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SECTION 1
INTRODUCTION

BACKGROUND AND SUMMARY

Water vapor is the dominant atmospheric absorbing gas between approximately
333 and 633 c-‘I, the spectral region covered by this report. It is essential
that the absorption in this region be sufficiently well understood that it can
be calculated accurately for a wide variety of path lengths and atmospheric
conditions. This spectral region has certain advantages for remote sensing of
the atmosphere from satellite-borne instruments and ground=-based instruments.

The water vapor spectrum contains wany individual absorption line of
widely varying intensicies. The average absorption over intervals wide enough
to contain several lines increases generally from the hiq xavnnunber side of
this region to the low wavenumber side, Previous reportsl™% from our labora-
tory show experimental data obtained with laboratory samples of pure Ho0 and
H20 + Np. These data include spectral curves of transmittance as well as re-
sults of measurements of the transmittance at the centers of several narrow
"windows" between absorption lines. Important information about the continuum
absorption has been derived from the window measurements.

Spectra based on the AFGL® line parameters and calculated by a line-by-line
method agree well with experimental data near the relatively strong H,0

1. Darrell E. Burch, David A. Grynvak, and Francis J. Gates; '"'Continuum
Absorption by HyO Between 330 and 825 cm=1", Final Report No. AFCRL-TR-
74=-0377 on Contract F19628-74-C-0069. Aeronutronic Report No. U=6095,
September 1974,

2, Darrell E. Burch, David A. Grynvak, and John D. Pembrook; "Infrared Ab-
sorption by Hp0, NO, and NoO4", Final Report No. AFCRL=TR-75-0420 on
Contract No. F19628-75-C-0049. Aeronutronic Report No, U-6159, September,
1975.

3. David A, Gryvnak, Darrell E. Burch, Robert L. Alt, and Dorianne K. Zgone ;
"Infrared Absorption by CHg, Hp0 and CO", Final Report No. AFGL<TR-76-0246
on Contract F19628-76-C0067. Aeronutronic Report No. U=6275, December 1977.

4. David A, Gryvnak and Darrell E. Burch, "Infrared Absorption by COp and Ny0, "
Scientific Report AFGL-TR-78-0154. Aeronutronic Report No.U~6417, May 1978,

5. R. A, McClatchey, W, S. Benedict, S. A. Clough, D. E. Burch, R, F, Calfee
K. Fox, L. S. Rothman, and J. S. Garing; "AFCRL Atmospheric Absorption Line
Parameters Compilation", AFCRL-TR-73-0096, 26 January 1973. (Associated
with this report is a magnetic tape listing the line parameters,)
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absorption lines. However, significant discrepancies between the theory and
experiment txlot at wavenumbers of maximum transmission in the narrow windows
several cm™" from strong lines. The discrepancies are more pronounced for
samples of pure HgO than for dilute samples of HpO in Ny. Calculated trans-
mittances are always greater than the observed transmittances in these narrow
windows. Palmer® and Bignell’, in previous studies of this spectral region,
have also observed that the narrow window absorption is greater for samnples
with high concentrations of Ho0 than would be predicted from spectra of low
concentrations of H20 in the air.

“.6 have demonstrated that the transmittance 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 wavenumber. 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, method of calculation with an empirical continuum. Only lines centered
within 30 cm™® of the wavenumber 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 i{s presented in
Section 3 for self broadening and Ny 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™*, 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 tem-
peratures 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., J. Opt. Soc, Am, 50 1323 (1960)

7. K. J. Bignell, Quart J. Roy. Met. Soc. 96, 390 (1970)




DEFINITIONS AND DISCUSSION OF PARAMETERS

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

u(molecules/cm?) = 2,69 x 1019 p(atm) L(cm) (273/9) (1)

= 7,34 x 102! pLjg,
vhere 8 is the temperature in Kelvins and L is the path length.

The true transmittance of a sample that would be observed with infinite
resolving power is given by

T' = exp (~ux), or (-l/n)AT' - (2)

where X is the absorption coefficient. Because of the finite slitwidth of a
spectrometer and possible variations in & with wavenumber due to line struc=
ture, the observed transmittance T may differ significantly from T' at the
same wavenumber. The quantity T represents a weighted average of T' over the
interval passed by the spectrometer.

The intrinsic absorption coefficient d\f- to a single collision-broadened
absorption line at a point within a few cm™! of the line center, Vo» 1s pro-
bably given adequately by the Lorentz shape:

S
kL " % (v-vosg +o2 3)

The line intensity S -f kdv is essentially !ndepcngcgt of pressure for
the conditions of the present study. It has been shown®:? that for ||
greater than a few cm™!, the Lorentz equation may require modification, One
empirical method is to employ a factor y, which is a function of (v=-v).,
so that Equation 3 becomes

s aX

ReRpX == = gy ol (%)

vhere ki, denotes the value given by the Lorentz coefficient. The value of X
is approximately equal to unity for small I\hvol. but it may be quite dif-
ferent for large |v-v,|.

The half-width o is proportional to the equivalent pressure, Po, given by
the following equation for a mixture of the absorbing gas plus nitrogen.

8, D, B, Burch, D, A, Grywnak, R, R, Patty and C, E, Bartky, J, Opt, Soc.,
Am, 59, 267 (1969).

9. B, H, Winters, S. Silverman, and W, S, Benedict, J. Quant, Spectry
Radfative Transfer 4, 527 (1964).




Pe = By +py = (B-1)p +P. (5)

The total pressure is denoted by P, the partial pressure of Ny by py, and the
partial pressure of the absorbing gas by p. Note that P, approximates P for

a dilute mixture of the absorbing gas in N, The value of B has been deter=

mined previously to be approximately 5 for H,0 as the absorbing gas.

The wing absorption coefficient C due to the extreme wings (|v-vo‘vha) 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 coefficient at a given wavenumber in the wing of a single
Lorentz-shaped absorption line is proportional to @. This same proportiona=-
lity has been experimentally® demonstrated both for Lorentz-shaped lines and
for non-Lorentz 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 many 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
pure Ho0 in a fixed path length is directly proportional to p“.

Dimers consisting of two temporarily joined HyO molecules ( Hy0:H,0) have
been suggested as a source of ngo continuum absorption. Dimer absorption has
the same pressure dependence (p<L) as wing absorption by pure Hp0; therefore,
it is difficult to distinguish which is the source of Hy0 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 H20 continuum as if it were all due
to wing absorption.

In the present study, the continuum is studied by investigating the
absorption at selected wavenumbers where there is little absorption by lines
centered within 1 cm=L However, as discussed in more detail below, there
may be a small amount of absorption due to these nearby (|v-q5|<l em~1) 1lines,
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 o of any of
the lines is much less than 1 cm~l . Therefore, the contributions by any line
for which |v-v°|>1 cem~l is proportional to @ and follows the pressure depen=
dence of continuum. It follows that the total absorption coefficient X for a
pure H20 sample is given by

K= K(local) + Cgp = K(local) + Cg (6)

The normalized continuum coefficient C©
is the value of C. wh -
s en p = 1 atm at
a given temperature. The subscript s denotes self broade:ing of the lines.

Since ag = a2 p, and u 1is
s Ps oroportional to pL, it follows that (-
continuum due to the wings of lines is proporti;nal to p2L. o
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In a mixture of H20 + Nz, the H20 absorption lines are broadened by
collisions of the absorbing HyO molecules with N2 molecules as well as with
other H20 molecules. To account for the H20 - N2 collisions, Equation (6)
wust be wmodified as follows

X = x(local) + c:p + cg Py R(local? +C )

The small contribution to the absorption by «&(local) is accounted for as a
first step in the reduction of the absorption data to determine the continuum
coefficients,.

As a means of simplifying the calculation of transmittance spectra, we have
divided the self broadening and nitrogen broadening coefficients each into twe

components. One component, which is disignated as ? 'k, represents approxi-
1
mately the cqlgqlgtnd_ contribution by all of the absorption lines centered
within 30 cm™* of the wavenumber where the calculation is being made., An
empirical continuum, designated by C, represents the difference between the
30 a
experimental continuum and }1: k. The exact method used to determine these

two factors is discussed in Section 3,




SECTION 2

EXPERIMENTAL

The experimental data presented here have been obtained with the grating
spectrometer and two adjustable multiple-pass 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 meter serves for shorter paths. Es-
sentially all of the optical ath outside of the sample cell is confined to
two vacuum tanks to eliminate absorption by acmosgheric gases, When operating
at wavenumbers greater than approximately 430 cm™* () .- 23.2 um) the radiant
energy source is a Nernst glower, the sample cell windows are KBr, and a KBr
window 1s 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,

10

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 displayed on a strip-chart
recorder,

The pressure of Ho0 in a pure sample is measured by an oil manometer that
can be read to approximatély 0.00003 atm for pressures less than about 0,005
atm, The uncertainty is probably between 0.5% and 1% for higher H;0 pressures.
Before the spectrum is scanned or before No 1is added to a sample, the pure
Hy0 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
equilibrium, The time required to reach equilibrium is sometimes shortened
by allowing a sample of pure Hy0 to remain in the cell for a few minutes at
a pressure 10% - 20% greater than that desired. The extra vapor is then
removed by partially evacuating the ceéll., Partial pressures of Hp0 in the
Hy0 + Ny mixtures are measured by a dew-point meter mounted inside the
sample cell. Values of Hp0 partial pressure obtained with the dew=-point
meter agree quite well with the partifl pressure measured by the manometer
before the is added if sufficient|time is allowed for the absorption to
reach equilibrium before the N, is added.

The samples studied cover wide r&nges of optical path lengths, tempera-
tures, HyO partial pressures, and total pressures of H,0 + Ny mixtures. Un-
fortunately, no data have been obtain¢d at reduced temperatures because of
the limitations on the maximum HyO partial pressure that can be achieved at
low temperatures. Data covering the yide range of temperatures make it possible
to determine the temperature dependenge so that some extrapolation to lower
temperatures is probably valid. Samples of pure Hy0 have been studied so that
self broadening of the absorption line¢s can be investigated without the influence

Atmospheric Gases." Semi-Ahnual|{Technical Report, Contract F19628-69-C-

10. D. E, Burch, " Investigation of Ihe Absorption of Infrared Radiation by
=4784, January 1970,

0263, Aeronutronic Report No.




of N2 broadening, The Np broadening of the HyO lines is determined by com-
paring the absorption by Hy0 + N samples with the corresponding absorption
by samples of Hy0 onmly.

A "background" curve is scanned with the sample cell evacuated either
immediately before or after the sample spectrum is scanned. After the curves
are checked and edited slightly to acoount for small drift or spurious de-
flections, they are digitized and the data are punched on computer cards. Posi-
tions of the HyO line centers as given on cne AFGL line parameter tape are
used for wavenumber 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 (-1/u) AT, can be generated by the computer,

A portion of a typical experimental spectrum of pure Hp0 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 AFGL 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 illustration because the discrep-
ancy between theory and experiment is great at these low wavenumbers and is
greater for pure HyO samples than for samples of HyO + Np;. 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 empirical continuum in the
calculation in a manner similar to that described in Section 3., Further im-
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 information about the continuum absorp-
tion was obtained without scanning spectra by measuring the altsorption 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 1 ecm™* was accounted for, either graphically or by
calculating the absorption by the nearby line from the AFGL line parameters.
This correction for nearby lines was usually much smaller than the continuum
absorption; therefore, the correction need not be accurate, After «(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 obtained
from mixtures of Hy0 + Nj.

Table 1, repeated here from two of our previous reportsl-a, summarizes
much of the experimental continuum data discussed below. At 296K, cg is
generally 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 wavenumbers investigated for pure
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EXPERIMENTALLY DETERMINED HyO CONTINUUM COEFFICIENTS

TABLE 1

FOR SELF-BROADENING AND Nj-BROADENING

} v
eml | Multiply all values by 10°26 mlocules'l cm? atm™! | /et
cv cﬁz ' I\Z
430 K ° 206 K 430 X 296 K 430 K 296 &

337.9 16000 1530 10.5

366.0 9790 385* 25.4
_ 389.0 7830 291" 26.9
é 411.0 6300 140* 45.0
: 430.0 | 2400 349 6.9

433.7 | 4520 5700 645 160™* 7.0 35.6

439.0 5600 160* 35.0

440.1 | 2950 378 7.8

448.8 3420 5100 432 117* 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 $h,7 30.7

597.0 670 1500 65 26.7% 10.3 56.2

611.4 1170 a2 95.9

629.0 330 1100 29 13.0%. | 13.0 84.6

656.0 219 1000

683.5 171 930*

725.5 120 700*

766.6 | 97 570%

790.0 . 87 540

822.0 i 68 420%

The estimated errors for CO and Cy are + 5% except for values marked * and ™
vhich indicate * 107 and + 20%, respectively.
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0 is due to the extreme wings of the absorption lines, these results indicate
that 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 strong 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 CO2 and N20 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 CQ/CQ var¥ from 5 upwards to
much larger numbers, possibly as high as 1000 near 10 ;ym.11,12 The variation
in this ratio can be explained on the basis of a difference in the shapes of
the extreme_wings of No- broadened and self-broadened HyO lines. Within about
5 or 10 cm~l of the line centers, both types of lines apparently have similar
shapes with the normalized (to 1 atm) halfwidths of self-broadened lines ap-
proximately 5 times as great as they are for Np- broadened lines. However,
beyond 5 or 10 cm~l from the centers, the absorption by self-broadened lines
relative to N9~ broadened ones is apparently greater than it is near the cen=-
ters. This corresponds to a larger value of ¥ at a given ‘V‘Vb‘ for the

wings of self-broadened H,0 lines than for Np-broadened lines.

At wavenumbers where the ratio CQ/CQ is high, Cg decreases rapidly with
increasing temperature. This large nega§ive temperature dependence generally
cannot be explained by changes in the intensities and widths of the lines.
Line widths at 1 atm pressure decrease with increasing temperature, but not at
a sufficient rate to account for the observed temperature dependence of CS. The
most probable explanation is a change in the shapes of the wings of the lines
that can be represented by a decrease in ¥ 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-VO‘. The results also in-
dicate that X for Np-broadened lines decreases with increasing temperature,
but at a slower rate than self-broadened lines., This results in a decrease

in Cglcg with increasing temperature,

Two other aet36’7 of experimental data on HyO absorption in this spectral
region also indicate that the relative effect of self-broadening is greater
in the narrow windows separated from strong lines than at wavenumbers near
strong lines. Neither of these previous studies included samples at tempera-

11, Darrell E. Burch, "Investigation of the Absorption of Infrared Radiation
by Atmospheric Gases.' Semi-Annual Technical Report, Contract F19628«69-C-
0263, Aeronutronic Report No, U=-4784, January 1970.

12, R. E, Roberts, J. E. A, Selby, and L. M. Biberman, Appl, Opt. 15, 2085 (1976).

13




tures much different from room temperature. Bignell’ has published values
that can be related directly to our C§ and CQ within a few wavenumbers of
some of the points where we have obtained a. Bignell's sample cell could
be operated only at 1 atm pressure; therefore, he was unable to study samples
of pure H20. He studied self-broademing by varying the partial pressure of

Hy0 in his samples. The agreement between Bignell's data and our data is

quite goed.
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SECTION 3

EMPIRICAL CONTINUUM

In a previous teporta, we have shown that the transmittance can be cal-
culated at the wavenumbers of maximum transmittance by a method that involves
summing the contributions by all of the lines and adding an empirical continuum.
The method used previously includes the calculated contributions by all of the
HgO 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 cm~! of
the wavenumber of calculation have been included. An, empirical 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 CQ or Cg
have been determined is selected. The AFGL line parameters are
used as input to a computer program to calculate contributions due
to these lines at the selected wavenumbers of maximum transmittance.
Only those lines for which 1 .- |y=y, | = 30 cm-l are included in the
calculation (Recall that the experimental values with which these
values are to be conTared do not include contributions by lines for
which 'v‘vo‘ <1 em=ly,

In summing the contributions due to the lines, the simple Lorentz
line shape (Equation (3)) is used for |y=yy| 2 20 em~l. For

20 < l v=vo | < 30 ecm™*, the contribution gy each line is given by
k = ky, I, where ki, corresponds to the Lorentz shape and I varies
linearly from unity at |y-vo| = 20 em™! to zero at |y-yo| = 30 cml.
we refer to this as an "apodized bound" of 30 cm~l. (The term bound
is normally used to denote the value of |v-yo| beyond which the con-
tribution 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 cor-

30
tinuum calculated in this manner is denoted as ak:. The left=hand
1

superscript denotes the apodized bound, and the superscript o indicates
an equivalent pressure of 1 atm,

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

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

c..
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The value of 30 c-'l 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 kg with a
15 cm” bound were compared at many wavenumbers with sums calculated for a
20 cm”! bound. The differences between these two values contained signifi-
cant discontinuites at points 15 cm"! from a strong line, The summation based
on the 20 cm"l bound included the contribution by this strong line, whereas
the other summation did not, The discontinuities observed in the differences
between calculations based on a 30 cm~l bound and those based on a larger bound
were usually less than the experimental error, Because of the added computer
time required, inclusion of contributions by lines centered more than 30 cm-l
from the point of calculation would not be justified. Furthermore, the shapes
of lines at distances greater than this from the center are not known accurate-
ly.

If a normal 30 cm'l bound is used, small discontinuities in the spectra
occur at points 30 em”l from strong lines. In almost all cases, the discon-
tinuity is less than the uncertainty in the calculations. Nevertheless, a
small discontinuity in a calculated spectrum is undesirable, By apodizing
in the manner described above, the contribution by a distant strong line in-
creases gradually and continuously as the point of calculation approaches the
1line.

Figure 2 illustrates the method of determining theempirical continuum for
pure HHO at 296K, The solidsquares in the figure represent the values of CQ
obtained from the laboratory measurements discussed in Section 2, These
values also appear in Table 1; they correspond to points where most of the
absorption is due to lines centered beyond approximately 2 cm~l from the point
of measurement. The contributions by lines centered withip. 1 em~l have al-
ready been substracted from the observed data, Values of ¥ 8k° 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 HyO samples at 296K, Values from this smooth

curve are used to represent the empirical continuum coefficient, ‘Cg, in trans-
mission calculations,

Figures 3 and 4 include corresponding data for elevated temperatures. As
the temperature increases, the calculated points (triangles) become closer to
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 +10% 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 because the laboratory data are somewhat less accurate and the

16

RC———— Poes—
T e B

—
T A P




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 lines. 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 Np-broadened HyO lines. It is informa-
tive that essentially the same amount of empirical continuum is required to
provide agreement between theory and experiment at the wavenumbers 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 2C® 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 Np broadening are shown in Figures 6,7, and
8. As pointed out above, the distant wings of Np-broadened Hy0 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 Np-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 N3 broadening than for self-broadening. Only
a limited number of samples were used to study the N» 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 wavenumbers greater than approximately 635 cm=l because of
the small effect of adding N2 to a sample of pure HpO and because of the ab-
sorption by unavoidable impurities in the sample cell,

We were not able to measure a significant temperature dependence of 2CQ
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 corresyponding 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 data do not indicate a significant trend
with changing temperature. Therefore, in calculations discussed in Sections
4 and 5, we have assumed that ‘cg 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 ‘Cﬁ may contribute little to the errors in the calculated average trans=
mittance over a spectral interval containing several lines.
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If the distant wings of self-brosdemed HyO lines were shaped the same
as Np-broadening lines, the curve for ACJ in Pigure 2 would be shaped the
_uthecornwdiumtu'q in Pigure 6. Purthermore, at any
given vavenumber, the ratio %C§ : ACfj} "would be 5, the rat
halfwidths, o°, for self-broadening and broadening. Comparison of the .
curves in Figures 2 and 6 indicate that ratio may be as large as 100 at
some wavenumbers, This large ratio is evidence of the great difference in
the shapes of the extveme wings of the lines for the two types
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SECTION 4

COMPARISON OF EXPERIMENTAL 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 wavenumbers, with adjacent wavenumbers close enough together that essen-
tially all of the spectral structure is maintained.

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

calculate values of%o 8k; . All lines for which 'V"VO|S 30 em-1

are included in the calculation., The apodized bound is used for
|V~v°| between 20 cm~l and 30 cm‘l.

The empirical coefficient 8C is calculated from values obtained
from the appropriate smooth curves of ac2 and 3c§ shown in Section 3.

8 = p &g +py AR (8)

Analytical functions that represent the curves of 8C° and &CQ
s N
are used in the computation.

The total attenuation coefficient K is found at each wavenumber
of calculation by combining the results of steps (a) and (b)

# (molecules-l cm=2) = ac + g ag 9)

The values of absorber thickness of the experimental sample of
interest is inserted into Equation (1) along with the value of K
found in step (c) to determine the true transmittance T'.

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,

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 experimental spectrum, which is
represented by a continuous curve,
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Table 2 summarizes 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. Colums 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 columi. The resolution schedule
in column 10 refere to Table 3, which gives the spectral slit width of the
laboratory spectra as a function of wavenumber, While scamning a spectrum, the
physical width of the spectrometer slit remains fixed, but the spectral slit-
width varies because of the change in dispersion. Values of the spectral slit-
width correspond approximately to the full width ot half-maximum of a '"triangular
slit function". Column 9 gives the spectral slitwidth used in calculating the

spectra; a constant spectral slitwidth 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 ecasily., 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 AFGL 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 cm™* can be observed. These discrepancies are probably
the result of our experimental errors; the positions of most of the line centers
on the AFGL tape are undoubtedly wore accurate than the wavenumber calibration
of 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 transmittance as
large as 0.02 or 0.03 are 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 fn the calculations.

The relative contribution by the ewpirical continuum depends on the spectral
region and on all of the sample parameters; temperature, absorber thickness,
HyO0 partial pressure and N, partial pressure. Figure 15shows spectra of two
pure H,0 samples for which the empirical continuum is quite important. The
long, g:okan lines represent the transmittance that would be calculated for
the empirical continuum alone. Sample 2 represented in Figure 16 consists of
both Hy0 and N,. The upper broken curve corresponds to the calculated trans=-
mittance of the empirical continuum due to self broadening only, The lower
broken curve corresponds to the empirical continuum for both self broadening
and Ny broadening. Although py for Sample 2 is approximately 100 times ‘he
H,0 partial pressure p, the empirical continuum for Ny broadening is only about
the same as that for self broadening. This, of course, could be predicted trom
the two curves in Figures 2 and 6 that correspond to 296 .
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TABLE 3
SPECTRAL RESOLUTION SCHEDULE
v A B C D E F

(cm'l) (cm'l) (cm-l) (cm-l) (cm-l) (cm'l) (cm-l)
: 330 0.28

340 | 0.31
? 350 0.33

360 | - 0.36

370 0.39

380 0.23 0.32 0.42

390 I o.25 0.34 0.46

400 0.28 0.36

410 I o.30 0.39

420 0.32 0.42

430 0.26 0.35 0.45

440 0.27 035 | 0.37 0.48

450 0.28 0.37 0.39 0.51

460 0.29 0.39 |

470 0.31 0.41

480 0.33 0.43

490 0.34 0.45 |

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 CALCULATIONS 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 AFGL 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:

acO (at p) = aCO (at %) exp [—:— - -:—o] (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, 6°, in our calculations
is 296K. Data for three temperatures (296K, 338K and aaoxg are shown in Figures
2, 3 and 4 near 430 em~l, Dpata presented priviously by us 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
where it could be checked, we have assumed that it is valid for the entire
spectral region and temperatures covered in this report. Accordingly, we
have used the data presented in Section 3 to determine the appropriate values
of the coefficient b, The results are summarized in Table 4.

We have used the values of b shown in Table 4 to calculate &aCQ at
several different temperatures that represent any part of the earthﬁs atmos-
phere where a significant amount of HpO vapor exists. In addition to the
values of 8CQ 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 3C9Q
calculated for the very low temperatures are much greater than the corresponding
values at room temperature (296K). The large temperaturc range over which the

13, Darrell E. Burch, David A. Gryvnak, and John D. 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,




extrapolation results in a relatively high uncertainty for the values cal-
culated for temperatures below approximately 250K. The seriousness of this
uncertainty in calculating atmospheric transmittance, however, is partially
offset by the very low partial pressures of H20 vapor that exist at low
temperatures.

The results given in Section 3 indicate that the ratio 4¢°/ 350 ko is

much less for Ny broadening than for self broadening. This ratio ‘100 decreases
with increasing temperature., Because of the relatively small contribution by
the empirical continuum, the coefficients can not be determined as accurately
for Ny broadening as for self broadening., Table 6 lists values of 8C® from
the curve of Figure 6 for 296K, As pointed out in Section 3, the smlylnels of
8cQ and the relatively poor accuracy with which this quantity could be measured
mnge it impractical to determined its temperature dependence. Therefore, we
recommend that the values determined for 8CO at 296K be used for all calcula-
tions involving the earth's atmosphere.

The rapid decrease in the attenuation by the empirical continuum at re-
duced temperature is fllustrated in Table 7. The second column of this table
gives values of the attentuation coefficient (in km~1) calculated from the
values of 8C@ and 4CQ presented in Section 3 for the empirical continuum in
an atmosphere saturatdd with H20 vapor at 296K. (The H20 density is actually
based on 23°C, which is 296,3K) At this temperature the vapor pressure of
H20 is approximately 0,0277 atm and the value of u for a l-kilometer path is
6.89 E20 molecules/cm?, Values of 2CO and !cg calculated for 240K by use of
Equation (10) have served as the basil for the coefficients given in the third
column for saturated air at 240K and 1 atm total pressure, The final column
illustrates the influence of reduced total pressure, These data represent
saturated air at 240K at the total pressure that corresponds to this temperature
in the midlatitude Summer Model Atmosphere 14, A¢ this low temperature, very
long atmospheric paths are required for the empirical continuum absorption to
be significant. The contribution is even less at temperatures below 240K be-
cause of the decreased vapor pressure of H20, 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-

30
efficient to the calculated sum 3 "k | of the contributions of the lines.
1

14, R, A. McClatchey, R. W. Fenn, J, E. A, Selby, F. E, Volz, and J. S. Garing,
"Optical Properties of the Atmosphere" (Third Edition) Report No. AFCRL-
72-0497, Environmental Research Papers, No. 41. August 1972,




: TABLE 4
TEMPERATURE COEFFICIENT FOR THE
3 EMPIRICAL HoO CONTINUUM
v b v 1 b o
(em~1y (x) (em™ ) (X)
120, t1e?
330, 1206 1
340, 1214
350 . 1223 HOO0 1442
340, 123X &H10. 14%4
370, 1240 &H0 . 1447
380, 1248 &SR0, 1481
390. 1287 &40, 1 49%
400, 1265 &5H0 . 1510
410, 1273 HAH0 . 1525
420. 1282 670, 1542
430, 1290 &80 . 1560
440, 12909 &HBPO . 1579
450, 1307 700, 15927
4460, 1316 710, L% Ba
470, 1324 720 14633 i
480. 1333 730, 1A&G? ;
490, 1341 740 . 1470 |
500. 1349 750 . L488
510, 1358 760 . 1706
520. 1346 770 1725
530. 1372% 780, 174X
540, 1383 790, 1761
550, 1392 KO0 . 172729
560, 1400 810. 1798
%570, 1409 a0, 1816
%80, 1419
B90. 1430

*cg (8)="c3(296K) exp (% - 1-';-‘)
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TARE 5

EMPIRICAL H20 CONTINUUM CORFFICIENT
FOR SELF-BROADENING AT DIFFERENT TEMPERATURES,

Multiply all values by 10 molecules~! ca? atm~!

! | 200 210K 2206 23K 240K 250K 260K 270K
320. ] 83714, 62942, 48567. 38329. '30852&' 25268, 21015, 17719,
330. ] 78421, 568843. 45320. 35707. 284697, 23471. 19495. 146417,
340. ] 73458, 55008. 42290. 3I3244. '26693- 21800. 18B0B4. 15211.
350.] 48809, S1423. 39461, 30987. 24828, 20249, 146775. 1409X.
340. ] 6444640, 4B074. 34825, 28B49. | 23095. 18809, 15543. 13058.
370. ] 60381, 44943, 34343, 26894. 121482, 17471, 144346, 12099,
380. | 56544, 42017, 32067, 25055. 19983. 146229, 13392, 11210.
390. ] 52983. 39278. 29922, 23340. §18586. 15073, 12423, 10384,
400, | 49635, 36722. 27923, 21745. 17290. 14002, 11525, 9624.
410, ] 46492, 34328, 26055, 20256. 14081, 13005. 104690. a914.
420, | 43549, 32090. 24312, 18849. 114958, 12079. 9917, 8261,
430. | 40B00. 30004. 22690. 17581. 13915, 11222, 9200. 7655.
440, | 38213, 28045. 21170. 146376, |12941. 10422, 8533, 7092.
450. ] 35798, 26220. 19756. 15256. 12038, 9481 . 7916, 6571 .
460, ] 33536, 24514, 18437, 14214. 11199, 8993. 7344. 4089.
470.] 31411, 2291%. 17203. 13240. |10416. 8352. 4812, 5641,
480. | 29421. 21420. 16051. 12333. 9487. 7757. 4319,  5226.
490, | 27564, 20027. 14980. 11491. ' 9012, 7206, 5862, 4843,
500. | 25819. 18722, 13978. 10705. a382. 6493, 5438. 4487.
510. ] 24184, 17501, 13043, 9972. 7794, 4217, 5044, 4157.
S20. ] 22655, 14362, 12171, 9290. l 7252, 85775, 44680. 3852,
S$30. ] 21219, 15294, 11356, 8653. 4745, 5363. 4340, 3568.
S40. ] 19880. 14300. 10599. 8063. l &275. 4983 . 4027, 3307.
550. | 184625. 13370. 9891 . 7512, 5837, 4429, 3736, 3064,
560. 17447, 12499, 9230. 6998, 5430. 4299, 3446, 2839.
S70. ] 146342, 11684, 8612, 4519, l 5050. 3993. 3215. 2630,
S80. ] 15405. 10988. 8081. 4105, 4721. 3726 2995, 2447,
S90. ] 14%86. 10376, 7613, $5738. ' 4428. 3489. 2800. 2284.
4600. | 13860. 9832. 7194 S411. 4147, 3277. 2625, 2137.
610. | 13221, 9351, 4825, $120. 3934, 3087, 2448, 2006,
&420. | 12660, 8926. 6497, 4862, l 3727, 2918. 2328. 1889.
&630. | 12180, 8560. 6213, 44636, 3545. 2770. 2205. 1786
440. ) 11752, 8232. 5956. 4432, l 3380. 2635, 2093, 14692,
450. ] 11378. 7942, 5728. 4250. 3233, 2513, 1992, 1407,
660. ] 11074, 7701, 5535, 4094, l Jiné. 2408, 1905. 1533,
470. | 10823, 7496 . 5368, 3958, 2993, 2314, 1825, 1445.
480. | 10633, 7333, 5230, 3842, 2896. 2232, 1756,  1406.
690. ] 10461, 7182, 5103. 3735, ' 2806. 21564, 1691, 1351,
700. | 10282, 7029, 4974, 3628, 2716, 2081. 14628. 1296,
710.] 10110. 4881. 4851, 3525, 2630, 2009, 1567, 1245,
720. 9932, 4731, A726, 3422, ' 2545, 1938. 1508. 1195.
730. 9764, 6589 . 446098, 3324, 24464, 1871, 1451. 1147,
740.| 9593. 644S. A489. 3227. | 2384, 1605. 1396, 1100,
750. 9432, 4310, 4378, 3134, 2309. 1743, 1344, 1057.
760, 9270. &174. 4267 304S. 2235, 1682, 1293. 1014,
770. 9122, 4049, 4164, 2961, I 2166, 1425, 1244, 975.
780. a956. S714. 4055 . 2873. 2095, 1567, 1198, 935.
790. a8o8. 5790, 3954, 2792, ' 2029. 1513, 1154, a%8.
800. 86460, 54648. 3856 . 2712, 1945, 1440, 1111, 862,
810. 8514, 5549, 3760, 2435, 1902, 1410, 1069, 827.
820. 8370. 5431, J4bé6. 2560, ' 1842, 1361, 1029. 795,
(cont.)
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TamLE 5 (cont.)
; EMPIRICAL H,0 CONTINUUM COEFFICIENT
| FOR SELP-BROADENING AT DIFFERENT TEMPERATURES.
Multiply all values by 10°2% molecules™ cm’ atm”!
E v
cn-!| 200k 290K 296K 300K 310K 320K 338K 430K
. 320.| 15122, 13048. 12000. 11370. Tﬁqqu' 8859. 7257,  3400.
3 330.| 13994. 12043. 11088. 10502. , 9224, B8168. 4482, 3114,
340.| 12953, 11153, 10245, 9699, | 8512,  7n31. 6150,  2eso.
¢ o 350. 11987, 1031%. V446, 8959. 7854, 4943, N6b4. 2611,
§ 360. | 11095, 9533, 8747, 8275, | 7048,  s40n.  sp14. 2392,
- 370.| 10268, 8814, 8082. 7643. 468B9. 5903,  4B02, 2190,
380. 9504, B149, 7448, 7060, 4173, H443., 4421, 2006,
390.| 8795. 7534. 6900, &520. | 5496, 5018, 4071, 1837,
400. 8140. 6966 . 43746, 6023, HAI%E. 4427, 3748. 1682,
410.] 7534, 6440, 5891, 5562, | 4850,  4Pss. 3451, 1541,
420. | 4972, 5953, S5443. 5137, 4476, 3933, 3177, 1411,
430. 6453, 5505, 5030. 4744, 4131, 34627, 2924, 1292,
440.| s972. S08B9. 4647, a383. | 3811, 34X, 2493, 1183,
450.| S527. 4705. 4294, 4048. _ 3517. 3083, D480.  1084.
460.| S116. 4350, 3948. 3740, | 3246, 2843, 2084, 993,
470.| 4734, 4022, 3664. 3ABA. 2995,  Da6D1. 210D, 909,
480.| 4381, 3718, 3387. 3190, | 2744, 2416, 1935, /3o,
490. | 4055. 3438, 3130, 2946, | 2551, 200a. 1van. 762,
500.| 3753. 3178. 2892, 2721, | 2354, 2054, 1641, A98.
510, | 3473. 2938, 2472, 2513, | 2172, 1894, 1511, 639,
520, | 3215, 2717, 2449, 2322,  2004. 1746, 1391, 586,
530.| 2975. 2511, 2281, 2144, _ 1849,  1610.  12R0. 534.
540.| 2754. 2322, 2108, 1981. | 1707, 1485. 1179, 491,
550, | 2549, 2147, 1948, 1830, , 1575. 1349,  1086. 450,
s60.| 2359. 1985. 1800. 1490. | 145a. 1262,  1000. a,
570. 2183, 1835. 1663, 1561, 1341, 1164, 920, X727
580. | 2028. 1703, 1542, 1446, . 1242, 1074, an50. 346,
590. | 1890. 1585, 1434, 1345, | 1153, 998, 787, 318,
600. | 1766, 1479, 1337. 1253, ., 1073, 928, 730. 293,
610. | 1655. 1384, 1250. 1171. | 1001. 865, 679, 270.
620.| 1556, 1299, 1172, 1097, 937, 808, 633, 250,
430.] 1448. 1223, 1103. 1032, 880, 758, 592, 232,
640.| 1388, 1155. 1040. 972, | 828, 712, 555, 215,
650. | 1316, 1092, 983. 918, 781. 670, 6521, 200.
660. | 1253, 1038, 933. 871, | 739, 634. 92, 187,
670. | 1195, 988. 887. 827, 701. 400, 464, 175,
680. | 1144, 944, 846, 789, 667, 570. 439, 164,
690. | 1094. 902, |08, 753, | 435, 547, at6. 153,
700. | 10%0. 862, 771, 717, 404. 514, 394. 143,
710. | 1005, 824, 736, e84, | 575, 489. 374, 134,
720. 962, 787, 702, 652, 547, A6A. anA. 126,
730, 922, 7952, 470, 622, 521, 441, 335, 118. ‘
740.| 882, 718, a39. s593. | a9s. aa.  m2. 110.
750. 845, 484, 4610, 565, 471, 398. 300. 103. i
740. 809. 456, 582, 539. | 449, 178, 284, 94, ﬁ
770, 7764, 627, 556 514, 427, ane, 269, 90.
780. 742, 599, 530. 490. 404, 341, 255, a5,
790. 711, 572, 506. as7. | 387, 304, Dan, 79,
-
800, 481, 547, 483. 446, | 348, 308, 209, 74,
810. 652, 523. 461. 425, 350. 292, 217, a9,
820. 425, 500, 440. 405, | 333, 278, 205, &5,




‘4z-01 £q payldiarm 3aq 3Isnm sSanIeA Y]
SINOITOW 318 JUIFIFIJI00 WNNUFIUOD [edFaijdwd 3Y3l 103 s3Iyun Iyl (e)

.ﬂl
1°¢l 06§ L°SC 06Y 0°89 06¢
791 08¢S L°9C 08y 98 08¢
9°¢1 0LS %°8¢C oLy (441 0Le
6°91 09¢ €°0¢ 09y €91 09¢
1°81 0¢s 9°C¢ 0sYy e 0S¢g
L9 o9 761 (1119 0°S¢E oYy 7LE o%e
0°8 0g9 L°02 0gs S°8¢ oty 209 (1]% 4
£°6 029 0°¢¢ 0zs (A (1kA/) (1YA41 ozt
9°01 019 1°¢c 01¢ S LY (118
8°11 009 rAR X4 00¢ €S 00%
(®) Aauaov (®) A.Taov (®) ﬁauﬁuv (®) a.nulov
N N N N
0% > o%% o o’® s oon %

ONIN3AVOuE - N ¥0d

(e)INAII144300 WANNIINOD O%H "VOI¥IdNa

9 VL

48

ity odine sivego i



TABLE 7

ATTENUATION COEFFICIENT
FOR Hy0 EMPIRICAL CONTINUUM FOR

THREE ATMDSPHERIC CONDITIONS

8(x) 296 240 240
platm)  0.0277 0.00032  0.00032
P(atm)  1.00 1.00 0.306
(0)y(#/ca?) 6.89 K20 9.78 E18  9.78 E18
v By Py PL
(ca")| D) (km~1) (km~1)

320. 0.97853 0.01105 000345
330. 0.61443 0.0059%8 000189
J40. 0.44574 0.00374 0.00120

350. 0.34387 0.00246 0:.00081
360 0.275%4 0.00167 0.00056
370. 0.22979 0.00117 0.00041
380. 0.19880 0.00089 0.00031
390« 0.17713 0.00072 0.00026

400. 0.15723 0.00057 0.00021
410. 014416 0.00051 0.00019
420. 0.13227 000046 0.00017
430. Q.121 7N 0.00042 0.00016
440 . 0.11206 0.00038 0.00015

450 . 0.10372 000036 0.00014
460« 0.09597 000033 0.00013
470. 0.08893 0.00031 0.00012
480 . 0.08248 0.00029 0.00011
490 . 0.07690 0:00028 000011

S500. 0.07136 0.00026 0.00010
S10. 0.06643 0.00025 0.00009
520. 0.06182 0.00024 0.00009
$30. 0.05736 0.00022 0.00008
540. 0.05319 0.00021 0.00008

$50. 0.04927 0.00020 0.00007
560. 0.04565 0.00018 0.00007
S70. 0.04216 000017 0.00006
580. 0.03905 0.00016 0.00006
S%e. 0.03612 0.00014 0.00005

600. 0.03340 0.00013 0.00005
610. 0.030%4 0.00012 0.00004
620. 0.02858 0.00010 000004
630. 0.02639 0.00009 000004
640. 0.02432 0.00008 0.00003

(a)The unit molecules/cm? is abbreviated by #/cu?
The value of u corresponds to a l-km path,

T (empirical continuum) = exp (-B;L)
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