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SECTION 1

INTROIRJCTION

MCXCRCOND AND SU)IIA RY

Water vapor is th. dominant atmospheric absorbing gas between approximately
333 and 633 cm i, the spectral region covered by this report. It ii essential
that the absorpt ion in this region be suffic iently well understood that it can F
be calcula ted accurately for a wide variety of path lengths and atmospheric
conditions. This spectral region has certain advantages for remote sensing of
the atmospher. from satellite-borne instruments and ground-based instruments.

The weter vapor spectrum contains many individual absorption line of
widely varying intensities, The average absorption over intervals wide enough
to contain several lines increases generally from the hig~ yavenumber side of
this region to the low wavenumber side. Previous r.ports3

~~ from our labora-
• - .  . • tory show experimental, data obtained with laboratory samples of pure 1120 and

1120 + N2. These data include spectral curves of transmittance as well as re-
suits of measurements of the transmittance at the centers of several narrow
“windows” between absorption lines. Important information about the continuum
absorpt ion has been derived from the window measurements.

Spectra based on the APGI.~ line parameters and calculated by a line—by—line
method agree well with experimental data near the relatively strong 1120

1. Darrell I. lurch, David A . Grynvak, and Francis 3. Gates; “Continuum
Absorption by 1120 Between 330 and 825 cm 1”, Final Report No. AFCRL-TR-
74—0377 on Contract Fl9628-74-C-0069, Aeronutronic Report No. U-6095,
September 1974.

2. Darrell E. lurch, David A . Grynvak, and John D. Peithrook ; “Infrared Ab-
so rption by 1120, NO2 and N204”, Final Report No. AFCRL-TR-75-0420 on
Contract No. F19628—75—C-0049. Aeronutronic Report No. 13-6159, September,
1975.

3. David A, Cryvnak, Darrell I. lurch, Robert L. Alt, and Dorianne K. Zgomo;
“Infrared Absorption by CHA, 1120 and CO2”, Final Report No. A1GL-TR-76—0246
on Contract Fl9628-76-C0067. Aeronutronic Report No. 13-6275, December 1977.

4. David A, Gryvnak and Darrell E. lurch, “Infrared Absorption by CO2 and N2O. ”Scientific Report APGL-TR-78-0l54. Aeronutronic Report No.13-6417, May 1978.
5. R. A. M~Clatchey, V. S. Benedict , S. A. Clough, D. E. lurch, R. F. Calfee

K. Fox, L. S. Rothuan, and 3. 5. Car ing; ~sA1hCRL Atmospheric Absorption LineParamete rs Compilation”, APCRL—TR—73—0096, 26 January 1973. (Associated
wit h thi s report is a magneti c tape listing the line parameters,)
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absorption lines. However , significant discrepancies between the theory and
experiment ,xist at vavenuithers of maximom transmission in the narrow windows
several cm from strong lines. The discrepancies are more pronounced for
samples of pure 1120 than for dilute samples of 1120 in N2. Calculated trans-
mittances are always greater than the observed tranamittances in these narrow
windows. Palmer6 and Bignell7, in previous studies of this spectral region,
have also observed that the narrow window absorption is greater for samples
with high concentrations of 1120 than would be predicted from spectra of low
concentrations of 1120 in the air.

We4 have demonstrated that the transmit tanc.i near the centers of the
narrow windows can be calculated accurately by using a line-by—line calculation
scheme and including an empirical continuum. Contributions by all of the lines
were included in the calculations. Values for the empirical continuum were
determined separately for each of the narrow windows. These values, when
plotted on a wavenumber scale, could be represented by a smooth curve. This
result implies that the “extra” absorption represented by the empirical con—
tinuum actually has the characteristics of a continuum; i.e. it changes slowly
and smoothly with changing wavenuinber. This absorption that is not predictable
by the AFGL line parameters is, therefore, not simply due to errors in the widths
or intensities of some of the lines.

• 
Sections 3, 4 and 5 of this report deal with a similar, but somewhat dif-

ferent, aetho~ of calculation with an empirical continuum. Only lines centered
• 

• within 30 cm~~ of the vavenumber of calculation are included in the line—by-
line calculation. An empirical continuum is then determined to make up the

• difference between the calculated and experimental absorption in the narrow
• windows. The empirical continuum determined in this manner is presented in

Section 3 for self broadening and 112 broadening at 3 different temperatures.
Transmittance spectra have been calculated for several samples by a method
that includes the empirical continuum and the contributions by the lines cen-

- 
• tered within 30 cm 1. Section 4 shows comparisons of these calculated spectra

with laboratory spectra. The agreement between the calculated and laboratory
spectra is quite good.

Section 5 deals with extrapolating the empirical continuum data to tern—
• p.ratures lower than those at which data were obtained. This extrapolation

is required for application of the data to many atmospheric conditions of in-
terest.

• 6. C. H. Palmer Jr. , 3. Opt . Soc. Am. 50 1323 (1960)

1. K. 3. lignell , Quart 3. Roy. Met. Soc 96, 390 (1970)
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DEFINITIONS AND DISCUSSION OF PARA P~TERS

At the relatively low pressures involved in th, present study, the density
of 1120 vapor is proportional to its partial pressure p so that the absorber
thickness u of a s~~~le is given by

u(molecules/cu i2) — 2.69 x l019 p(atm) L(o.) (273m) (1)

— 7.34 x 1O~ pL~~,
where 0 is the temperature in Kelvine and L is the path I.ngth .

The tru. transmittanc, of a s~~~l. that would be observed with infinite
resolvi ng power is given by

• ex p (-UN) , or (-1/u).iiT’ • N (2)

where N is the abso rption coefficient . because of th . finit e sl itw idth of a
spectro meter and possible variations in N with wavenuebey due to line st ruc-
ture, the observe d transmi ttanc e T may differ significantly from T’ at the
s ame waven umber. The quantity T represents a weighted average of T’ over the
interva l passed by the spectr ometer.

The intrinsic absorp t ion coeffic ient dye to a si ngle collisi on-bro adened
absorption line at a pothe within a few ~~‘I of the lin , center , V~, is pro-
bably given adequately by the Lore nts shape;

3’~L ,
~ (‘~‘.e

)2 +~~~~~~ 
( .

Th. line intensity s •fkdv is essentially indep.n~.~t of pressure for
the conditions of the present study. It has been shownO,7 that for Iw-W111greiter than a few c ’, the Lorenta equation nay require modification. One
empirica l method is to employ a factor ~~, which is a function of 

~~~~~~~so that Equation 3 becomes
S 

_____________k
~~~kL X ~ ( ‘ ~v0)~~+a ~’ 

‘ 
(4)

where k1. denotes the valu, given by the Lorenea coefficient. The value of X
is approximately equal to unity for small 

~~~~
-‘j , but it may be quite dif-

ferent for large f*-v01.
The half-width ~ is proportional to the equivalent pressure, P~, given by $• I the following equation for a mixture of th. absorbing gas plus nitrogen. •

I4 8, D, I, lurch, 0, A. Oryvoak, R, R Patty and C, I. Rarthy, 3. Opt, Soc.,
Am. fl , 267 (1969) .

• 9. 1, 11, Winters, S. Sil,er.sn , and V. S. benedict, 7. Quant. Spectry
Radiative Transfer ~~, 52’? (1964).
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Pa • B
1~ + PN — (B-l)p + P. (5)

The total pressure is denoted by P. the partial pressure of 112 by p~, and thepartial pressure of the absorbing gas by p. Note that 
~e 

approximates P for
a dilute mixture of the absorbing gas in 112. The value of B has been deter—• mined previously to be approximately 5 for 1120 as the absorbing gas.

The wing absorption coefficient C due to the extreme wings ( 1v_ V o)~~~ar) of
• several lines is equal to the sum of all of the k’s due to the individual

lines. Wing absorption changes very slowly with wavenumber and is, therefore,
frequently called continuum absorption. It can be seen from Equation (3) that
the absorption coeffic ient at a given wavenumber in the wing of a single
Lorenta-shaped absorption lir’e is proportional to a. This same proportiona-
lity has been experimentally9 demonstrated both for Lorentz—shaped lines and
for non—Lorents lines that are given by an expression similar to Equation (4).
It follows that the continuum absorption coefficient due to the sum of the
contributions by the wings of maiy lines is proportional to the individual
a’s and is therefore proportional to the equivalent pressure. By combining
Equations (1), (2) and (3), it can also be shown that the wing absorption by
pur e H20 in a fixed path length is directly proportional to p1.

Diners consisting of two temporarily joined H20 molecules ( 1120:11,0) have
been suggested as a source of 1120 continuum absorption. Dimer absorption has
the same pressure dependence (p’L) as wing absorption by pure 1120; therefore,
it is difficult to distinguish which is the source of 1120 continuum absorption.
It is certain that much of the continuum absorption discussed in this report
is due to the extreme wings of lines because of the proximity of strong lines.
Our data alone are not sufficient to prove or disprove the presence of any
dimer absorption. We have treated the 1120 continuum as if it were all due
to wing absorption.

In the present study, the continuum is studied by investigating the
absorption at selected vavenumbers where there is little absorption by lines
centered within 1 cm ’1. However, as discussed in more detail below, there
may be a small amouttof absorption due to these nearby (1v— ~ 1i cm~~) lines,
and their contribution to the attenuation coefficient is denoted as K(local).
This quantity may vary rapidly with changing wavenumber as indicated by Equa-
tion (3) and, because of collision broadening, it depends on pressure. For
the relatively low sample pressures employed, the line halfwidth a of any of
the lines is much less than 1 cm ’ . Therefore, the contributions by any line
for which v—vo~>l cm ’ is proportional to a and follows the pressure depen-
dence of continuum. It follows that the total absorption coefficient K for a
pure 1120 sample is given by

N — K(local) + C p  — K(local) + C5 (6)

The normalized continuum coefficient C~ is the value of C5 when p 1 atm ata given temperature. The subscript s denotes self broadening of the lines.cc a~ p, and u is ‘roportional to pL, it follows that (-.4,.T) forcontinuum due to the wings of lines is proportional to p2L.
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In a mixtur, of U20 + 1*2, the 020 absorption lines ar. broadened bycol lision, of the absorbing 020 molecules with 
~2 molecules as well as withother 1(20 molecules, To account for the 020 . 02 collisions, Iquation (6)must be modified as follows

N — ~(local) + c:p + C p 0 e 
~~(local) + C

The small contribution to the absorption by N(lo.al) is accounted for as afirst step in the reduc t ion f the absorption data to determine the continuumcoefficients .

As a means of si~~ltfyiag the calculation of transmi ttance spectra, vs havedivided th, self broadening and nitrogen broadenin g coeff icients each into tw o
c~~~cnants. rkie co~~onent, which is disignated as ! ~~~~ represen ts appro xi-

1
nat.ly the ca1cuj~aeed contribution by all of the absorption l ines centeredvfthltii 30 cm~ of the waven~~~er whue the calculati on is being made. Anei~~hical continuum, designated by SC, represents the difference between the

30 a
•zperiaental continuum and r Ii. The exac t ethod used to determine these
two factors is discussed in Section 3.

• . . . .
• - .  . . . . .,. . . a
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SECTION 2

EXPER I tENTAL

The experimental data presented here have been obtained with the grating 
10• spectrometer and two adjustable multiple-pasa sample cells described previously

The longer of the two cells is used for path lengths of 123 meters or greater;
a shorter cell with a base length of 1 mett~r serves for shorter paths. Es—

• sentially all of the optical ~:ath outside of the sample cell is confined totwo vacuum tanks to eliminate absorption by atmospheric gases. When operating
at wavenumbers greater than approximately 430 cm ’ O~ 23.2 urn) the radiant
energy source is a Nernst glower , the sample cell windows are KBr, and a KBr

• window is used on the detector. At lower wavenumbers, the energy source is a
Globar, the sample cell windows are polyethylene, and the detector window is

• KRS—5. The Ge:Cu sensitive element of the detector is cooled with liquid
helium.

Radiant energy from the source is chopped at 450 Hz to permit amplifica-
tion and synchronous demodulation of the electrical signal from the detector.
The dc output of the synchronous demodulator is proportional to the amount
of chopped energy incident on the detector and is disp1~yed on a strip-chart
recorder.

r
The pressure of 1(20 in a pure sample is measured by an oil manometer that

can be read to approximately 0.00003 atm for pressures less than about 0.005
atm. The uncertainty is probably between 0. 57, and 17. for higher 1120 pressures.Before the spectrum is scanned or before N2 is added to a sample, the pure
1(20 is kept in the cell for several minutes in order for most of the adsorp-
tion on the cell walls to occur and the pressure of the vapor to approach
equilibri um. The time required to re~ch equilibrium is sometimes shortened
by allowing a sample of pure 1120 to r~main in the cell for a few minutes ata pressure 107. - 207. greater than that desired. The extri vapor is then

• removed by partially evacuating the c~ll . Partial pressures of 1120 in the
1(20 + 02 mixtures are measured by a dew-point meter mounted inside the• sample cell. Values of 1(20 partial p essure obtained with the dew-point
meter agree quite well with the parti 1 pressure measured by the manometer
before th, 

~2 
is added if sufficient time is allowed for the absorption to

reach equilibrium before the 112 is ad ed.

The samples studied cover wide r~nges of optical path lengths, tempera-tures, 1(20 partial pressures, and tot 1 pressures of 1120 + N2 mixtures. Un-fortunately, no data have been obtain d at reduced temperatures because of
• the limitations on the maximum 1120 pa tial pressure that can be achieved at

low temperatures. Data covering the ide range of temperatures make it possible
to determine the temperature dependen e so that some extrapolation to lower

• temperatures is probably valid. Samp es of pure 1120 have been studied so that
self broadening of the absorption u n  a can be investigated without the influence

10. D. L Burch, “ Investigation of he Absorption of Infrared Radiation by
Atmospheric Cases.” Semi-Ahnual Technical Report, Contract F19628-69-C-
0263. Aeronutronic Report No. -4784, January 1970.

9
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of N? broadening. The 1*2 broadening of the 1(20 lines is determined by com-
paring the absorpt ion by 1120 + N? samples with the corresponding absorption
by samples of 1(20 only.

A “background” curve is scanned with the sample cell evacuated either
iiu.ediately before or after the sample spectrum is scanned. After the curves
are checked and edited slightly to ac~~unt for small drift or spurious ic-
flections, they are digitized and the data are punched on computer cards. Posi-
tions of the 1(20 line centers as given on rite AFGL line parameter tape are
used for wavenuinber calibration of the spectra. The spectral curve of trans-
mittance for a sample is obtained by comparing the original curve to the cor-
responding background curve. The computer output includes tables of trans-
mittance and other quantitites of interest versus wavenumber. Spectral plots
of transmittance, or of (-l/u)~&T, can be generated by the computer.

A portion of a typical experimental spectrum of pure 1(20 vapor is illus -
trated by the solid curve in Figure 1. The upper curve in the figure repre-
sents a calculated spectrum based on the simple Lorentz line shape (Equa-
tion (3) ) and the line parameters on the APCL line parameters tape. Other
theoretical line shapes have also been used in similar calculations but none
of the shapes result in good agreement between experimental and theoretical
spectra throughout the entire spectral interval covered by this report. The
spectrum shown in Figure 1 was chosen for illustrat ion because the discrep-
ancy between theory and experiment is great at these low wavenumbers and is
greater for pure 1(20 samples than for samples of 1(20 + N2. An improvement

• in the accuracy of a calculated spectrum is shown by the dotted curve in
Figure 1. This curve was obtained by including an empir ical continuum in the
calculation in a manner similar to that described in Section 3. Further tm-

• provement could apparently be obtained by slightly decreasing the amount of
the empirical continuum.

An important part of this study has been the determination of the con-
tinuum absorption coefficients. Much informat ion about the continuum absorp-
tion was obtained without scanning spectra by measuring the at sorption at the
centers of several narrow windows, such as at the two points denoted by verti-• cal broken lines in Figure 1. At these points the small amount of absorption
by lines centered within I cni~~ was accounted for, either graphically or by
calculating the absorption by the nearby line from the AFCL line parameters.
This correction for nearby lines was usually much smaller than the continuum
absorption; therefore, the correction need not be accurate . After K(local)
had been accounted for , the normalized continuum absorption coefficient C~for self-broadening was determined by applying Equations (1), (2) and (6).
The normalized continuum absorption coefficient C~ for nitrogen broadening
was then determined by applying Equatic:~ (1), (2) and (7) to data obtainedfrom mixtures of 1(20 + 112.

Table 1, repeated here from two of our previous reports~~
4
, suninarizes

much of the experimental continuum data discussed below. At 296K, C~ isgenerally much greater than at the higher temperature, a result that agrees
with previous results in other spectral regions. If, as we have assumed,
the major portion of the absorption at the wavenuinbers investigated for pure

10
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Figure 1. Comparison of calculated spectra with
a laboratory spectrum of pure 1120.
The eolid curve represents the lab-
oratory measurement : the upper curve
represents the calculated spectrum
based on the Lorentz line shape. An
empirical continuum has been added to
the calculated spectrum to produce the
dotted curve. P • p • 0.0207 atm: 8 —
296 K, and u — 1.48 x 1021 molecules/cm2.
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TA~ .El

WamDI~~ rALLY DSTWfl*D 1*20 cC1*TI)~JUM O0~P?ICU1ITS
~~~ R SlL!-~1*OADI1lI1G AND N2-~R~~DINtt~

I

V
cm ’ Multiply all  va lues by io 24 niolecules’ cm2 atm~~

c° ~° 2
______ 430 K 296 K 430 K “N2 296 ~K 430 K 29o K
337.9 16000 1530 10.5
366.0 9790 3$5* 25.4
389.0 7830 291* 26.9
411.0 6300 140* 45.0
430,0 2400 349 6.9

433.7 4520 5700 645 l60~~ 7.0 35.6
439.0 5600 160* 35.0
440.1 2950 378 7e8
448.8 3420 5100 432 137* 7.9 43.6
465.4 2320 296 7.8

475.1 2640 4300 349 157* 7.6 27.4
482.6 2320 3950 353 166* 6.6 23.6
498.0 1200 3050 110 55~3* 10.9 55.2• 531.6 762 2380 62 33.6* 12.3 70.8
559.2 573 1750 44 20.2 13.1 86.6

579.0 972 1680 138 54•7* 30.7
597.0 670 1500 65 26.7* 10.3 56.2
611.4 1170 12.2* 95.9
629.0 330 1100 29 13.0*. 13.0 84.6
656.0 219 1000

683.5 17]. 930*
725.5 120 700*
764.6 97 570*
790.0 87 540*
822.0 68 420*

The estimated errors for C~ and are ± 5Z except for values marked * and ~~which indicate 
~ 
107. and ± 20~, respectively.
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• 1~ O is due to the extreme wings of the absorption lines, these results indicatethat the influence of temperature on the shapes of the self-broadened lines is
greater than that predicted by simple theories on collision broadening. This
unpredictably str on g negative temperature dependence provides a basis for
attributing the absorption to dimers because it is known that the concentra-
tion of dimers of any molecule decreases rapidly with increasing temperature.

• However, some of the results shown below in this report, as well as other( results of ours shown previously, indicate that the extreme wings of absorp-
tion lines have an unpredictably strong negative temperature dependence. This
has been observed for C02 and 1120 as well as for H20. Therefore, it seems
likely that some of the absorption attributed by many to dimers may be due to
the extreme wings of lines with shapes that are not well understood.

In all portions of the spectrum, values of C~/C~ vary from 5 upwards to
much larger numbers, possibly as high as 1000 near 1U um.’lI l? The variation
in this ratio can be explained on the basis of a difference in the shapes of
the extreme wings of 112- broadened and self-broadened N2° lines. Within about
5 or 10 cm~~ of the line centers , both types of lines apparently have similar
shapes with the normalized (to I atm) halfwtdths of self-broadened lines ap-
proximately 5 times as great as they are for 112- broadened lines. However,
beyond 5 or 10 cm4 from the centers, the absorption by self-broadened lines
relative to N2- broadened ones is apparently greater than it is near the cen-
ters. This corresponds to a larger value of x at a given V-V0~ for the
wings of self—broadened 1120 lines than for N2-broadened lines.

At wavenumbers where the ratio C~IC~° is high, C~ decreases rapidly withincreasing temperature . This large negaUve temperature dependence generally
cannot be explained by changes in the intensities and widths of the lines.
Line widths at I atm pressure decrease with increasing temperature, but not at
a sufficient rate to account for the observed temperature dependence of C~. The
most probable explanation is a change in the shapes of the wings of the lln.”s
that can be represented by a decrease in x with increasing temperature. The
largest relative changes in C~ occur at wavenumbers where a significant por-

• 

• 
tion of the absorption is due to distant lines. Thus the relative tempera-
ture dependence of X increases with increasing IV_ ’)ol . The results also in-
dicate that )( for 112—broadened lines decreases with increasing temperature,
but at a slower rate than self—broadened lines. This results in a decrease

• t in c /ce with increasing temperature.

Two other sets6’7 of experimental data on 1120 absorption in this spectral
region also indicate that the relative effect of self—broadening is ~reaterin the narrow windows separated from strong lines than at wavenumbers near
strong lines. Neither of these previous studies included samples at tempera—

Il. Darrell E. ‘urch, “Investigation of the Absorption of Infrared Radiation
• by Atmospheric Gases.” Semi-Annual Technical Report, Contract F19628—69-C-

• 0263. Aeronutronic Report No. 13-4784, January 1970.

12. R. E. Roberts, 3. E. A. Selby, and L. 11. Biberman, •~ppi, Opt . 15, 2085 (1976).
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tures much different frau room temperature. $igiaell7 has published valuesthat can be related directly to our CV and C~ within a few wavenuebers ofsome of the points ~~sre we have obtained daia. Iip ~.l1 ’s senpie cell could
be ope rated only at 1 atm pressure; therefore, he was unable to study samplesof pure 020. 1*. studied self-broadening by varying the partial pressure of
1120 in his s~~~1ea. The agreement between Bigoell’s data and our data isquit. good .
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SECTION 3

EMPIRICAL CONTINUUM

In a previous report 4, we have shown that the transmittance can be cal-
culated at the wavenumbers of maximum transmittance by a method that involves
sunining the contributions by all of the lines and adding an empirical continuum.
The method used previously includes the calculated contributions by all of the

• 1120 absorption lines. A similar method has been used to obtain the data pre-
sented in this section except that only those lines centered within 30 cm4 of
the vavenumber of calculation have been included. An

4empirical continuum,which is different from the one determined previously , has been determined
and used in calculating the spectra shown in Section 4. The method of deter-
mining the empirical continuum is as follows:

a. One of the temperatures for which experimental values of C~ orhave been determined is selected. The AFCL line parameters are
used as input to a computer program to calculate contributions due
to these lines at the selected vavenumbers of maximum transmittance.

• Only those lines for which I 
~ 30 cur’ are included in the

calculation (Recall that the experimental values with which these
values are to be compared do not include contributions by lines for
which J~-~0 1 .

~~ 1 cm l).

In sunining the contributions due to the lines, the simple Lorentz
line shape (Equation (3)) is used for I v—v- I 20 cur1. For
20 < v-v0 30 cm4, the contribution fy each line is given by
k — kL I, where 1q corresponds to the Lorentz shape and I varies
linearly ftom unity at lv-vo l 20 cm4 to zero at l v vo l — 30 cm 1.
we refer to this as an “apodized bound” of 30 cm ’. (The term bound
is normally used to denote the value of v-~0~ 

beyond which the con-
-ribution by a line is not included.) Use of apodized bound avoids
small but undesirable discontinuities in the calculated spectra at a
distance equal to bound from strong lines.

Throughout the remainder of this report, the contribution to the con-
30

tinuum calculated in this manner is denoted as ~ 
ako The left—hand

• 1
superscript denotes the apodized bound, and the superscript o indicates

P an equivalent pressure of 1 atm.

b. The values calculated in step (a) are substracted from the larger
• experimental values for the corresponding wavenuinbers.

a. The differences calculated in step (b) are plotted on a logarithmic
scale vs wavenuinber. A smooth curve is drawn through the points to
Legresent the normalized empirical continuum coefficient denoted by
Cs.

15
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The value of 30 cm ’ for the apodized bound was selected after several
different values were used in trial calculations. This value is based on a
compromise between required computer time and “ smoothness ” of the resulting
empirical continuum curve. For example, the calculated sums of 4 with a
15 ca 1 bound were compared at many vavenumbers with sums calculated for a
20 ca 1 bound. The differences between these tw values contained signif i-
cant discont inuites at points 15 cm ’ from a strong line. The s~mation based
on the 20 cur1 bound included the contribution by this strong line, whereas
the other sumnation did not. The discontinuities observed in the differences
between calculations based on a 30 cm 1 bound and those based on a larger bound
were usually less than the experimental error . Because of the added computer
time required , inc lusion of contributions by lines centered more than 30 ca 1
from the point of calculation would not be justified. Furthermore, the shape s
of lines at distances greater than this from the center are not Imown accurate-
ly.

If a normal 30 cm 4 bound is used, small discontinuities in the spectra
occur at points 30 cm4 from strong lines . In almost all cases , the disco n-
t inuity is less than the uncertainty in the calculations. Nevertheless, a
small discontinuity in a calculated spectrum is undesirable. By apodining
in the manner described above, the contribution by a distant strong line in-

• c re~ ses gradua lly and continuously as the point i calculation approac hes the
line.

Figure 2 illustrates the method of determining themapirical continuum for
pure 1~ 0 at 296K. The solid e~uares in the figure represent the values of C5°
obtained from the laboratory measurements discussed in Section 2. These
values also appear in Table 1; they correspond to points where most of the
abeerptian is due to lines centered beyond approximately 2 cm4 from the point
of measurement. The contributions by lines centered withij~ l c~4 have al-
ready been substracted from the observed data. Values of ak calculated as

discussed in step (a) above are represented by the triangles. In all cases,
these calculated values are much less than the experimental values. Each of
the values represented by the +‘s was obtained by substracting the calculated
value represented by the triangle from the corresponding experimental value
represented by a solid square. Thus, a + sign represents the value of “extra”
continuum, or empirical continuum, required to bring about agreement between
calculated and experimental values. The curve drawn through the +‘s represents
the empirical continuum for pure H20 samples at 296K. Values from this smooth
curve are used to represent the empirical continuum coefficient , aC , in trans-
mission calculations.

Figures 3 and 4 include corresponding data for elevated temperatures. As
the temperature increases , the calcu lated points (triangles) become closer to j

3 .  the corresponding experimental points (solid squares) , indicating that the re-
lative contribution by the empirical continuum decreases. (Note that the con-
tinuum coefficients are on a logarithmic plot.)

It is of interest that nearly all of the +‘s in either Figure 2 or 3 fall
within +l0Z~ of the corresponding smooth curve based on the points. The devia-
tion from the smooth curve is greater for the 430 K samples represented by
Figure 4 becaus e the laboratory data are somewhat less accurate and the a
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empirical continuum produces a smaller fraction of the absorption. Note that
many of the calculated values represented by the triangles would not fall
near a single smooth curve. The points that would fall furthest above a
smooth curve represent wavenumbers where strong absorption lines are centered
within about 3-10 cm~~; therefore, the absorption is greater than at other
wavenumbers that are further from very strong linea. These points of greater
absorption were included to help in providing information about the nature of
the “extra” absorption represented by the empirical continuum and about the

• relative shapes of self—broadened and N2—broadened 1120 lines. It is informa-
tive that essentially the same amount of empirical continuum is recuired to
provide agreement between theory and experiment at the wavenu*nbers of very low
absorption as at those points where the calculated absorption coefficient may
be 2—5 times greater.

The solid curves of Figure 5 make up a composite of the curves of the
normalized coefficients of empirical continuum, aCo, in Figures 2—4 . The
dashed portions of the curves represent extrapolations discussed in Section
5. The very strong negative temperature dependence of aC is obvious. Since
the empirical continuum represents the contribution by distant wings of lines,
this result strongly supports the argument that the wings decrease in ab-
sorption with increasing temperature at a rate greater than is predicted by
simple theory.

The corresponding data for N2 broadening are shown in Figures 6,7, and
8. As pointed out above, the distant wings of N2-broadened 1120 lines con-
tribute a smaller fraction of the absorption than do the distant wings of

• self-broadened lines. It is therefore to be expected that the empirical
continuum contribute less for ~~-broadenening than for self-broadening. Be-cause of the relatively smaller role played by the empirical continuum for
N2 broadening, the accuracy of values determined is less. The experimental
data are also less accurate for N2 broadening than for self-broadening. Only
a limited number of samples were used to study the N2 broadening at elevated
temperatures. Because of the limited data and the smaller part played by

• the empirical continuum there is more scatter in the data representing the
• high temperatures than in those for room temperature. No N2 broadening data

were obtained at vavenumbers greater than approximately 635 cur’ because of
• the small effect of adding N2 to a sample of pure 1120 and because of the ab-

sorption by unavoidable impurities in the sample cell.

We were not able to measure a significant temperature dependence of aC~
because of the relatively large amount of scatter in the data. The curve for
338K in Figure 7 is identical to the portion of the 296K curve in Figure 6
that covers the same spectral region. Similarly, the curve for 430K in Figure
8 is identical to the corresponding portion of the 296K curve in Figure 6.
The curves in Figures 7 and 8 do not represent exactly the best statistical
fits to the data points, but the dr~ta do not indicate a significant trend• with changing temperature. Therefore, in calculations discussed in Sections
4 and 5, we have assumed that aC~ is the same for all of the temperatures
covered. Because the empirical continuum due to nitrogen broadening con-
tributes relatively little to total attenuation, errors of several percent
in aC~ may contribute little to the errors in the calculated average trans—
mittance over a spectral interval containing several lines.

17
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If the diatmet wings of sslfebposlamad ~~O limes mars shaped the s~~as N2-bro.dsning lj g, the curve for ‘q in Figure 2 mould be shaped the
same as the corr.apesd1a~ curwe for in F i e  6. Furthermore, at any
given wav.~~~~sr the r t$o CI : 1C~ mould be 5, the ratio of the norma lized
balfwidtbs , ~°, for .slf.bro.4.nimg -—

~~ ~ broadening. Comparison of the
curves in Figures 2 aed~ indicat, that the ratio y be as large as 100 at
some utwumebexi . This large ratio is evidence of the great difference in
the shape s of the ext reme wing e of the limes for th . two types of broadening.

18
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Figure 2. Semi-logarithmic plot of the 1120 continuum coefficient for self broadening
at 296K.

‘9 

,-•--- -.-• — • _ • :  • - • ,
~, I. - • - -•.—- .“.•— •

— ~~~~~~ .~~~—--~~~-~~~~~~ ~~~~~~~ ~~~ - ~~~~ r t- ---~ -- ~~~~~~~



______________

F —

1w.
~~~~

.- • 1 •  
~~~~~

338K

l0 20
• :

• A
io 21 ~~A E A

+ ~: 
- - 

A

I_ 
~1. I I I I

500

• WAVENW~~R (~~~1)
• I I I I I

30 20
• 

•
~

• • 
WAV!LENGTH (i.)

Figure 3. SenI-logaritI1mjc pl~~~Of the 1120 continuum coefficients for

• 20

• . _ _ _ _ _ _ _



-. ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

—
~ 

-

~~

• —.----—

~
— —.•.-•• •• . -

~~~~~~~~

•..—-••.-

~

-

~~~~

•-

:

‘ ‘  ‘ 
“

~~“ ‘ ‘ ‘~~~~~~~~~~~~~~~~~ ‘~~~~“ ‘ ‘  
I J ! I 1 I~~~~

T I

~~1
I 

-

- -~~~~~~~

• •1 1 0 -
~~~~~~~~~~~~~

I •
.~~ D. W

• -

~~~~~~~~~~~~~~I 
> > ‘I

I I - 4
- .Ii ~~~~~~
.
.~~J 1~~ 

1~~g.;j—~~J 
-

~.i . I + - 

.

& & ~~~~~ . & I & & & I I I  I I 1 1 1 . 1 1  I I I 

—

~~~~~~ 

—

2
(1.wso 2W3 -$01fl3a10w )

e -
~~~~~~~~

21

L _ _ _ _  

‘
.• •

~~~~
___________________ ~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~ 

_ _ _ _ _ _ _  
•



-—-- —~ —-I

( I I T1  I 
~
i1
~ 

j  1 I 
• I~ fill!

I I
I ~ I.• I I  I o

- I I 1 - 0
I i / 0 .14• I ,

0 I I I .  U

I I I .
I” ~_ . 1  / I; I I

~~~ I 0~~~- 0 .  -
~~~~~~

1 ~~~If) I

• I
I 

.

• 

,

/<1

1
’

/

/

” 

:~~~~~~~ I I/ ,
1 / ~ .~

_ 8
~~~

_ 0
~~- 

/ 1  / ~~. N

• 
/ / /

I I  I . 
0

I• / 1/  
.

~~~~~~~~

I / / ,i’ I
I I I 1 1 1 1 1 1 1  1 -h L ihi l  Ir; 

*

(1.w$0 8w~ 1_$81fl 3$f OW ) ~~
22



~~~~~~~~~~~~~

1 ! I U V 1 T  -r i 1ii~~u1~~ i I I I
I 

-, E ~~~

/

• - -

• 1 1
’ -

~~~~~~z U iO+
/ 

- Zw O  I LI.3 ~2

a N ./4- - ‘, 
.J

- E >  ‘

~~

I -
(0 / 6

~~ N O’) I 0z c~i 
U c

~ij

to /4- - 
—I D

I - z
S 

L3~~
4

I
~~ U~~~O - 0 ~~
- 

U I  + 

-

• 111111 I I I [ & i l t  I I  I I 1 1 1 1 1 1  I I I 
—

0i
. 

2 2 2

• (1 w40 Z W3 s-Sølfl~~ lOw) 111
3

23

-iii-------
~ ~~~~~~ i _ ~L _ii~_ _

~
__
~

_
~ ~



-. —‘- - — -
~
-- 

~~~~~
----

~~~~~--~
- —•w~

--
~
---’.- 

~~~ 
-

~~ ~~~~~~~~~~~~~~~~~~~~~~~ 
-• -

~~r ~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~

I 1 1 I I

N2 UROADENINC 
-

10 21 E~Jh 
1120 338K

U I
- ~~~~~~~~~ -

io 22 _ 

\
\
\ 4

-~~~~~~~~ Exp .4-

=
÷a

~~~ _ E XP
3
~~
a
k
o

io 2 3 L  I I L i  i J
300 400 500

WAVENWIBER (cm4)

_ 1 I I I I
30 WAVEI.E~~flI (~sn) 

20

Figure 7. Seni-logarth aic plot of the 1120 cont inuum coefficient for
N2 broadening at 338K.
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SECTION 4

COtWARISON OF EXPERI)~~~ 1~ AL AND CALCUlATED SPECTRA

The method of applying the empirical continuum data discussed in Section 3
is demonstrated by using it to calculate entire spectra that can be compared
with experimental spectra. This section compares several experimental spectra
with spectra calculated for the same sample parameters. The method of calcula-
tion is outlined below. Steps (a) through (d) are followed for calculations at
many vavenumbers, with adjacent wavenumbers close enough together that essen-
tially all of the spectral structure is maintained.

a. A particular experimental spectrum is selected for comparison.
The sample parameters, temperature and equivalent pressure 1’e’are used as input along with the AFGL line parameters to

calculate values of ak . All lines for which lv-vol� 30 cm4
are included in the calculation. The apodized bound is used for
I v v0~ between 20 cm4 and 30 cm4~

b. The empirical coefficient SC is calculated from values obtained
from the appropriate smooth curves of acg and C~ shown in Section 3.

5 C p 6C~ ~~PN 5C~ (8)
AnalytIcal functions that represent the curves of aC~ and
are used in the computation.

c. The total attenuation coefficient IC is found at each vavenumber
of calculation by combining the results of steps (a) and (b)

#(molecules4 cur2) — SC + ~ ak (9)
d. The values of absorber thickness of the experimental sample of

interest is inserted into Equation (1) along with the value of IC
found in step (c) to determine the true transmittance T’ .

e. The spectral curve of transmittance is found by combining all
of the values of T’ calculated by steps (a) through (d). The
true transmittance spectrum is “degraded” with a “triangular
slit function” that closely resembles the slit function of the
spectrometer when the experimental curve was obtained. The
degraded spectrum is stored as a table of transmittance vs
wavenumber.

f. The experimental spectrum and the calculated spectrum are each
plotted by a computer on identical scales for easy comparison,
The calculated curve, represented in the figures by dots, is
superimposed by hand on the exp. rims ntal spec t rum, which is
represented by a continuous curve.

-
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Table 2 aunmiarises the samples for which calculated spectra are compared
with laboratory spectra. The sample numbers correspond to the ones used for
the same samples in our previous reports. Columns 2-7 give the important sample
parameters. Column 8 gives the spectral region covered by the spectrum, which
appears in the figure designated in the last coluus~. The resolution schedule

• in column 10 refers to Table 3, which gives the spectral slit width of the
laboratory spectra as a function of wavenumber. While scanning a spectrum, the h
physical width of the spectrometer slit remains fixed , but the spectral slit-
width var ies because of the change in dispersion. Values of the spectral slit-

• width correspond approximately to the full width •~ half-maximum of a “triangular
slit function”. Column 9 gives the spectral ~litwtdth used in calculating thespectra; a constant spectral slitwldth Is used over relatively wide spectral
intervals.

The dots that represent the calculated spectra in Figures 9 through 21. are
super—imposed on the experimental spectra with variable density so that the
contour of the calculated spectra can be followed easily. A point is placed
at each of the maxima and minima.

The overall agreement between the calculated and experimental spectra is
seen to be quite good. Throughout large portions of many of the spectra the
agreement is well within the expected experimental accuracy. The good agree—

= ment demonstrates the overall good accuracy of the APC.L line parameters and the
validity of the method of using an empirical continuum to account for the con-
tribution by the wings of distant lines. In a few places, spectral shifts by
as much as 0.1 or 0.2 cm4 can be observed. These discrepancies are probably
the result of our experimental errors; the positions of most of the line centers
on the A.FGL tape are undoubtedly more ~ceur5te than the wavenumber calibrationof our experimental curves.

We did not adjust any of the AFGL line parameters in an attempt to improve
the agreement between the experimental and calculated spectra. In only a few
places is there evidence that significant improvement could be brought about by
changing any of the line parameters. Some of the apparent discrepancies near• very weak lines may be due to noise in the original experimental data from which
the smooth curves were obtained . Errors in the experimental transmitt ance as
large as 0.02 or 0.03 arc expected in some spectral regions, particularly at low
wavenumbers. Some discrepancies near line centers may be due to the difference
between the experimental slitwidth and the slitwidth use in the calculations.

The relative contribution by the empirical continuum depends on the spectral
region and on all of the sample paramete rs; temperature abso rber thickness ,
H
~O partial pressur, and N2 partial pressure . Figure 15 shows spectra of two

pure 11~0 samples for which the empirical continuum is quite important . The
long, broken lines represent the transmittance that would he calculated for

• the empirical continuum alone. Sample 2 represented In Figure 16 consists of
• both 1120 and N2. The upper broken curve corresponde to the calculated trans-

• mittance of the empirical cont inuum due to self broadening only. The lower
broke n curve corresp onds to the empirical continuum for both self broadening
and 112 broadening. Although 

~N 
for Sample 2 is approxImately 100 times ~hc

• 1120 partial pressure p, the empirical continuum for N2 broadening is only about
the same as that for self broadening. This, of course, could by predicted from
the two curves in Figures 2 and 6 that correspond to 2%
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TA BLE 3

___________ 
SPECTRAL RESOLT.T1’ION SCHEDULE

A B C U E F
—l —l —l —l -l —l — l(cm ) (cm ) (cm ) (cm ) (cm ) (cm ) (cm )

330 0.28
340 I 0.31

• 350 0.33
360 0.36
370 0.39
380 0.23 0.32 0.42
390 1 0.25 0.34 0.46

400 0.28 0.36 -

410 I 0.30 0.39
420 0.32 0.42
430 0.26 , 0.35 0.45
440 0.27 0.35 0.37 0.48

450 0.28 0.37 0.39 0.51
460 0.29 0,39 I
470 0.31 0.41
480 0.33 0.43
490 0.34 0.45 I

500 0.26 0.35 0.46
510 0.28 0.48
520 0.29 0.50
530 0.31 0.53
540 0.33 0.55

550 0.35 0.57
560 0. 36 0. 59
570 0. 38 0.61
580 0.40 0.63
590 0.42 0.65

600 0.43 0.67
610 0.45 0.69 ‘

620 0.47 0.71
630 0. 49 0. 73
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SECTION 5 -

APPLICATION TO CALCUL~IIONS OF
ATMOSPHERIC TRANSMITTANCE

It was demonstrated in Section 4 that spectral curves of transmittance can
be calculated quite accurately by using the empirical continuum in conjunction
with the APGL line parameters. The calculated spectra correspond to samples at
the same temperatures at which the empirical continuum was determined. For
atmospheric applications, it is essential that the empirical continuum can be
calculated for a wide variety of temperatures and pressures. The pressure de-
pendence is quite predictable, but it is necessary to extrapolate the continuum
coefficients to temperatures well below those at which we obtained experimental
data.

In previous work’3 we have found that the continuum attenuation coefficient
at a given wavenumber can usually be fitted to an equation of the form:

lb bi
~~~0 (at ç~) — ~c~

0 (at e°) exp —-- - —i (10)

We have found that this equation can also be used to fit the empirical con-
tinuum for self broadening in the spectral regions where we obtained data at
three or more temperatures. The reference temperature, ~0, in our calculations
is 296K. Data for three temperatures (296K, 338K and 6301Q are shown in Figures
2, 3 and 4 near 430 cm~~. Data presented prçvtously by u~’ on continuum

• • absorption at 358 K and 388K between 700 cm~~ and 800 cm~~ have also been used
in conjunction with the 296K and 430K data from Section 3 to determine values

• of the coefficient b for several wavenumbers. At each of these wavenumbers,
the data fitted, within the experimental uncertainty, a curve based on Equation
(10) with the appropriate value of b. This good agreement for 3 temperatures
provides some evidence of the validity of an equation of this form. Of course ,
it should not be assumed that the equations are completely valid for tempera-
tures well outside the range covered by the experimental data.

• Because of the apparent validity of Equation (10) in spectral regions F
where it could be checked, we have assumed that it is valid for the entire
spectral region and temperatures covered in this report. Accordingly, ~e• have used the data presented in Section 3 to determine the appropriate values
of the coefficient b. The results are suninarized in Table 4.

We have used the values of b shown in Table 4 to calculate 5C0 at
several different temperatures that represent any part of the earth~s atmos-
phere where a significant amount of l~0 vapor exists. In addition to the

• values of 8C calculated at 10K intervals, Table 5 includes the values for
• the three temperatures (296K, 338K and 430K) at which the experimental data

exist. Because of the exponential form of Equation (10), the values of aC~
calculated for the very low temperatures are much greater than the corresponding

• values at room temperature (296K). The large temperature range over which the

13. Darrell E• Burch, David A. Gryvnak, and John U. Pembrook, Investigation of
the Absorption by Atmospheric Gases:Water, Nitrogen , Nitrous Oxide Semi-
Annual Technical Report No. ° AFCRL-71-0124. Aeronutronic Report No. U-4897,
January, 1971.
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• extrapolation results in a relatively high uncertainty for the values cal-culated for temperatures below appr ox imately 250K . The seriousness of thisuncertainty in calculating atmospher ic tran smittance , however, is partiallyoffset by the very low partial pressures of 1120 vapor that exist at low
temperatures .

The results given in Section 3 indicate that the ratio aCo/~~ ~~ is
much less for N2 broadening than for self broadening. This ratio hso decreaseswith increasing temperature. Because of the relatively small contribution bythe empirical continuum, the coefficients can not be deter mined as accurately
for N2 broadening as for self broadening. Table 6 lists values of C~ fromthe curve of Figure 6 for 296K. As pointed out in Section 3, the smaTiness ofC~ and the relatively poor accuracy with which this quantity could be measuredmane it impractical to determined its temperature dependence. Th.refore, wereco~~end that the value s determined for aco at 296K be used for all calcula-tions involving the earth’s atmosphere. N

The rapid decrease in the attenuation by the empirical continuum at re-duced temperature is illustrated in Table 7. The second colunm of this tablegives values of the attentuation coefficient ~ (in karl) calculated from thevalues of ac~ and 8C0 presented in Section 3 Tor the empirical continuum inan atmosphere saturatil with 1120 vapor at 296K. (The 1120 density is actuallybased on 23’C, which is 296.3K) At this temperature the vapor pressure of
1120 is approximately 0.0277 atm and the value of u for a 1-kilometer path is6.89 E20 molecules/cm2. Values of 8C0 and aCg calculated for 240K by use ofEquation (10) have served as the basiN for the coefficients given in the thir dcolusm for saturated air at 240K and 1 atm total pressure. The final celusm
illustrates the influence of reduced total pressure. These data r.pr.a.nt
saturated air at 240K at the total pressure that corresponds to this temperaturein the midlatitude Sumer Model Atmosphere 14, At this low temperature, varylong atmospheric paths are required for the empirical continuum absorption tobe significant. The contribution is even less at temperaturs below 240K b.-cause of the decreased vapor pressure of 1120. It is emphasized that the co—

• efficients in Table 7 represent only the empirical continuum. The total at-
• tenuation coefficient is calculated by adding the empirical continuum co-

efficient to the calculated sum 1P ak 
, of the contributions of the lines.

1

14. R. A. McClatchey, R. V. Penn, J. E. A . Selby, P. E. You , and J. S. Caring,“Optical Properties of the Atmosphere” (Third Edition ) Report No. APCRL-72-0497, Environmental Research Papers No. 41. August 1972.
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TABLE 4

TEMPE RATURE COEFFICIENT FOR THE
EMPIRICAL 1120 CONTINUUM

h V b 
-

(cm t) (cm~~) (K)
19’

330 • 1 ~~~~~~~~

340. 1214

350 • 1923 .- 4 4 1
160. 12:-u -~1’-). 1434
370. 1740 -. ‘O• 1467
380. 1748 ~~o. 1481
390 • 1 2~’ 7 ~44O • 1 4 Y’

400, 1 265 6~,0. 151.0
410. 1273 660. 1525
420. 1282 (470. 1542
430 . 1~ 90 M~0. .1 560
440. 1299 690. 1579

450 . 130 7 700 . 1592
460 . 1316 710, 1615
470 . 1374 720. 1633
480. 1333 730. 1652
490. 1141 740. 1 7 0

500 . 1349 750. 1688
510. 1338 ThO. 1706
520 . 1366 770 . 1725
530, 1375 780. 1743
540. 1383 ~79O , 1 :761

550. 1392 800. 1779
560. 1400 RiO. 1 798
570 . 1409 870 . 1816

580 , 1419
590. 1430 -

• C (,).aCo(2%K) •~ (
~ 

- 1~A) 
• — •
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r~ms S

U~ 11ICAL 1120 ~~~ri~u~M C0IPT1CI~~IT
P08 ULP-~~~~.11~~U~ AT DIPPURWP fl*UAI1U$ .

*~1cip1y all values by t0 2~ .olecul.i 1 
~~~

V
cu 200k 21* 220k 230k 24* 250k 26* 27*

320. 83716. 62942. 48567. 39329. 130052. 25268. 21015. 17719.
330. 78421. 58843. 45320. 35707. 28697. 23471. 19495. 16417.
340. 73458. 55008 . 42290. 33264. 

1
26693. 21800. 18084. 15211.

350. 68809 . 51423. 39461. 30987. 24828. 20249. 16775. 14093.
360. 64460. 48076. 36825. 28869. 1 23095. 18809. 15563. 13098.
370. 60381. 44943. 34363. 26894. *21482. 11471. 14436. 12099.
380. 56564 . 42017. 32067. 25055. 19983. 16229. 13392. 11210.
390. 52983 . 39278. 29922. 23340 . 

p
18586. 15073 , 12423. 10386.

400. 49635.- 36122. 27923. 21745. 17290. 14002. 11525. 9624.
410. 46492. 34328. 26055. 20256. j1 6081 , 13005. 10690. 8916.
420. 43549. 32090. 24312. 18869. 114958. 12079. 9917. 8261.
430. 40800. 30004. 22690. 17581. 13915. 11222. 9200. 7655.
440. 38213. 28045. 21170. 16376. 112941 . 10422. 8533. 7092.

450. 35798. 26220. 19756. 15256. 12038. 9681. 7916. 6571.
460. 33536. 24514. 18437. 14214. ,11199. 8993. 7344. 6089.
470. 31411. 22915. 17203. 13240. 110416. 8352. 6812. 5641.
480. 29421 . 21420. 16051. 12333. 9687. 7757. 6319. 5226.
490. 27564. 20027. 14980. 11491 . 9012. 7206. 5862. 4843.

500. 25819. 18722. 13978. 10705. 8382. 6693. 5438. 4487.
510. 24184. 17501. 13043. 9972. 7796. 6217. 5044. 4157.
520. 22655. 16362. 12171. 9290. I 7252. 5775. 4680. 3837.
530. 21219. 15294. 11356. 8653. 6745. 5363. 4340. 2568.
540. 19980. 14300. 10599. 8063. 6275. 4983. 4027. 3307.

550. 18625. 13370. 9891. 7512. 5837. 4629. 3736. 3064.
560. 17447. 12499. 9230. 6998. 5430. 4299. 34.’.6. 2839.
570. 16342. 11684. 8612. 6519. I 5050. 3993. 3215. 2630.
580. 15405. 10988. 8081. 6105. 4721. 3726. 2995. 2447.
590. 14586. 10376. 7613. 5738. 4428. 3489. 2800. 2284.

600. 13860. 9832. 7196. 5411. 4167. 3277. 2625. 2137.
610. 13221. 9351. 4825. 5120. 3934. 3087. 2468. 2006 .
620. 12660. 8926. 6497. 4862. U 3727. 2910. 2328. 1989.
630. 12180. 8560. 6213. 4636. 3545. 2770. 2205. p 786.
640. 11752. 8232. 5956. 4432. 3380. 2635. 2093. 1692.

650. 12378. 7942. 5728. 4250. 3233. 2513. 1992. 1607.
660. 11074. 7701. 5535. 4094. 3106. 2408. 1905. 1533.
670. 10823. 7496. 5368. 3958. I 2993. 2314. 182g . 1465.
680. 10633. 7333. 5230. 3842. 2096 . 2232. 1756. 1406.
690. 10461. 7182. 5103. 3735. 2806. 2156. 1691. 1351.

700. 10282. 7029. 4974. 3628. 2716. 2081. 1628. 1296.
710. 10110. 6901. 4031. 3525. 2630. 2009. 1567. 1245.
720. 9932. 4731. 4726. 3422. I 2545. *938. 1508. 1195.
730. 9764. 6509. 4609. 3324. 2464. 1871. 1451. 1147.
740. 9593. 6445. 4489. 3227. 2384. 1905. 1396. 1100.

750. 9432. 6320. 4378. 3*36. 2309. 1743. 1344. 1057.
760. 9270. 6174. 4267. 3045. 2235. 1682. 1293. 2014.
770. 9122. 6049. 4164. 2961. I 2166. 1625. 1246. 975.
780. 8956. 5924. 4055. 2873. 2095, 1567. 1198. 935.
790. 9808. 5790. 3954. 2792. 2029. 1513. 2154 . 898.

800 . 8660. 5668. 3856. 2712. 1945. 1460. 1111. 862.
810. 8514. 5349. 3760. 2635. 1902. 1410. 1049. 927.
820. 8370. 543*. 3466. 2560. I 1842. 1361 . *029. 793.

(cant.) 
• -

~~~~
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TP.R.1 s (Cone.’)

VI’I RICAL I*~0 C0I,TIN~~J14 C0(FVICI!IIT
PUS S11.P-WOAD8IIIFIG AT DIFPU ~~IT T~ *PflATUUS .

- 
I~~1et p1y .11 vs1ue~ by io.24 oi.cui.a 1 c 2 atu ~~

cu 1 28* 2908 296k 3008 3108 3208 3388 43* 
—

320. 15122. 13049. 12000. 11370. 9996. 8859. 7757. 3400.
330. 13996. 12063. 11088. *050?. 9224. 8168. 6687. 31*4 .
340. 12953. 11153. 10245. 9699. I 8512. 753*. 6152 . 2852.

• 350. 11987. 10311. 9466. 8959. 7854. 6943. 5664. ‘1.1l.
360. 11095. 9533. 8747. 8215. U 774*3. 6407. 5716. 239?.

• 370 . 10268 . 80 14.  8082. 7643. 6689 . 5903. 4807. 7*90 .
380. 9504. 8149. 7460. 7060. 6*13. 9443. 447*. 7006.
390. 9795. 7534. 6900. 6570. I 5696. 90*8. 4071. 11317.

400. 9140. 6966. 6376. 6023. 5796. 4627. 3748. *6*1?.
410. 7534. 6440. 51391. 5562. I 4850 . 4766 . 345*.  *5 4 * .
420. 6972. 5953. 5443. 5*37 .  4476. 39*3 .  1*77 .  1 4 * 1 .
430. 6453. 5505. 5030. 4746 . 4131. 31.77. 7976. *797.
440. 5972. 5089. 4647. 43133 . I 3 * 1 1 * .  :U43. 769*. *1133.

450. 5527. 4705. 4294. 4048 . 35*7. 30133. 7480. *084.
460. 5116. 4350. 3968. 3740. I 3246. 784 *.  ‘784. 993.
470. 4734. 4022. 3666. 3454 . 2995. 2671.  7*07 . 909.
480. 4381. 3718. 3387. 3190. 2764 . 7 4 * 1 . .  19*5.  81?.
490 . 4055. 3438. 3130. 7946. I 259*.  ‘7711. * 713: ’ . 767.

500. 3753. 3178. 2892. 7771 . i :1394. 7054. 1641. 1.98
510. 3473. 2938. 2672. 75*3.  U 7*77 . *894, 1 5 1 1 .  1 .39.
520. 3215. 2717.  2469. 2322. 2004. * 746. 1391. 986.
530. 2975 . 2511.  2281. 2144.  *849. *6 *0 .  * :‘no . 936.
540. 2754. 2322. 2100. *98*. 1 1707. 1485. 1*19 . 49*.

550 . 2549. 2147. 1940. 11330. *575. 1369. *0131.. 490.
560. 2359. 1 985 . 1800. 1690. 1 1454. 171.7. *000. 4*?.
510 . 2183. 1935. 1663. 1561. *3 4 1.  *164 . 970. 377.
580 . 2028. 1703. 1542. 1446 . 1242 .  1076 . 850 . 346 .
590. 1890. 1585. 1434. 1345. I 115.1. 998. 7*11. 3 *8 .

600 . 1766. 1479. 1337. 1253 . 1073 . 97*1. 730. ~ 93.
620.  1655. 1384 . 1250. 1171 .  I 1001.  865 . 619. 770.
620 . 1556. 1299. 1172 . 1097. 937. 8013. 433. 790.
630 . 2468. 1223. 1103. 1037. 880 . 758. 597. 7 *? .
640. 1388. 1155. 1040. 972. I 828. 7* ?. ~~.9. 7*5 .

650 . 1316. 1092. 983 . 918. 713 1.  670. . 7 1 .  700 .
660. *253. 1038. 933. 871.  1 739. 634 . 497. *8’ .
670 . 1195. 988. 887. 927. 701. 1.00. 41.4. 1 7 5 .
680 . 1144. 944. 846. 789 . 667. 570. 439. 1 14 .
690 . 1096. 902. 8013. 753. I ~~~~~ 54?. 4*1.. *53.

700 . 1050. 862. 771. 717. 604 . 5 * 4 .  94.  * 4 3 .
710. 1005. 824. 736 . 684. I 575. 489. 374 .  *3 4 .
720. 962. 787. 702. 65?. 947. 41.4. 354. 176.
730 . 922. 752. 670. 622. 571.  4 4 * .  335. 1 1 1 3 .
740. 882. 718. 639. 393. I 495. 4 1 1 3 .  * 1 7 .  * 1 0.

750. 945. 686. 610. 565. 47*.  398. *00. *03 .
760. 909 . 656 . 582 . 539. I 449. 378. 134. 96.
770 . 776. 627. 556. 5*4 .  427.  359. 719. 90.
780 . 747. 599, 530. 490 . 406 . 3 4 1.  759 . 85.
790 . 711 .  5??. 306. 467. I *87. 374. :‘4~~. 79.

• 
800. 681. 547. 493. 446. I 368. 10*3 . 7:’Q . 74.
810. 652. 523. 461. 425. 350. 29 ? .  7 % ? .  69.
820. 625. 500. 440. 405. 333. ~~fl. ‘09. 65.
—
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TAIL! 7

ATLINUATION COEPPIC lENT
~~ ~~ 

EMPIRICAL 000TINU*$ 100
11151 * AT1~ SP11ERIC CONDITIONS

O(~~) 
2% 240 240

p(ats) 0.0277 0.00032 0.00032
P(at.) 1.00 1.00 0.306

(a)
~~,,C~2 689 120 9. 78 118 9.78 118

(c.~~ ) (k~~t~~~~) 
(ha’1) (kin4)

320. l.~ 7$53 0.01105 0.00345
330. 0.6*443 0.00598 0.00189
340. 0.44574 0.00374 0.0012S

350. 0.34387 0.00246 0.0008*
360. I.27S~4 0.00*67 0.00056
370. 0.2297~ 0.00117 0.01041
380. 0.1,180 0.00089 0.00031
390. 0.17713 0.00072 0.00026

400. 0.15723 0.00057 0.00021
410. 0.14416 0.00051 0.00019
420. 0.13227 0.00046 0.00017

• 430. 0.12171 0.00042 0.00016
440. 0.11206 0.00038 0.000*5

450. 0.10372 0.00036 0.00014
460. 0.0~5~ 7 0.00033 0.00013
470. 0.08893 0.0003* 0.000*2
480. 0.08248 0.00029 0.00011
4~ 0e 0.07690 0.00028 0.00011

500. 0.07*36 0.00026 0.000*0
510. 0.06643 0.00025 0.00009
520. 0.06*82 0.00024 0.00009
530 . 0.05736 0.00022 0.00008
540. 0.0S3l~ 0.0002* 0.00008

550. 0.04927 0.00020 0.00007
560 . 0.04565 0.000*8 0.00007
510. 0.042*6 0.000*7 0.00006
580. 0.03~0S 0.000*6 0.00006
5~S. 0.036*2 0.000*4 0.00005

600 . 0.03340 0.000*3 0.00005
6*0. $.030~4 0.00012 0.00004
620. 0.02858 0.000*0 0.00004
630. 0.02639 0.0000~ 0.00004
640 . 0.02432 0.00008 0.00003

• (a)Th. unit uiol.cul.s/o*2 is abbreviated by #Ica~Tb. value of u corresponds tO & 1-k. path.

T (.~~irica1 continuia) — •xp (-B.~L)
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