature
dependence (as discussed later) will not be the same for the different
terms. The justification for the expression Is obtained by observing

the behavior of the ternt C~ (v , 1). If the aggregate absorption in

the 3.5— to 4.0—micrometer region is similar to that in the 8— to 11—
micrometer window , there will be little if any change in the abse -etion

with foreign broadening pressure [6]. &~~~ i1 n5C~ (v , 1) p5 term gives

this behavior as well as a squared dependence on the self—pressure
since n8 p5.
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V~ lue’s of n5C~ (v , 1) c~tti  h~’ obtained felt e’acit laser line and
t ore Ign broaden tug j~ri’sseIre’ usi’d by assuming that the Ilurch ext r ap o la—
t ton La VII I Id lund r ’p r ~’sent s o n l Y  f a r  w ing  tYpe abs orp t ion  which  can be
subtracted I rem the  rnelusutTe’d cont inuum ah sorpt  ton coefficients • A set
01 the’ lturch pruel Ic I b its for the far wing cent inuu m cotit r ih u t  Ion

n 5C~ (p~ + 0. I.~ ‘I t o t  14. 1 torr watc i  vapor at •‘5 °(’ hut feted by the

V III locus foreign broaden tug  pr essure ’s used 15 g (VOlt III I ~i l~ 1 e’ I I e ’i ’ a l l
2tt laset’ lut es. The residual ahsorpt ton taken as tite value et II8C~ p5
W Its obt  a I ttt ’d by suht. tac t ing the Butch values  in t ab l e ’ 3 f rom the
cot respond tug ~‘u rye t it  v alues  ot ’ tot  a I w ate r  vapor c i’nt inuum abso rp—
t ton given in parentheses in t a b l e  I . The resulting set of n5C~ p5
v • i  I t ics Is  ~~ 

[y ou i i i  , u l ~ I e ’ - t . At elicit laser I tue the aggregate—water—

me lee ’eile ’ ahsoi’pt I on cot tt  r ihu t  ion n5C~ p 5 is n ear ly  Independent of
t ote’ Igit h r oad t ’tt Lug p r e ssure’ w E t  b in  the’ e’xpe’r Intents 1 u n c e r t a I n t y  t ’t the
measured abst’rpt Ion cod tic t e n t s  lInt 1 the Burch predictions . Titis pres—
Mt t te ’ Independence’ Is en Iv  horde i’ll ne near 1. 5 micrometers. However ,
t h i s  is the tog ton where t i t e’ A SL t~ S “ C dli ta d id  not conc lusi v e I y suppot’ t
the  But -ch ext r~tp ola  t tons . Even so i t  is still reasonable unt il It
bet It’ r d a t a  base’ Is av a i l a b le ’ to use ti t e ’ average of the s i x  res idual
~hseurp t (ott Va I ties at  each laser t’ re’que’ney l i s t ed  In column 7 of t ab l e  4
115 t h e’ vs lut ’ of it  C’tp at .‘ Yt’

$ 5 8

At tit is p oin t the ’ temper~t t t i r t ’  dependence of the watet’ vapor continuum
will hi’ et isc ’usse’d brI ef i v .  The two I at wing tYpe terms superseript W)
(I I  t’~lW~t bo lt  (5 ’)  a u’e model ~ et i’v u s in g  t h e  Buurch tempe rat tire’ dependence
w h i c h  has t I~ ’ I olin

t’xp 1—ut (~— — I

T [ \T ,~ I

wite’ re ’ t itt’ ~~/T part is t rout the n5 t e’rm , I lie ’ ~ xpolte ’n t Ia I I el i te ’ t

itttd C 1 , • i t t e I  t lit. ’ eec ’ I I I C ’ t i ’it  t ifl I I c ’t i t t e l  I 0 be ’ I t ’ e ’e l t te ’ule ’V C I e ’l’ e ’utc le ’tt [i u I

Titi’ C~ tempe’ tat ut’t’ eIi’pi’Itetetlce’ In  t h e  t h i r d  t cm i of eq uat i on  (5 ‘~ is not
kttown at  t h i s  t Etse’ hut should cause the  agg regat e  a b s o r p t i o n  t o  become
smal l at  115°C. The l thse ur p t  ton should  be ta r wing  type ’ dominated at
tiS°C stttc t’ the absorption is dominated by the foreign pressure broad—

ent’d tern~ II5C~ p1 
Itt equ al ion (5) as evidenced bt’ the agt -eement of the ’

hut ch pred ic t  tons and tlte’ ASL forei gn broadened measture’ments at 65°C.
The quest Ion ot how utuch aggregate absorption Is present at 65°C is
s t i l l  not clear lit t hi s politt.

Comparison of t u e previous ASI, 2 I°t’ water continuum measurement with
the  present one’ is beut’f it’ m i  • In t ab l e  S the hutch water vapor con—
t ittuum measurement extrapolations for 14.3 tort’ water vapor buffered
to 760 tort total pressu re at 21°C ~e’oluitttt 1) are subtracted from the
ASL measurement e’tlt’vt’ l it va lues  (e~~lumn •‘) to obtain the aggregate—
water—molecule absorpt ion itt 2 % e t C (column 6). The ‘1 °C values are 
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w i t h i n  the nueasure ’ment e r ror  of the 25 ° C aggregate—water—molecule
absorption values (column 5) o b t a i ned in this study; consequentI~’, no
meaningful temperature dependence ~‘att he derived f rom these  sets  of
measurements , It is at least pleasing that the .“S °C values are in
general smaller titan the 2,1°C, thus  hinting at a falloff of the absorp-
tion with increasing temperature ’ as expected. Wha t can be done Is ~c
average the two sets of values to arrive ’ at values of n5C

Ap5 to be used
for temperatures around 14°C as In column (, of t ab le  5. The t o t a l  con-
t inuum ab sorptic ’i  (column 8) is obtained by adding the Burch predictIons
( co lumn  7’) to column u.

l i t  icy I e ’W I Ite ’ P i e ’ pe u s e ’ d  made’ I tot ’ t h e ’ . tn ull I em I I e ’flipe ’ rat dirt’ has 5e ’\’ e ’ i.ul i i e ’t~?
I c at  t i l e ’s . F b t s t  , t h e ’ W , t t e ’I ’ vapor c’ ou t  i u u i u m  ,lt l Sc ’l’ll ( ion l it  I l i e ’ 1— t o  1—

m l  e ’ te1lfl t’ t e’i ’ w I  ItelelW IS .tsstime ’d Ito I tO lI e’ Se l l  o h  V ~It ic  ( 0  5012 — . i i t c l  fort’ i n ut —
br e lade ’lte ’d I ,t r wi  it g  .iI ~se 1T I e ’Il b i t t  it ,t s  . i i t  ~tdtI i t  I e ’lt~ I I e ’c ’l l t  I’ i 11111 tou t clu e ’ t 0 .1

propelsoci .h~e~rt’g,t t o—wa I e’r—nlo I e ’c ’ LI I C ’ t Vp e ’ ~t Ils ( l I’ I 1t I c l i i  ‘~~pt ’ t’sS e ’d ,i s  t t 5
( ’~ p w i t  It

e ss en t i a l ly no fo re ign  bro adening dependence . Second , val ues f o r thib
agg rogitte contribution can he obtained 1w as sur .t i ng  the Burch extrapola-
tion e u t t h e ’  far wing c on t r i b u t i o n  to the  water continuum based on hi gher
t emperature and pressure nteasure’ments to he valid at ambient t empera—
tures. The Burcit extrapolated values can then he subtracted from the

t o t a l  measured continuum absorption to give v&tlues for t15C~l’5. Third ,
the agg regate’ cont r i b u t i o n  must decrease more r ap idly than the tar w i n g
eotttt’ ib u t ion  between .“S° C and 115° C since the wa te r  vapor con t inuum is
far w tn ~ dominated at 115°C. The exact express ion for tit i s dependence’
canno t he ’ adequatel y det iuted until further m .’asurcuients ate perfor m ed .
Last, bearing in mind the’ above , representative val4es of n q CA p 5 are

obtained by averaging avaIlable 23 °C and 25 °C data to obtain estimates
for the aggregate’ con t r i b u t i o n  around 24° C. Va lues fo r  the water  vapor
cont inuum absorp t ion  can be obtained for temperatures around 24°C by
adding the Burch  tar wing absorption for t h i s  temper ature  to the 24 °C
value of n5C~p5.

The most s i g n i f i can t  d e p a r t u r e  ci th is new model ing scheme for th e
water vapor con t inuum at ambient temperatures will now be discussed .
The water vapor conttnuutit will not vary as expected wttit changes in the
partial pressure e’if water at 7110 torr total pressure atmospheres. The

24 °C values el n5C~p5 column ft elf table S and the Burcit predictions are

used to model equsUon (S’) for relative hum idit ie’s rang i ng from 10 to
100 percent in table’ Il felt 760 tot’r total pressure at 24°C. The pre-
dicted absorption values are more strongly dependent on water vapor
partial pressure than previously thought because of the reduced depen-
dence of the water  vapor cont t t tuum absorp t ion  on fore ign  pressure
broadening. Also , tite absorption will not fall off as rapidly with
decreasing buffer pressure as was expected with increasing altitude.
Unfortunately , modeling of tite water vapor continuum absorption as a
function of altitude is not ~ractica1 at this time because of the wide
t iuctuation of temperature with changes in altitude .
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TABLE 2.

FOREIGN-TO-SELF BROADENING COEFFICIENT S (C f/Cs) FOR 14.3 TORR
WATER VAPOR CONTINU UM AT 25°C

Laser Line Foreiqn-to-se lf Broa deninii Coeffi cients

from ‘ — -

Curve Fit Measurements

P1 (2) .0021 .0034
P1 (3) .0025 .0015
P1(4) .0032 .0034
P1(5) .0040 .0102
P1 (6) .0052 .0150
P2(3) .0063 .0041
P 1(7 )  .0069 - .0001
P2 (4)  .0082 .0026
P1(8) .0093 .0014
P2 (5 ) .0110 0O20
P1 (9) 0128 .1065
P2 (6) ,0149 - .0010
P,( lo) .0 181 .074 6
P (7) .0199 .0129
P~(4) .0238 .0068
P2(8) 0259 .0276
P3(5) .0290 - .1608

.031 1 - .1209
P3(6) .0330 .0320
P2(10) .0336 .0284
P3(7) .0336 .0188
P2 (11) .0318 .0281
P3(8) .0311 .1270
P3(9) .0268 .0071
P3(10) .0224 .0286
P3 (11) .0184 .0135
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TABLE 3.

BURCH EXTRAPOLA TIONS FOR THE WATER VAPOR CONTINUUM ABSORPTION
FOR 14.3 TORR WATER V APOR AT 25°C FOR VARIOUS AIR BROADENING PRESSURES

Burch Extrapolated Abso rpt ion Coe f f i c ien ts  (km 1)
- For Dif fer ec it  Air  Broadening Pressures

Laser Line

__________ 
0 Torr 250 Torr 500 Torr - 750 To rr 1000 To rr 1 ’ S 5 0  To rr

P1(2) .0052 .0161 .0271 .0380 .0489 .0509
P1(3) .0049 .0152 .0255 .0358 .0461 .0564
P1 (4) .0046 .0142 .0239 .0335 .043 1 .0528
P1(5) .0043 .01 32 .0222 .031 1 .0401 .049 1
P1 (6 ) .0039 .0 122 .0205 .0287 .0370 .0453
P2 (3) .0037 .0115 .0192 .0270 .0348 .0425
P1 (7 )  .0036 .0112 .0187 .0263 .0339 .03 14
P2 (4)  .0034 .0105 .0176 .0248 .0319 .0390
P1(8) .0033 .0101 .0170 .0238 .0306 .0375
P2 (5) .0031 .0095 .0160 .0225 .0289 .0354
P1(9) .0029 .0091 .0153 .0214 .0276 .0337

.0028 .0087 .0 147 .0206 .0265 .0324
P1 ( 1O) .002 7 .0083 .0139 .0195 .0251 .0303
P2 (7)  .0025 .0080 .0135 .0189 .0244 .0298
P3 (4 ) .0025 .0076 .0128 .0180 .0231 0283
P2(8) .0024 .0074 .0124 .0175 ,0225 .0275
P3 (5) .0023 .0071 .0119 .0167 .02 16 .0254
P2 (9) .0022 .0069 .0115 .0162 .0209 .0255
P3 (6) .0022 .0068 .0 114 .0160 .0205 .0251
P2 (10) .0022 .0068 .0115 .0161 .0208 .0254
P,(7) .002 2 .0069 .0117 .0164 .0211 .0258
P~(11) .0023 .0072 .0121 .0170 .021 9 0268
P~(8) .0024 .0074 .0124 .0175 .0225 .0275
P~(9) .0026 .0082 .0137 .0193 .0248 .0304
P~(10) .0030 .0092 .0155 .0218 .0280 .0343
P3 (11) .0033 .0104 .0174 .0244 .0314 .0385
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